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CHAPTER 1

General Introduction
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Redox
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Fig. 1-1. Description of the prion protein (PrP). (a) Simplified structure of human PrP
(Modified from Ralph Zahn et al., 2000). The helices are shown as cylindrical images,
the B-strands are shown as arrows, the segments with nonregular secondary structure
within the C-terminal domain are shown as lines, and the flexibly disordered “tail” of
residues 23-121 is represented by dots. (b) Figure of changing normal PrP to isoform

PrP (Modified from Furuichi, T. and Kawano, T., 2005).



CHAPTER 2

Proposed forms of biocatalysts: Production of
Superoxide Anion Radical by Artificial

Metalloenzymes
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Recently, the group of Tomonori Kawano (who is the supervisor of the author)
has summarized their effort on development of artificial metalloenzymes (Kawano et al.,
2015; Yokawa et al., 201l1a). In the aforementioned review articles, their recent
approaches for understanding and modification of natural catalytic proteins/peptide and
functional DNA sequences of mammalian and plant origins are covered, especially,
focusing on the development of a novel classes of artificial redox-active biocatalysts
involved in production and/or removal superoxide anion radicals (O2"). In their review

articles, they introduced a novel concept on the category of biocatalysts as below.

Most of the cases, catalysts (Cs) can be defined as the set of different types of

elements/molecules/compounds:

{Cs} = {{OCs}, {ICs}, {BCs}} (1)

In the above proposition, OCs, ICs, and BCs stand for organic catalysts, inorganic
catalysts, and biocatalysts, respectively. Note that OCs can be represented by natured
and bio-inspired organic molecules such as guanidine-type (as described by Nagasawa,
2003) or amino acid proline-type catalysts (as described by Jarvo and Miller, 2002), and
ICs can be represented by inorganic molecules or complex such as metal-based catalysts
(see Pardieck et al., 1992, etc.). In fact, the natures of OCs and ICs are clearly defined
based on their chemical properties. In contrast, the category of BCs merely implies the
origins but not the natures of these chemicals. Conventionally, it has been viewed that

the set {BCs} can be divided into two subsets as follows (Kawano et al., 2015):
{BCs} = {{Es}, {Ns}} (2)
where Es and Ns are enzymes and nucleozymes, respectively.
In fact, Es and Ns can be further confirmed as follows:
{Es} € {{Cs} N {proteins U peptides}} (3)
{Ns} e {{Cs!} N {RNA U DNA}} (4)

Moreover, the sets of {Es} and {Ns} can be further divided into subsets as

follows:

11



{Es} = {{Ens}, {Eas}} ()
{Ns} = {{Nns}, {Nas}} (6)

where E,s and Nps, are natural enzymes and nucleozymes, respectively, which can be
found in or produced by living organisms; and E,s and N,s are artificial enzymes and
nucleozyme, respectively, which are now newly designed or engineered in the

laboratory.

Among the Es, many portion of both E,s and E,s reportedly form the center of
catalytic reactions within the molecules through binding of catalytically active metals
directly or indirectly (by possessing prosthetic groups such as iron-centered
hemes)(Rosati and Roelfes, 2010). Thus, catalytic activities of natural and artificial
metal-binding enzymes can be largely attributed to the behaviors of bound metals.
Therefore, it is natural to obtain the following proposition on the nature of enzymes,
P(Es).

P(Es) = 3 {Es} e {ICs} @)

This type of enzymes should be considered as metalloenzymes. According to
recent reviews (Lu, et al., 2009; Rosati and Roelfes, 2010), an artificial metalloenzyme
can be designed de novo by arranging the peptidic sequence composed of 20 natural
amino acids. Basically, such de novo designs of metalloproteins can be achieved freely
designing the amino acid sequences capable of binding metal ions (Rosati and Roelfes,
2010). In order to artificially design or modify the catalytic proteins or peptides, it is far
easier to learn from the catalytically active peptidic motifs within the naturally existing
active enzymes or proteins as the platforms of engineering (Kawano, 2011; Yokawa et
al., 2011a).

Interestingly, Yeung et al. (2009) have reported that modification of myoglobin
(Mb) is one of successful cases in engineering of semi-natural metalloenzyme.
Accordingly, natural Mb was re-designed into an enzyme (a functional nitric oxide
reductase), by newly forming a non-heme iron binding site in the distal pocket of Mb,
suggesting that novel synthetic enzymes can be developped by desingning a non-heme

metal binding motifs. Presence of such natural, semi-natural and artificial

12



metalloenzymes consists the elements of conceptual subset of bio-originated catalysts
within the set of {ICs} fulfilling the proposition (7): P(Es) = 3 {Es} € {ICs}.

Similarly to the cases of metalloenzymes, kawano’s group have been seeking for
the cases of metallonucleozymes, in which catalytic activities of natural and artificial
metal-binding nucleic acids (DNAs and RNAs) can be attributed to the behaviors of
bound metals. Then following proposition on the nature of catalytic nucleic acids, P(Ns)

can be obtained.
P(Ns) = 3 {Ns} € {ICs} (8)
Two propositions listed above (7, 8) can be combined and generalized :
P(BCs) =3 {BCs} € {ICs} 9)

It could be assumed that catalytic actions of some BCs can be attributed to the
catalytic mode of metal actions similar to ICs. In the chapter 3, 4 and 5, the auther
enphasized the protocols to determine on detect the binding of metals such as Cu and Th
onto the petides of interest, in order to form the catalytic corpley belonging to IC-type
BCs. Futhermore, some BCs can be categorized as part of OCs as proline, one of
natural amino acids composing proteins, is now consider as an active catalyst (Jarvo and

Miller, 2002). Thus, following proposition can be arisen.
P(BCs) = 3 {BCs} € {OCs} (10)
This proposition implies that peptides rich in prolin may act as OC-types BCs.

The peptides we employed include prion-derived octarepeat sequence which

contains Pro-residue. Role of this residue is discussed in the chapter 3.

Finding and defining the metal-binding and catalytic motifs within chicken prion

proteins

There is a set of proteins which could not be defined by proposition (3)

{Es} € {{Cs} N {proteins U peptides}}

13



The case of prion proteins (PrPs) and derived small peptides could be one such
example. Generally, PrPs and derived peptides are not considered as enzymes at present,
although they are either proteins or peptides having catalytic nature (proposition 11).

{PrPs} € {{{Cs} N {proteins U peptides}} \{Es}} (11)

By admitting that there are proteins or peptides (both natural and artificial) with
catalytic activity which can be considered as element of {BCs} in a broad sense as
defined below (proposition 12), the phenomena observed with plant Os-inducible (OI)-
peptides and animal PrPs belonging to novel class of BCs can be compared with
conventional BCs such as plant peroxidases (Yokawa et al., 2011b).

P(novel BCs) = 3 {proteins U peptides} e {{BCs} \{ Es U Ns}} (12)

Actually, the kingdoms of plants and animals are rich in such small peptidic
metalloenzymes, belonging to BCs in a broad sense, catalyzing the generation of O,”
(Kagenishi et al., 2011).

The criteria for consisting a minimal peroxidase-like small peptides is the
presence of His-rich motifs required for binding to metals (chiefly copper), and free
and/or peptide-bound substrates (Yokawa et al., 2011a). Similarly, recent studies have
shown that peptides derived from human PrP mediates the production of O, through
oxidation of substrates such as aromatic monoamines or phenolics (mostly,
neurotransmitters and their analogues) (Kawano, 2007). Upon binding to copper at four
different putative copper-binding motifs (Fig.3-1b) , PrP and derived peptides may gain
the catalytic activities as our earlier works have revealed that PrP-derived copper-
binding peptides catalyze the generation of O, in peroxidase-like manner involving
H,0, as e acceptor and aromatic amines or phenols as the e” donors (Kawano, 2007;
Yokawa et al., 2009a).

Actions of Cu-bound PrPs are of great importance from the engineering point of
view in order to design the novel peptidic metalloenzymes. Apart from engineering
purpose, but viewing from the biological and medical points, the importance of
metalloproteins in neurobiology has been suggested both as oxidant and antioxidant in

neurodegenerative processes in animals (Opazo et al., 2003). Cu is an essential trace
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element in most living organisms but its redox reactivity often leads to the risk of
oxidative damage to the cells and tissues, as observed in the neurodegenerative diseases
such as 'prion’ disease and Alzheimer's, Menkes' and Wilson's diseases all occurring via
disorders of Cu metabolism (Rotilio et al., 2000; Vassallo et al., 2003; Rossi et al.,
2004). Especially, Alzheimer's disease and prion disease are two of known major
conformational diseases, as documented to date.

Deposition of abnormal protein fibrils is a common pathological feature observed
in “protein conformational” diseases, including prion dementias and Alzheimer’s,
Parkinson’s and motor neuron diseases (Tabner et al., 2001). Generation of ROS is now
considered as one of key events required for development of conformational diseases. In
the cases of accumulation of a-synuclein in Parkinson’s disease and accumulation of -
amyloid in Alzheimer’s disease, the evidence for involvement of ROS, chiefly H,0,
and derived HO’, in the neurodegenerative mechanisms have been documented,
suggesting that pathogenesis of such neurodegenerative diseases could be attributed to
the generation and damaging impacts of ROS which eventually stimulates the formation

of abnormal protein aggregates (Tabner et al., 2001; Allsop et al., 2008).

PrPs are the only known causative agents for transmissible spongiform
encephalopathies in mammalian brains (Jeffray et al., 2000). A number of studies have
shown that PrPs can form a group of Cu-binding proteins possibly involved in redox
reactions (Aronoff-Spencer et al., 2000; Burns et al., 2003) as human PrP has four Cu-
binding sites in the “octarepeats” region (PrP 60-91) in which amino acid sequence P-
H-G-G-G-W-G-Q appears four times in tandem and each repeat possibly binds single
Cu?* at physiological neutral and basic range of pH (Bonomo et al., 2000). Similarly, in
chicken PrP, the Cu-binding motif analogous to the octarepeats are known as hexa-
repeats in which each repeat consist of the six amino acids, H-N-P-G-Y-P. In chicken
PrP, His residues in hexa-repeat are considered to play a key role in anchoring of Cu
(Stanczak et al., 2004).

Note that both His and Tyr residues can be found in the chicken PrP’s hexa-repeat
unit. As Tyr-containing peptides could be a target of the redox reaction catalyzed by

metal-containing proteins or peptides involved in peroxidative and ROS generating
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reactions, we synthesized six peptides corresponding to Cu-binding region (hexa-repeat)
of chicken PrP and examined its catalytic activity for the generation of O,". Each of six
peptide synthesized (N-P-G-Y-P-H, P-G-Y-P-H-N, G-Y-P-H-N-P, Y-P-H-N-P-G, P-H-
N-P-G-Y, and H-N-P-G-Y-P) contains both histidine residue possibly anchoring Cu ion
and Tyr residue possibly behaving as a substrate were used for assessing the O,
generating activity using the O, -specific CL of CLA (Yokawa et al., 2010). As a
results, the generation of O, was observed in the presence of hexapeptide, copper and
H,0, without addition of any phenolic substrate since tyrosine-residue on the
hexapeptide possibly behaves as a substrate for the reaction.

To conclude that requirement of tyrosine residue on the peptides in H,O,-
dependent generation of O,”, we also tested the mutation of Tyr resides into Phe
residues in two model peptides (i.e. N-P-G-F-P-H and F-P-H-N-P-G). As expected, the
Y-to-F substitution mutant peptides showed complete loss of H,0,-dependent
generation of O,". Furthermore, we confirmed that supplementation of free Tyr to the
reaction mixture containing the Y-to-F mutant peptides results in production of O,". It
is conclusive that similarly to plant Ol-peptide, both the presence and positions of His
and Tyr residues in chicken PrP’s hexa-repeat units are highly important for the

catalytic modes leading to generation of O,".

Catalytic activity in human prion-derived peptides

To date, key involvement of trace elements, chiefly of Cu, in prion disease has
been well documented (Sauer et al., 1999; Wong et al., 2001; Watt et al., 2005). Until
recently, two opposing roles for Cu-bound PrPs have been proposed and discussed,
namely the role of bound copper as an anti-oxidant element and contrary as a pro-
oxidant element enhancing the neurodegenerative process (Koga et al., 1992). In both
cases, Cu-binding sequences highly preserved in PrPs play key roles in generation
(Kawano, 2007) or removal of ROS (Wong et al., 2001).

A series of works conducted by our group suggested that 4 distinct peptide
sequences corresponding to 7 putative copper-binding sites containing metal anchoring
His residues (His61, His69, His77, His85, His96, Hisl11, and His187) in human PrP
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function as catalytic motifs active for O," generation through reactions with aromatic
monoamines (Kawano, 2007). Furthermore, phenol-dependent O, generation catalyzed
by several PrP-derived copper-binding peptides was recently assessed using various
phenolics as substrates such as free phenolics and free Tyr (Kagenishi et al., 2011;
Yokawa et al., 2008), solubilized polymers with phenolic groups (i.e. polyvinyl phenol
which is a polymer with multiple phenolic groups, chain length, 12 - 58 mer; Yokawa et
al., 2011b) and Tyr residues on peptide chains (Yokawa et al., 2009a). Since
supplementation of H,O; is required for oxidation of amines or phenols by these
copper-centered peptides, the modes of reactions were considered to be peroxidase-like
(Kawano, 2007; Yokawa et al., 2011b).

Among PrP-derived and related Cu-binding motifs ever examined, H;O,-
dependent O, -generating activity was most active in a truncated helical sequence (V-
N-1-T-K-Q-H-T-V-T-T-T-T) which is highly analogous to original (wildtype) PrPs’
helical sequence (Kawano, 2007; Yokawa et al., 2008).

Two distinct metal-binding motifs overlaid in the PrP octarepeat region

Our earlier studies have revealed that His residues (at least single His) are required
for anchoring copper on PrP-derived peptides (Kawano, 2006, 2007), and consequently,
the catalytically active copper-binding motif within PrP-derived peptides was
determined to be X-X-H, where X can be any amino acids followed by His residue
(Yokawa et al., 2011b; Kagenishi et al., 2009).

In human PrP, His96 is located between G-G-G-T and S-Q-W-N sequences. To
examine the positional effect of His on the catalytic activity in the derived peptides,
comparison of the His-started H-S-Q-W-N pentapeptide and the His-ended G-G-G-T-H
pentapeptide was carried out (Kagenishi et al., 2011). While reaction with tyramine
(given as model substrate) and G-G-G-T-H peptide resulted in robust production of O,",
the H-S-Q-W-N peptide showed no catalytic activity. By assuming that G-T-H motif
within the G-G-G-T-H pentapeptide is one of X-X-H motif derivatives, experimental
comparison of the catalytic activities among G-G-G-T-H pentapeptide and shorter

derivatives (G-G-T-H and G-T-H) were performed and the data obtained clearly
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suggested the importance of the N-terminal glycyl-chain elongation for manifesting the
maximal redox activity in C-terminal His anchored peptides.

Example of artificial enzyme based on XXH motif was developed by Okobira et al.
(2011), demonstrating that Cu-binding peptides with X-X-H motif conjugated to
organic materials could form a novel class of biosensing and bioengineering tools.
Accordingly, a tripeptide, Gly-Gly-His (G-G-H, one of X-X-H motif derivatives) was
introduced onto the glycidyl methacrylate-grafted porous hollow fiber membrane made
on the polyethylene platform by radiation-induced graft polymerization. After loading
of Cu?* on the membrane, CL assay was performed to testify the catalytic activity of the
membrane, generating O, upon addition of H,O, and tyramine as the paired substrates.

The author and her colleagues (Inokuchi et al., 2012) have studied the minimal
motifs required for binding of metals within human PrP, by assessing (1) the peptide-
dependent quenching of Tb*" fluorescence and (2) the Cu®**-dependent quenching of
intrinsic fluorescence in human PrP octarepeat-derived peptides. Nobel assays based on
the quenching of Th-fluorescence by interacting peptides emphasized the role of His-
ended peptides sharing X-X-H motif. The obtained data clearly supported the view that
an intact X-X-H motif located at C-termini of peptides, is desirable as the site of metal
chelation. In the case of human PrP’s octarepeat unit, P-Q-H motif rather than N-

terminal H-G-G-G-W motif was shown to be active in metal binding.

Empirically, N-terminal His-started oligo-peptides derived from human PrP have
been used as models for Cu-binding in earlier in vitro studies. These study suggested
that the actual least motif in the octarepeats necessarily required for binding of Cu
consists of 5 amino acids H-G-G-G-W (Burns et al., 2002) or 4 amino acids H-G-G-G
(Bonomo et al., 2000).

Interestingly, the role of His-started motif (H-G-G-G-W) was supported by the Cu-
dependent peptide fluorescence quenching assay (Inokuchi et al., 2012). Among the
octapeptide sequences examined, the P-H-G-G-G-W-G-Q peptide was shown to be the
most sensitive to the low Cu concentration although this sequence lacks the presence of

intact metal-binding X-X-H motif.
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Taken together, in the mammalian PrP octarepeat regions, in which P-H-G-G-G-W-
G-Q is repeated for four (human) to six (bovine) times, two distinct metal binding
motifs, namely, X-X-H motif and H-G-G-G motif, could be overlaid by sharing
common His residue and thus co-existed (Fig.3-6).

Role of Tyr residue within human PrP, the likely target of catalysis

Human PrP-derived catalytic model peptides all showed requirements for addition
of aromatic substrates in order to produce O," in the presence of H,0, (Kawano, 2007;
Kagenishi et al., 2011) while the studies with the Cu-binging motifs in plant Ol-peptides
and chicken PrP are strongly indicating that Tyr residues presented on the peptide
chains are likely target of redox relay eventually converting H,O, into O,™ (Yokawa et
al., 2010, 2011b). Since free Tyr (among the active phenolics examined) is a good
substrates for human PrP-derived catalytic short peptides, we assume that the modes of
catalytic actions among the plant-derived, chicken-derived and human-derived copper-

binding peptides described above may not differ much.

In case of non-peptidic free Tyr given as a model substrate, the presence of
phenolic moiety, but not the amino and carboxyl groups, was shown to be important in
the interaction with Cu-bound PrP-derived peptide (Yokawa et al., 2009a). Therefore, it
is tempting to testify if the Tyr residues flanking on peptidic chains or proteins function

as putative targets of human PrP’s copper-binding motifs.

In fact, human PrP possesses several Tyr-resides being exposed to the external
media and events involving such Tyr residue may play a pivotal role in development of
prion dementias, as recent reports suggested that helix H1 of human PrP and its two
flanking loops (highly rich in Tyr residues) are subjected a transition into a B sheet-like
structure during forced conformational conversion of the intrinsic cellular form of PrP
(PrP°) into the scrapie form of PrP (PrP*) (Bertho et al., 2008). By definition,
conversion of the PrP® into PrP° is a fundamental event observable upon onset of prion

disease development.
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Yokawa et al. (2009a) have reported an attempt to testify if the Tyr residues on
PrP or derived peptides can be used as the substrate for a human PrP-derived Cu-bound
catalytic peptide. In their experiments, the Cu-bound V-N-I-T-K-Q-H-T-V-T-T-T-T
helical peptide was used as a model catalyst H,O,-dependently producing O,". On the
other hand, the tested putative substrates include (1) tyrosyl-tyrosyl-arginine tripeptide
(Y-Y-R) which appears twice in the PrP's Tyr-rich region (DYEDR-YYR-
ENMHRYPNQV-YYR-PMDEY) and (2) longer peptide sequences corresponding to
the Tyr-rich region in human PrP (D-Y-E-D-R-Y-Y-R-E-N-M-H-R).

Compared to free Tyr, Y-Y-R tripeptide was shown to be much more active in
production of O,", confirming that both free form and peptide-integrated forms of Tyr
can be recognized by the Cu-loaded catalytic peptide (Yokawa et al., 2009a). Although
the reactivity of longer peptide sequences corresponding to the Tyr-rich region in
human PrP (D-Y-E-D-R-Y-Y-R-E-N-M-H-R) was obviously lower than free Tyr,
comparison with the Y-to-F substitution mutant (D-F-E-D-R-F-F-R-E-N-M-H-R)
confirmed that Tyr-rich long peptides are favored for production of O,". These data
suggest that the Tyr residues presenting on the intra- and inter-PrP molecules could be

the target of the Cu-bound PrP-catalyzed reaction.

Synthesis of novel metalloenzymes with peptides and their substrate preferences

Among human PrP-related Cu-binding model peptides, the octarepeat unit (P-H-
G-G-G-W-G-Q) was shown to be active in aromatic monoamine (AMA)-dependent O;"
generation using phenylethylamine as model substrate (Kawano, 2007), by mimicking
the plant AMA-utilizing enzymes sensitive to monoamine oxidase inhibitors (Kawano
et al., 2000a). On the other hand, a helical motif V-N-I-T-K-Q-H-T-V-T-T-T-T
undecapeptide and G-G-G-T-H pentapeptide, both derived from human PrP, showed
negligible AMA-dependent activity while performing much greater phenol-dependent
O," generating activities (Kawano, 2007; Yokawa et al., 2009a; Kagenishi et al., 2011).
Based on above knowledge, substrate specificity of novel metalloenzymes can be
properly designed. Based on the results with PrP-derived peptides, our group has

designed a series of novel peroxidative biocatalysts as discussed below.
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By analogy to G-G-G-T-H, a phenol-oxidizing catalytic pentapeptide derived
from human PrP, we have designed a series of simplified model peptides (G,H series
peptides) which are composed of oligoglycyl chains ended with C-terminal His. To test
the importance of the elongated N-terminal glycyl chain and anchoring His residue, both
GnH series peptides varied in N-terminal glycyl chain length (n = 2, 3, 4, 5 and 10) and
oligoglycyl peptides lacking His (G, series) were synthesized.

As expected, G, series showed no catalytic activity since these sequence lack the
motif for binding to catalytically important Cu®*. Within the G,H series, catalytic
activity of the minimal Cu-binging motif (G.H tripeptide) was hardly detected despite
the report by Okobira et al. (2011). Probably, in the Okobira model, in addition to G-G-
H sequence, supporting chains of glycidyl methacrylate on which G-G-H is grafted may
playing a role similarly to N-terminal elongating oligo-Gly chain. In G,H series, G3H
tetrapeptide showed a detectable increase in production of O,”, confirming the
importance of N-terminal Gly elongation. It can be generalized that the catalytic
performance in G,H series can be ca. 3-fold enhanced by single amino acid elongation
(addition of N-terminal Gly residue, allowing elongation from G,H to GsH, G3H to G4H,
and G4H to GsH). However, further elongation from GsH hexapeptide to GioH
undecapeptide resulted in only ca. 3-fold of enhancement suggesting that the
requirement for the N-terminal elongation is nearly fulfilled. These data suggest that the
presence of the C-terminal His is the primary requirement for catalytic performance,

and N-terminal elongation contributes to the enhancement of the catalytic activity.

Although involvement of Cu and generation of ROS are analogous to tyrosinase
which oxidizes Tyr and polyphenols with concomitant release of O,” (Opazo et al.,
2003), the roles played by H,O; are largely different in the G,H series metalloenzymes.
While H,0; is often regarded as an inhibitor of the tyrosinase reaction (Wood et al.,
1991), the G,H series metalloenzymes require the presence of H,O, as co-substrate. On
the other hand, plant peroxidases are shown to be active in generation of O, upon
oxidation of various phenolics and monoamines in the presence of H,O, (Kawano,
2003a; Kawano and Muto, 2000), suggesting that the modes of reactions catalyzed by
PrP-derived peptides and artificial GoH series metalloenzymes are analogous to the

modes of peroxidase reactions.
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Among hydroxybenzoic acids (HBAs) and benzoic acid (BA), 2-HBA (salicylic
acid) and BA were shown to be poor substrates for O, -generating reactions catalyzed
by G-G-G-T-H pentapeptide and G,H series metalloenzymes (Kagenishi et al., 2011).
In contrast, 3-HBA and 4-HBA were shown to be good substrates, suggesting that the
presence of phenolic moieties with m- or p-positioned OH group is required for
generation of O,", notably differed from the plant peroxidase which favors 2-HBA
(Kawano et al., 1998). When dihydroxybenzoic acids (DHBASs) were used as model
substrates, inutility of o-positioned OH group was also observed using 2,6-DHBA.
However, PrP-derived peptides (G-G-G-T-H and V-N-I-T-K-Q-H-T-V-T-T-T-T), plant
Ol-peptides, and Gp,H series metalloenzymes showed O,” generating activity upon
addition of other DHBAs with o-positioned OH (2,3-DHBA, 2,4-DHBA, and 2,5-
DHBA), indicating that the presence of o-positioned OH does not interfere with the
roles for active OH groups at m- and p-positions (Yokawa et al., 2009a; Yokawa et al.,
2011b; Kagenishi et al., 2011).

Organic catalyst-like biocatalysts

Propositions (1) to (6), (12) are merely definitive. Predictions by propositions
(7) to (9), of the cases of biocatalysts acting upon binding to catalytically active metals,
such as copper-centered metallo-enzymes, peptides and nucleic acids, were examined

and proven through discussion up to here, thus confirming the generalized proposition

(9).

Contrary, our knowledge on the cases fulfilling the proposition (10) is yet to be

covered.
P(BCs) = 3 {BCs} € {OCs} (10)

As this proposition predict that there could be biocatalysts showing catalytic
activity due to the action of guanidine-like or amino acid Pro-like catalytic domains
without involvement of the action of metals. In addition, the model presented in a series

of classical works by Kunitake and his colleagues on imidazole-containing enzyme-like
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catalytic polymers could be also considered (Kunitake et al., 1969; Shinkai and
Kunitake, 1975).

Interestingly, Pro-containing octarepeat-peptides from human PrP shows self-
catalytic generation of O,", showing spiky CLA-CL upon mixture with media lacking
metals. Since this phenomenon can be silenced by replacing Pro with other groups
(Inokuchi et al., unpublished results), this topic may provide more clues to the
development of OC-type BCs in the near future.

Here, the author (Inokuchi) wishes to contribute to the course of developing a
novel type of biocatalysts in which catalytic activities are conferred or modulated by the
metal-binding motifs and proline-rich motifs in the natural protein-derived short
peptides selected. Therefore, the present study could be the basis for further studies on
the action of biochatalysts predicted by two propositions

P(Es) = 3 {Es} e {ICs} (7)
P(BCs) = 3 {BCs} < {OCs} (10)

In the most works presented here, the author handled oligo-peptides sharing both
or either proline-residue(s) and/or metal-binding motifs such as XXH motifs using

fluorometric and chminometric approaches.
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CHAPTER 3

Fluorescence measurements revealed two distinct
modes of metal binding by histidine-containing

motifs in prion-derived peptides
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3-1 Abstract

PrPs are infectious agents causing transmissible spongiform encephalopathies in a
misfolded protease-resistant form of protein. Human PrP possesses 7 potential copper-
binding sites. Notably, four of putative copper-binding sites are located in the octarepeat region
(PrP 60-91). Recent studies have shown that peptides derived from human PrP
effectively bind Cu?* to form the Cu-centered catalytic complex required for generation
of superoxide by coupling the oxidation of neurotransmitters and their analogues. In this
study, we have studied the minimal motifs required for binding of metals within human
PrP, by assessing (1) the peptide-dependent quenching of Th*" fluorescence and (2) the
Cu?*-dependent quenching of intrinsic fluorescence in human PrP octarepeat-derived
peptides. Assays with peptide-dependent quenching of Tb fluorescence supported the
positive role for the His-ended X-X-H motif (in this case P-Q-H tripeptide sequence)
rather than His-started H-G-G-G-W motif, as metal chelating motifs in short peptides.
Controversially, the role of His-started motif was supported by the Cu-dependent
peptide fluorescence quenching assay. Above data suggested that there are two distinct
modes of metal binding to His residues in the octarepeat regions in PrP, possibly by co-
ordinations of His-started and His-ended motifs around the target metals depending on

the conditions given.

Keywords: Cu-binding, fluorescence, octarepeat, peptide, Prion
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3-2 Introduction

PrPs are infectious agents causing transmissible spongiform encephalopathies (TSE) in
a misfolded protease-resistant form known as PrP™ (Jeffray et al., 2000). In general, the
protease-sensitive form known as PrP**" represents the intrinsic cellular PrP (PrP®) and
PrP"™ represents the infectious scrapie isoform of PrP (PrP°).

Studies have shown that PrPs form a group of copper-binding proteins(Aronoff-Spencer
et al., 2000; Burn et al., 2002). For an instance, human PrP has 7 potential copper-binding
sites (Fig. 3-1). In the so-called “octarepeat” region (PrP 60-91) in human PrP, in which amino
acid sequence “P-H-G-G-G-W-G-Q” repeatedly appears in tandem, each repeat unit possibly
binds single Cu*" at physiological neutral and basic range of pH (Bonomo et al.,2000;
Shiraishi et al., 2000; Opazo et al., 2003). Similarly, bovine PrP sequence contains six
octarepeats thus possessing at least six putative copper-binding sites with high affinity (Burn et
al., 2002; Morante et al., 2004). In chicken, the copper-binding sites analogous to the
octarepeats are known as hexa-repeats with each repeat consisting of H-N-P-G-Y-P sequence

and here again His residues play a key role in anchoring of copper (Stanczak et al., 2004).

Morante et al. (Morante et al., 2004) showed that partial occupancy of copper on bovine
PrP is manifested by binding of copper to PrP in the intermolecular or inter-octarepeat
orientations while total occupancy of copper is manifested by intra-repeat binding of copper to
the octarepeat region. In vitro studies have shown that the actual least motif in the octarepeats
necessarily required for binding of copper consists of 4 amino acids H-G-G-G (Bonomo et
al.,2000) or 5 amino acids H-G-G-G-W (Burn et al., 2002).

There are additional Cu-binding sites on PrP such as amino acid regions 92-96 (G-G-G-T-
H) (Burn et al., 2002), 124-126 (K-H-M) (Belosi et al., 2004) and 180-193 (V-N-1-T-K-Q-
H-T-V-T-T-T-T) (Brown et al., 2004). Importantly, all studies suggested that His residue in

each region (or each repeat unit) plays a key role in anchoring the copper (Fig. 3-1b).

Many metalloproteins behave both as oxidants and as antioxidants in biological systems
(Rotilio et al., 2000; Vassallo and Herms, 2003; Rossi et al., 2004; Yokawa et al.,
2011a; Yokawa et al., 2011b). PrP-derived Cu-binding small peptides were shown to be

active in both the enhancement of oxidative reactions targeting the cells and the protection of
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biological components from the oxidative stress, both due to the metal-binding nature of the
peptides, depending on the conditions given (Kawano, 2006; Kawano, 2007; Kawano,
2011; Kagenishi et al., 2009; Kagenishi et al., 2011; Yokawa et al., 2009; Yokawa et al.,
2009; Yokawa et al., 2011d) . Therefore, the interaction between Cu®* and PrP (binding of
Cu?") should be carefully monitored for further studying the modes of actions of PrP behaving

as a metalloprotein.

Accordingly (Jeffray et al.,, 2000; Safar et al., 2005 ) , several diagnostic
approaches for detection of human prion disease based on the conformation-dependent
immunoassay (CDI assay) were developed. These approaches aim to determine both the
proteinase K-sensitive and resistant forms of PrP without the use of proteolytic
digestion while all conventional immunoassays for PrP*° rely on the limited proteolysis
to eliminate PrP®. Such CDI technique with enhanced sensitivity is based on the
detection of PrP bound on microtitre plates using lanthanide-conjugated monoclonal
antibodies(Safar et al., 2005; Bellon et al., 2003). The dissociation-enhanced lanthanide
fluoro-immunoassay designated as DELFIA, utilizes the intrinsic fluorescence of
specific lanthanides such as europium (Eu), samarium (Sm) and terbium (Tb). In
DELFIA, the fluorescent signals for lanthanides are designed to be enhanced in the

presence of the fluorescence-enhancing chelates.

In some cases, the fluorescence of lanthanides could be largely altered without
such chelates when reacting with metal-binding proteins or peptides. Thus, apart from
DELFIA, fluorescent nature of lanthanides, chiefly of Th*", has been used for assessing
the mode of metal binding to proteins and peptides since such ions of lanthanides mimic
the behavior of copper, zinc, manganese and magnesium, and binds to proteins (Blandl
et al., 1997).

In this study, we have studied the minimal motifs required for binding of metals
(chiefly copper) to the human PrP by assessing (1) the peptide-dependent quenching of
Tb** fluorescence and (2) the copper-dependent quenching of intrinsic fluorescence in

human PrP octarepeat-derived peptides.
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3-3 Materials and Methods

3-3-1 Peptides and Chemicals

Peptides corresponding to Cu-binding sequence in PrP protein were synthesized to
examine the behavior of such Cu-binding domains. The peptides were obtained from the
custom peptide service department of Sigma Genosys Japan, Ishikari, Hokkaido, Japan.
The amino acid sequences of the peptides chemically synthesized were purified on high
pressure liquid chromatography prior to the experimental use.

Other chemicals including terbium (I11) chloride hexahydrate, used in this study
were of reagent grade purchased from Wako Pure Chemical Industries Ltd. (Osaka,

Japan).

3-3-2 Fluorometric analysis

Terbium (Tb)-dependent florescence and intrinsic fluorescence from the peptides
and from amino acids were detected in phosphate buffered saline using a fluorescence
spectrophotometer (F-4500 Hitachi High-Technol. Co., Tokyo) as described (Kawano,
2006). The three-dimensional (3D) spectral measurement of fluorescence was carried
out at the excitation wavelength between 200 and 600 nm with 5 nm intervals and

emission wavelength between 200 and 600 nm with 5 nm intervals.

In the phosphate-buffered medium, the actual concentrations of free Th®" after
addition of mM orders of ThCl; were expected to be as low as UM order due to
interaction between phosphate and Tb ion. The observed Th-fluorescence is likely due
to free Th®*, and thus quenching of Th-fluorescence can be achieved by pM ranges of
peptides or chelaters as previously described (Kawano, 2006). Here, quenching of Th-
fluorescence by PrP-derived peptides was performed with 1 mM TbCl; dissolved in 50
mM potassium phosphate buffer (pH. 7.0) supplemented with and without peptides of
interest (up to 30 uM). Intrinsic fluorescence in PrP-derived peptides and free amino
acids up to 30 uM dissolved in 50 mM potassium phosphate buffer (pH. 7.0) were also

assessed with a fluorescence spectrophotometer in the presence and absence of CuSO,.
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3-4 Results and Discussion

3-4-1 Quenching of Tb-fluorescence by octarepeat peptides

As previously reported (Kawano, 2006), free Th** showed the peaks of fluorescence
with excitation wavelength at 224 nm and emission wavelengths at 545 nm and 585 nm
(Fig. 3-2a). The Th-dependent fluorescence was drastically lowered in the presence of
peptides of octarepeat series confirming the metal binding nature of the peptides used
(Fig. 3-2b-d).

Due to fluorescent nature and similarity to behavior of Cu ion, Tb ion has been used
as a model for studying the kinetic analysis of metallo-complex formation by short Cu-
binding peptides such as a 17 amino acid-sized conatntokin-G (Blandl et al., 1997). In
the present study, the peptide ending with His residue (GGGWGQPH) showed highest
activity for quenching of the Th-fluorescence among eight different octapeptides tested
(Fig. 3-2e).

3-4-2 Peptides showed intrinsic fluorescence in the absence of Tb

In the absence of fluorescent REE ions such as Tb®", the PrP-derived peptides
tested here showed intrinsic fluorescence (Fig. 3-3a). The fluorescent nature of
octapeptide could be attributed to the presence of Trp residue. Among amino acids
constituting the octarepeat, only tryptophan showed major (excitation at 280 nm,
emission at 365 nm) and minor (excitation at 230 nm, emission at 365 nm) peaks of
intrinsic fluorescence (Fig. 3-3b-g). Comparison of fluorescence between the Trp-
containing peptides and free Trp suggested that fluorescence by Trp is largely lower by

conjugation with other amino acids.

As expected, the PrP octarepeat-derived short peptides lacking Trp residue showed
no fluorescence, further confirming the role of Trp residue for fluorescence (Fig. 3-4).
Again, data suggested that Trp-residue is required for the fluorescent nature of the
octarepeat peptides and that conjugation of longer chains to tryptophan lowers the

intrinsic fluorescence.

29



3-4-3 Quenching of peptide fluorescence by copper

As the characteristics of fluorescence which is intrinsic to the human PrP-derived
octarepeat peptides were spectroscopically determined above, the impact of Cu-binding to the
peptide on the yield of fluorescence was tested (Fig. 3-5). The intrinsic fluorescence in the
octarepeat sequence-derived peptides and free tryptophan was shown to be quenched in
the presence of excess of CuSO,. The presence of Cu® in the range of molar ratios
(Cu*/peptide) between ca. 0.2 and 1.0 showed linear decrease in fluorescence from the most
peptides tested, suggesting that the mode of interaction between the PrP-derived peptide and

metal ions can be optically monitored.

Kinetic analysis revealed that fluorescence from the PrP octarepeat-derived
octapeptides showed higher sensitivity to the presence of low concentration of Cu ion
(Fig. 3-5). Among the octapeptide sequences tested, PHGGGWGQ peptide was shown
to be most sensitive to the low Cu concentration although this sequence lack the
presence of metal-binding motif X-X-H. In turn, the role or significance of another
motif, namely, H-G-G-G-W was suggested. It must be noted that our discussion does
not cover the behavior of shorter Cu binding motif H-G-G-G reported by Bonomo et al.
(Bonomo et al.,2000). Since fluorometric analysis is based on the Trp-dependent fluorescence,

Cu-mediated in the tetrapeptide HGGG could not be assessed by our approach.

3-4-4 Two distinct metal-binding motifs overlaid in the PrP octarepeat region

According to earlier studies, at least single His residue is required for binding of
copper on PrP-derived peptides (Kawano, 2006; Kawano, 2007), and the catalytically
active copper-binding motif within PrP-derived peptides was determined to be X-X-H
(where X can be any amino acids followed by His) (Yokawa et al., 2011a; Kagenishi et
al., 2009). Furthermore, our demonstrations have shown that the PrP-derived and related
short peptides ended with X-X-H motif, effectively bind Cu in the biological media and
thus prevent the damaging impacts of Cu ions against DNA degradation (Yokawa et al.,
2011d) and living plant cells (Kagenishi et al., 2009). Okobira et al. (Okobira et al.,
2011) has demonstrated that Cu-binding peptides with the X-X-H motif conjugated to

organic materials could form a novel class of bioengineering tools. Accordingly, a
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tripeptide, glycyl-glycyl-histidine (G-G-H, one of X-X-H motif derivatives) as Cu-
binding domain, was introduced onto the glycidyl methacrylate-grafted porous hollow
fiber membrane made on the polyethylene platform by radiation-induced graft

polymerization.

On the other hand, N-terminal His-started oligo-peptides were also used as model
for Cu-binding in earlier in vitro studies describing that the actual least motif in the
octarepeats necessarily required for binding of Cu consists of 5 amino acids H-G-G-G-
W (Burn et al., 2002) or 4 amino acids H-G-G-G (Bonomo et al.,2000). Therefore, in
the mammalian PrP octarepeat regions, in which PHGGGWGQ is repeated for four
(human) to six (bovine) times, both metal binding motifs could be overlaid by sharing

common His residue and thus co-existed.

Our fluorescent assay with Tb-fluorescence quenching supported the positive role
of His-ended peptides. The obtained data clearly supported the view that the peptides
sharing an intact X-X-H motif (in this case PQH motif) located at C-termini rather than

N-terminal H-G-G-G-W motif, is desirable as metal chelating peptides.

Controversially, the role of His-started motif (H-G-G-G-W) was supported by the
Cu-dependent peptide fluorescence quenching assay. Among the octapeptide sequences
examined, the PHGGGWGQ peptide was shown to be the most sensitive to the low Cu
concentration although this sequence lacks the presence of intact metal-binding X-X-H

motif.

The present study suggested that there are two distinct modes of metal binding to
His residues in the octarepeat regions in mammalian PrP, possibly by co-ordinations of
His-ended motif (Fig. 3-6a) or His-started motif (Fig. 3-6b) around the target metals
depending on the conditions given. The proposed two-motif model must be further

testified by future experiments.
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Fig. 3-1. The Cu-binding site and Cu-binding model of PrP. (a) Cu-binding site in PrP.
(b) Amino acid sequence of octarepeat peptide. (c) Likely structure of peptide (QPH)-

Cu complex.
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Fig. 3-2. PrP-dependet quenching of fluorescence in Tb solution. Typical 3D
representations (contour plot) of the Th-fluorescence spectra in the presence and
absence of PrP-derived octapeptides are shown in (a) Tb alone, (b) Tb and
PHGGGWGAQ, (c) Th and GGGWGQPH, and (d) Th and GQPHGGGW. (e) Effects of
eight different peptide sequences found in PrP octarepeat region on quenching of Th-

fluorescence are compared.

33



600 - 600 -

(a) PHGGGWGQ _— {b) P (Pro) only
500 G s SO0
400 400
el
300 —— 300
E===
200 T T l T ) 200 T = . _/—-—‘-:I= )
200 300 400 500 600 200 300 400 500 800
600 . 600 5
—_ {c) H (His) only (d) G (Gly) only
E 500 500
o’
= 400 400 =
el o
o
c -
@ 300 @J 300
@ -
>
(0] 200 . , : | 200 T T T ]
; 200 300 400 500 600 200 300 400 500 600
= 600 600
o (e) W (Trp) only (f) Q (GIn) only
"(-U' 500 500
=
Q -
m 400 400 JC}—
300 200 £
Panii—
200 : ; 200 : . T |
200 300 400 500 600 200 300 400 500 800
600
{g) Amino acid mixture
500 (P,H, G, W, Q)
400 —_
300
200

T T T 1
200 300 400 500 600

Emission wavelength(nm)

Fig. 3-3. Intrinsic fluorescence in octarepeat peptide and free amino acids.

Typical 3D-representations (contour plot) of the Peptide-FL and W-FL are shown.

Typical results for octapeptide PHGGGWGQ (a), free proline (b), free histidine (c), free
glycine (d), free tryptophane (e), free glutamine (f), and mixture of five amino acids (g).
Concentration of the octapeptide and free proline, histidine, tryptophane, and glutamine

were 30 M. Concentrations of free glycine was 30 uM (d) or 90 uM (g).
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CHAPTER 4

Fluorescent monitoring of copper-occupancy in

His-ended catalytic oligo-peptides
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4-1 Abstract

Controlled generation of reactive oxygen species (ROS) is widely beneficial to
various medical, environmental, and agricultural studies. As inspired by the functional
motifs in natural proteins, our group has been engaged in development of catalytically
active oligo-peptides as minimum-sized metalloenzymes for generation of superoxide
anion, an active member of ROS. In such candidate molecules, catalytically active
metal-binding minimal motif was determined to be X-X-H, where X can be most amino
acids followed by His. Based on above knowledge, we have designed a series of
minimal copper-binding peptides designated as G,H series peptides, which are
composed of oligo-glycyl chains ended with C-terminal His residue such as GGGGGH
sequence (G5H). In order to further study the role of copper binding to the peptidic
catalysts sharing the X-X-H motif such as G5H-conjugated peptides, we should be able
to score the occupancy of the peptide population by copper ion in the reaction mixture.
Here, model peptides with Cu-binding affinity which show intrinsic fluorescence due to
tyrosyl residue (Y) in the UV region (excitation at ca. 230 and 280 nm, and emission at
ca. 320 nm) were synthesized to score the effect of copper occupancy. Synthesized
peptides include GFP-derived fluorophore sequence, TFSYGVQ (designated as Gfp),
and Gfp sequence fused to C-terminal G5H (Gfp-G5H). In addition, two Y-containing
tri-peptides derived from natural GFP fluorophores, namely, TYG and SYG were fused
to the G5H (TYG-G5H and SYG-G5H). Conjugation of metal-binding G5H sequence
to GFP-fluorophore peptide enhanced the action of Cu®* on quenching of intrinsic
fluorescence due to Y residue. Two other Y-containing peptides, TYG-G5H and SYG-
G5H, also showed intrinsic fluorescence which are sensitive to addition of Cu®*. There
was linear relationship between the loading of Cu®* and quenching of fluorescence in
these peptides was observed suggesting that Cu®*-dependent quenching of Y-reside-
derived fluorescence could be a measure of copper occupancy in the peptides. Lastly,
the fate of Y residue in the Cu-loaded peptides under oxidative condition in the presence
of H,O, was discussed based on the Cu/H,O,-dependent changes in fluorescence

spectra.
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4-2 Introduction

Controlled generation of reactive oxygen species (ROS) is widely beneficial to
various medical, environmental engineering, and agricultural fields including clinically
applied immunological modulations (Bogdan et al. 2000; Folkes et al., 2002),
degradation of polluting organic compounds (Werner et al., 2005), inactivation of
bacterial cells for the hygienic purpose (Laroussi and Leipold, 2004), activated sludge
process (Sakai et al., 1997), and direct and indirect agricultural pest controls targeting
pathogens and host plants, respectively (Yoshioka et al., 2008; Kawano and Bouteau,
2013).

In the last decade, our group has been engaged in development a novel classes of
engineered biocatalysts including catalytic oligonucleotides (functional DNA
sequences; Iwase et al., 2014) and peptides (Kagenishi et al., 2011), designed to
catalyze the production and/or removal superoxide anion radicals (O,") through
understanding and modification of natural catalytic proteins and of animal and plant

origins.

For examples, we found that peptides derived from human and mammalian PrPs
(Kawano, 2007; Yokawa et al., 2009a,b) and plant stress-responsive peptides (Yokawa
et al., 2011a) have catalytic nature although they are not considered as enzymes at
present. Actually, the kingdoms of plants and animals are rich in such small peptides
with high affinity to metal ions which might aid in catalysis. By mimicking such natural
peptide, novel series of minimal-sized oligo-peptidic artificial enzymes catalyzing the
generation of O, in peroxidase-like manner requiring hydrogen peroxide (H.0,) and
electron donating substrates such as phenolics or amines were developed (Kagenishi et
al., 2011; Okobira et al., 2011).

The first criterion for consisting such minimal peroxidase-like small peptides is the
presence of His-containing motif(s) required for binding to metals (chiefly copper), and
then, free-form and/or peptide-bound form of substrates fuels the reaction (Yokawa et
al., 2011d). Our preliminary studies on PrP-derived peptides have pointed that His

residues (at least single His) are required for anchoring of Cu onto PrP-derived peptides
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(Kawano, 2006, 2007), and eventually, the catalytically active Cu-binding minimal
motif was determined to be tri-peptidic sequence X-X-H, where X can be most amino
acids followed by His (Kagenishi et al., 2009; Yokawa et al., 2011d). An engineering
example of a catalytic peptide sequence sharing XXH motif for development of
biosensing and bioengineering materials was reported (Okobira et al., 2011).
Accordingly, one of X-X-H motif derivatives, Gly-Gly-His (G-G-H) sequence was
introduced onto the glycidyl methacrylate-grafted on the polyethylene platform (porous
hollow fiber membrane). Chemiluminescence assay reveled that loading of Cu®* on the
peptide-conjugated membrane conferred the catalytic activity to it, thus, catalyzing the

generation of O, upon addition of a pair of substrates (H,O, and tyramine).

In human PrP, His96 centered in G-G-G-T-H-S-Q-W-N sequences is considered
as one of Cu-binding sites. Effect of His position on the catalytic activity in PrP-derived
peptides were examined by comparing the H-S-Q-W-N (His-started pentapeptide) and
the G-G-G-T-H (His-ended pentapeptide) (Kagenishi et al., 2011). While reaction with
tyramine (given as a model phenolic substrate) and G-G-G-T-H peptide resulted in
robust production of O,", the H-S-Q-W-N peptide showed no catalytic activity,
suggesting that G-T-H motif within the His-ended pentapeptide is one of X-X-H motif
derivatives. As the catalytic activities among G-G-G-T-H and shorter derivatives (G-G-
T-H and G-T-H) were compared and the importance of the N-terminal glycyl-chain
elongation for maximal redox activity in C-terminal His anchored peptides was implied
(Kagenishi et al., 2011). Furthermore, the likely common structure formed by Cu/X-X-
X motif complex found in Cu-binding motifs in human PrP including octarepeat region
(Inokuchi et al., 2012), helical region (Yokawa et al., 2011b), neurotoxic region
(Kagenishi et al., 2009) was proposed to be semi-planar shape resembling the structure
of metal-centered heme in which metallic element is coordinated by planarly arranged
four nitrogen atoms, by analogy to the structure of Ni/X-X-H metallopeptides (Fang et
al., 2004, 2006).

As inspired by the natural PrP-derived G-G-G-T-H sequence, we have designed a
series of simplified model peptides designated as G,H series peptides, which are
composed of oligo-glycyl chains (G,) ended with C-terminal His residue (Kagenishi et

al., 2011). As expected, importance of the elongated N-terminal G, chain with
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anchoring His was confirmed by comparing the G,H series peptides (n = 2, 3, 4, 5 and
10) and G, series peptides lacking His. Notably, G, series lacking the metal-binding
motif showed no catalytic activity even in the presence of free Cu?*. In G,H series, GzH
tetrapeptide showed a detectable increase in production of O,", and peptides with longer
chain showed higher activity, confirming the importance of N-terminal G, chain length.
Data suggested that the requirement for the N-terminal G, elongation is nearly fulfilled
at between Gs and G (Kagenishi et al., 2011), and amazingly, unlikely to conventional
enzymes, the catalytic activity in these metal-binding peptides survive the heating
treatment such as autoclaving and the repeated freeze and thaw cycles (Yokawa et al.,
2009b).

Fluorometry often provides strong approaches for studying the molecular
interaction. Inokuchi et al. (2012) assessed (1) the quenching of Th** fluorescence by
PrP-derived metal-binging peptides and (2) the Cu?*-dependent quenching of intrinsic
fluorescence in human PrP octarepeat peptide sequence. Quenching of Th-fluorescence
by interacting peptides implied the important role for His-ended peptidic sequence
sharing X-X-H motif (in case of human PrP’s octarepeat region, P-Q-H). On the other
hand, quenching of intrinsic peptide fluorescence due to the presence of a tryptophan
(W) residue by cupper ion suggested that classically known H-G-G-G motif in PrP
(Burns et al., 2002) forms an active motif in metal binding. Taken together, in the
mammalian PrP octarepeat regions, in which P-H-G-G-G-W-G-Q is repeated for four
(human) to six (bovine) times, two distinct metal binding motifs, namely, X-X-H motif
and H-G-G-G motif, could be overlaid by sharing common His residue and thus co-
existed (Inokuchi et al., 2012).

In order to further study the role of copper binding to the biocatalysts sharing the
X-X-H motif such as G,H series catalytic peptides, we should be able to score the
occupancy of the peptide population by copper ion in the reaction mixture. In the
present study, we attempted to monitor the binding of copper to G,H catalytic peptides
by designing the chimeric molecule fusing fluorescent oligo-peptide sequence derived

from green fluorescence protein (GFP) and GsH sequence.
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4-3 Materials and Methods

4-3-1 Peptides and Chemicals

Model peptides with Cu-binding affinity which show intrinsic fluorescence in the
UV region were synthesized to score the effect of copper occupancy. The peptides were
obtained from the custom peptide service department of Sigma Genosys Japan, Ishikari,
Hokkaido, Japan. The amino acid sequences of the peptides chemically synthesized
were purified on high pressure liquid chromatography prior to the experimental use.
Other chemicals such as CuSO, and salts for buffer used in this study were of reagent

grade purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan).

Synthesized peptides include GFP-derived fluorophore sequence, TFSYGVQ
(designated as Gfp), and Gfp sequence fused to GGGGGH, thus, designated as Gfp-
G5H. Note that the synthesized peptide sequences corresponding to GFP fluorophore do
not show green fluorescence without post-translational process for developing the
molecular rigidity in living cells. Instead, intrinsic fluorescence due to presence of the
tyrosyl residue () can be expected. Therefore, two Y-containing tri-peptide sequences
found in natural GFP fluorophores, namely, TYG and SYG were fused to the Cu-
binding GGGGGH sequence (thus, designated as TYG-GbH and SYG-G5H,

respectively).

4-3-2 Fluorometric analysis

Intrinsic fluorescence from the 30 UM peptides with and without loading of copper
ions were detected in potassium phosphate buffer (50 mM, pH 7.0) using a fluorescence
spectrophotometer (F-4500 Hitachi High-Technol. Co., Tokyo). The three-dimensional
(3D) spectral measurement of fluorescence was carried out at the excitation wavelength
between 200 and 700 nm with 5 nm intervals and emission wavelength between 200

and 700 nm with 5 nm intervals.
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4-4 Results and Discussion

4-4-1 Enhanced Cu®*-dependent changes in intrinsic fluorescence spectra of a GFP-
fluorophore peptide conjugated with metal binding sequence

GFP fluorophore-derived peptides tested here showed non-green intrinsic
fluorescence at UV region (Fig. 4-1). Upon excitation at excitation at 230 nm (peak a)
and 280 nm (peak b), both Gfp-G5H (TFSYGVQ-GGGGGH) and Gfp (TFSYGVQ)
showed fluorescence emission at around 320 nm. Fluorescence signals at the peak a
(230 nm excitation/320 nm emission) by 30 uM Gfp-G5H and Gfp showed tendency to
be quenched in the presence of 30 pM Cu®* by 61.6 % and 32.0 %, respectively. Under
the same conditions, the fluorescence signals at the peak b (280 nm excitation/320 nm
emission) by Gfp-G5H and Gfp showed Cu®*-dependent quench by 48.5 % and 22.7 %,
respectively. These data suggested that G5H-conjugated peptide showed twice greater
sensitivity to addition of CuSO,. Therefore, we can expect that Cu-dependent quenching
of UVC-excited UVA fluorescence by Gfp-G5H can be used as a measure of Cu-

occupancy in G5H domain.

4-4-2 Intrinsic fluorescence in tyrosine-containing peptides showed sensitivity to Cu

The intrinsic fluorescence signals (the peaks a and b) from the three G5H-
conjugated GFP-derived peptides (30 uM of Gfp-G5H, TYG-G5H, and SYG-G5H)
plotted on 3-dimentional contour graphs were compared. Data showed that the intrinsic
fluorescence by all peptides can be quenched in the presence of CuSO, (10, 25 and 100
uM; Fig. 4-2). Among three peptides examined, SYG-G5H was most sensitive to lower
range of CuSO, concentration (10 uM, molar ratio to peptide: ca. 0.17-0.33). The
fluorescent signals from TYG-G5H also showed higher sensitivity to Cu as compared to
the signals from Gfp-G5H.
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4-4-3 Linear relationship between loading of Cu?* and quenching of fluorescence

Among three peptides examined, only Gfp-G5H showed linear decrease in
fluorescent signal along with occupancy with cupper in the range between 0.17 and 1.33
of molar ratios of Cu?* over peptide (Fig. 4-3 and 4). Note that within this range of
copper concentration, the squared correlation coefficients (r?) for Cu-dependent
quenching of fluorescence signals at the peaks a and b in Gfp-G5H were 0.982 and
0.989, respectively (Fig. 4-3 and 4, insets).

On the other hand, r? for Cu-dependent quenching of fluorescence signals by TYG-
G5H and SYG-G5H ranged at relatively low scores between 0.700 and 0.906 (Fig. 4-3
and 4, insets). Therefore, we could conclude that the kinetics reported by Gfp-

conjugated G5H peptide is most proportional to the copper occupancy in G5H sequence.

Previously, catalytic nature of GsH hexapeptide was assessed (Kagenishi et al.,
2011). It has been shown that catalytic activity in G5H peptide requires the binding of
copper to it. Furthermore, Michaelis constant (Ky,) for O,™ production using tyramine as
a model substrate for Cu/G5H complex (0.15 mM) was determined to be 0.24 mM.
Then, Vmax at molar basis and weight basis were determined to be 52.91 mmol (O;")
mmol (peptide)* min? and 0.12 mmol (O,") mg (peptide)® min™, respectively
(Kagenishi et al., 2011). With molar-basis comparison, the catalytic activity looks week,
however, due to its low molecular weight characteristics, weight-basis comparison of
the catalytic activity reaches applicable range which is almost 1/6 of purified
horseradish peroxidase (Kagenishi et al., 2011). It is obvious that this type of approach
for creating heat-stable biocatalysts require further innovation. Therefore, we expect
that the use of Gfp-fused G5H peptide for quantification of Cu-binding to G5H motif

may contribute to further engineering of the G,H-based catalytic peptides.

4-4-4 Fate of tyrosine residue after oxidative reaction

Up to here we mostly discussed the role of His-ended metal binding motif in novel

class of catalytic peptides with aid by fluorescent signal which could be attributed to the
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presence of Tyr residue. We view that Tyr residue has an additional important role in
designing the peptidic O, -generating catalysts (Kawano, 2011).

Reportedly, supplementation of structurally similar free catecholamine-related
chemicals (tyramine or phenylethylamine), a free amino acid Tyr (Y), or Tyr-rich
oligopeptides (such as tyrosyl-tyrosyl-arginine, YYR) as model substrates (instead of
typical peroxidase substrates such as phenolics or amines) to the reaction mixture
containing Cu-bound peptides sharing X-X-H motif such as Cu/VNITKQHTVTTTT
(helical Cu-binding motif in mammalian PrP; Yokawa et al., 2009), Cu/GGGTH (short
Cu-binding motif in human PrP; Kawano, 2007), Cu/GGGGGH (artificial catalyst;
Kagenishi et al., 2011), Cu/GGGFGH (Yokawa et al., 2011a), or Cu/ NPGFPH
(Yokawa et al., 2010) resulted in H,O,-dependent O, -generation. Notably, Y residue-
containing peptides with X-X-H motif including Cu/GGGYGH (plant ozone-inducible
peptide sequence; Yokawa et al., 2011a), Cu/NPGYPH (chicken PrP hexa-repeat
sequence; Yokawa et al., 2010), and Cu/FLTEYVA-GGGGGH (Erk1/Erk2 MAP kinase
substrate sequence fused with metal binding sequence designated as ErkG5H; Kawano,
2011) showed catalytic activity for H,O,-dependent O,” generation without
supplementation of any free phenolic substrates. These knowledges suggest that Y-

residue mimics the role for free phenolics in H,O,-dependent O,™ generating reactions.

The above view was supported by Y-to-F mutation in chicken PrP sequence
(Yokawa et al., 2009) and plant ozone-inducible peptide sequence (Yokawa et al.,
2011a), by which Phe residues on catalytic peptides were replaced with Tyr residues.
The difference was merely the presence and absence of the OH group on the aromatic
ring. Moreover, masking of Y-residue (at OH group) in ErkG5H through tyrosyl
phosphorylation in Erk1/Erk2 MAP Kkinase substrate moiety of ErkG5H peptide was
performed, and catalytic activity for H,O,-dependent O,™ generation was largely lost in
the resultant Y-phosphorylated peptide (Kawano, 2011). To date, ErkG5H is the only

artificial catalyst which can be attenuated by phosphorylation event.

Involvement of free Y or Y residue in the Cu/peptide complex-catalyzed H,0,-
dependent generation of O, suggests that a phenoxy radical derived from Y (tyrosyl

radical, Y") can be formed in aid of single electron reduction of molecular oxygen, by
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analogy to plant enzymes H,O,-dependently generating O, by coupling to oxidation of
phenolics (such as salicylic acid) to form phenoxy radicals (Kawano et al., 1998;
Kawano and Muto, 2000).

There would be two distinct models for the fate of Y residue in model Cu/peptide
complex. One likely model is that Y-residue is simply consumed and oxidized by the
Cu-bound catalytic center in the presence of H,O, as observed for various free
phenolics (Kagenishi et al., 2011). Another likely model is that Y residue lasts longer by
repeatedly participating the reaction as shuttle for transferring electron, by analogy to
the putative intra-molecular substrate-like roles for Y residues within ribonucleotide
reductases (Boal et al., 2010) and cyclooxygenase-2 (Li et al., 2010), in which
corresponding reactions proceed via transient formation of Y™ and recycling of Y.

To obtain a clue to this view, we examined the fate of Y-dependent fluorescence
in Gfp-G5H, TYG-G5H, and SYG-G5H peptides after addition of Cu and H,0O, (Fig. 4-
5). Ratio of H,0, concentration (1 mM) over Cu/peptide concentration (30 uM) was set
at excess level since higher range of H,O, concentration has been employed in the

previous studies using G5H-based catalysts.

Addition of copper to three peptides largely lowered the fluorescence signals as
described earlier in this report. Addition of H,0, to SYG-G5H lowered the fluorescence
signals. Contrary, addition of H,O, enhanced the fluorescence at both peaks a and b in
TYG-G5H and the peak a in Gfp-G5H. The reason why two peaks of Y fluorescence in
different peptides showed different sensitivity to H,O, should be attributed to the fact
that even a monomer of phenolic compound often possesses multiple fluorophores
within the molecule despite its simple structure as in the case of ferulic acid (Djikanovié

et al., 2007).

To combination of Cu and H,0,, three peptides responded differently. Response
to Cu/H,0; co-treatment in Gfp-G5H was almost identical to the response to Cu alone.
Changes in SYG-G5H was less obvious. The fluorescence intensities at 230 nm
excitation/320 nm emission and 280 nm excitation/320 nm emission corresponding to
the peaks a and b in Cu/H,0, co-treated TYG-G5H were seemed to be maintained at

higher level compared to control. Note that the peak excitation wavelength at peak b
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fluorescence slightly shifted from 280 to 290 nm, therefore the product of peptide-
catalyzed redox reaction challenging Y-residue under Cu/H,O; co-treatment must be
no-longer intact Y residue. The case in TYG-G5H suggest that after possible formation
of Y" via Cul/peptide-catalyzed H,0O,-dependent reaction, recycling of Y did not

sufficiently occurred thus spectral changes (shift in the excitation peak) was observed.
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Fig.4-1. Different quenching action of copper ion against intrinsic tyrosine fluorescence
in GFP-derived fluorophore sequence with and without fusing to copper binging
sequence hexapeptide. Peptides (30 uM) used were Gfp-G5H (TFSYGVQ-GGGGGH)
and Gfp (TFSYGVQ). Peaks of tyrosine fluorescence (emission at ca. 320 nm) were
observed with excitation at 230 nm (a) and 280 nm (b). Quenching of fluorescence in

the presence of 30 uM CuSO, was assessed.
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Fig. 4-2. Effect of copper ion on quenching of intrinsic fluorescence signals by three
GFP fluorophore-derived oligo-peptides conjugated with copper-binding hexapeptide
motif. Peptides (30 uM) used were Gfp-G5H (TFSYGVQ-GGGGGH), TYG-G5H
(TYG-GGGGGH), and SYG-G5H (SYG-GGGGGH). In the absence of CuSQy, two
typical peaks of tyrosine fluorescence (emission at ca. 320 nm) were observed with
excitation at 230 nm (a) and 280 nm (b). Quenching of fluorescence in the presence of

10, 25 and 100 uM CuSQO,4 was assessed.
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Fig. 4-3. Effect of copper concentration on quenching of 230 nm excitation/320 nm
emission signals by three G5H-conjugated GFP fluorophore-derived oligo-peptides.
Peptides (30 uM) used were as in Figure 2. Quenching of fluorescence was performed
with 5-100 and 100 uM CuSO,4 was assessed. Three different symbols represent the data
points obtained. Curves were merely approximation of the response (note that they are
not regression curves). In the inset, linear relationships between the remitted range of
Cu concentration (up to 40 uM) and the decrease in peptidic fluorescent signals are

shown.
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Fig. 4-4. Effect of copper concentration on quenching of 280 nm excitation/320 nm
emission signals by three G5H-conjugated GFP fluorophore-derived oligo-peptides.
Peptides (30 uM) used were as in Figure 2. Quenching of fluorescence was performed
as in Figure 3. In the inset, linear relationships between the remitted range of Cu

concentration (up to 40 uM) and the decrease in peptidic fluorescent signals are shown.
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Fig. 4-5. Changes in UV-excited fluorescence contour spectra in three peptides after
addition of copper and/or excess hydrogen peroxide. Peptides used were as in Figure 2,
namely Gfp-G5H, TYG-G5H and SYG-G5H. Each peptide (30 pM) was treated with
none, either or both of CuSO, (30 uM) or/and H,0, (1 mM). Numbers after (a) and (b)
shown with each spectrum represent the relative changes in fluorescence intensities at
peaks a (230 nm excitation/320 nm emission) and b (280 nm excitation/320 nm

emission), respectively.
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CHAPTER 5

Monitoring of Copper Loading to Cationic
Histidine-rich Short Salivary Polypeptides,
Histatins 5 and 8, Based on the Quenching of

Copper-sensitive Intrinsic Red Fluorescence
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5-1 Abstract

Recent studies identified nearly 100 of high abundance salivary proteins/peptides,
including a group of cationic histidine-rich short polypeptides known as histatins (Hsts).
The most recognized roles for Hsts are anti-microbial activities, and the modes of action
of Hsts (chiefly, Hst-5 and 8) have been subjected to intense debates. Since Hst-5 and 8
possess metal-binding motifs, analysis of Cu occupancy in Hsts is of great importance.
Here, we conducted two distinct fluorescence-based assays, namely, the Hst-dependent
quenching of Tb**-fluorescence and the Cu®*-dependent quenching of intrinsic red
fluorescence in Hsts. Notably, Cu-sensitive intrinsic red fluorescence from Hsts is
documented for the first time. In addition, novel catalytic activities in Cu-loaded Hsts
were demonstrated. Upon addition of H,O,, both Hsts catalyzed the generation of
superoxide. The present study may provide key technical knowledge required for
development of non-invasive fluorometric and chemiluminometric monitoring of metal

binding to the peptides of interest.

Key words: Copper occupancy, Fluorescence quenching, Metal-binding motif, Peptide

Abbreviations: ATCUN, amino-terminal Cu/Ni binding motif; AU, arbitrary units; CL,
chemiluminescence; FL, fluorescence; Hst-5, histatin 5; Hst-8, histatin 8; Hsts,

histatins; ROS, reactive oxygen species.
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5-2 Introduction

Saliva is a glandular secretion that is vital in the maintenance of healthy oral
tissues (Huq et al., 2007). Recent proteomic and peptidomic studies have reported the
identification of over 1,300 proteins and peptides in human saliva, including nearly 100
of high abundance salivary proteins/peptides (Huq et al., 2007). Historically, several
research groups have documented the existence of a group of cationic histidine-rich
short polypeptides which are now recognized as human salivary histatins (Hsts) (Bonilla,
1969; Azen, 1972; Holbrook and Molan, 1975; Baum et al., 1976 ). The most
recognized biological functions proposed for Hsts are bactericidal action against
Streptococcus mutans (MacKay et al.,, 1984) and antifungal activities against
opportunistic yeast Candida albicans (Yoshida et al., 2001; Tsai, 1998), and
Cryptococcus neoformans (Tsai et al., 1996), and are therefore potential therapeutic
reagents against Candida species. Actions by Hsts are now considered as the first line of
defense (primordial mechanism of immunity commonly observed in vertebrate and
nonvertebrate organisms) against oral candidiasis caused by Candida albicans (Melino
et al., 2014; Puri et al., 2015). Accordingly, fungal cells are killed by Hsts through their
binding to the cell membrane and their internalizing, eventually disrupting the cellular
volume regulatory mechanisms and mitochondrial function (Yoshida et al., 2001). As a

consequence, production of reactive oxygen species (ROS) and non-lytic cell death.

Among salivary peptides, histatin 5 (Hst-5) consisted of 24 amino acids
(DSHAKRHHGY KRKFHEKHHSHRGY), is the most potent molecule with regard to
its fungicidal activity towards C. albicans(Puri et al., 2015; Pauri and Edgerton, 2014 ).
Therefore, its use as a therapeutic reagent against Candida species is highly expected
(Yoshida et al., 2001). In the C-terminal half of Hst-5, a sequence of a dozen amino
acids (KFHEKHHSHRGY) corresponding to full sequence in histatin 8 (Hst-8) is
conserved. Hst-8 is kwon to serve as hemagglutination-inhibiting peptide (Yoshida et al.,
2001). A study using truncated fragments of Hst-8 revealed that last tripeptide (RGY)
could be involved in effective inhibition of hemagglutination by Porphyromonas

gingivalis (Murakami et al., 1992). In addition to the above listed effects of Hst-5 and
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Hst-8 against oral pathogens, the effect of Hsts on mammalian host immune systems
has also been studied (Yoshida et al., 2001). Reportedly, in the wide range of
concentration spanning from nM to sub-mM, both Hst-5 and Hst-8 (with lesser extent)
induce the release of histamine from rat peritoneal mast cells in a dose-dependent

manner.

The mode of action of Hsts (chiefly, Hst-5) has been a subject of intense debate
(Pauri and Edgerton, 2014). While most of classical host innate immune proteins act by
membrane lysis or pore formation on microbial plasma membrane, the Hst-5 likely
targets multiple proteins inside the microbial cells. In case of fungicidal action against C.
albicans, Hit 5 firstly binds to fungal cell wall proteins (Ssal/2) and glycans, then, Hst-
5 is actively internalized (in an energy-dependent manner) by C. albicans cells with
involvement of the polyamine transporters (Pauri and Edgerton, 2014; Murakami et al.,
1992; Li et al., 2003).Once entering inside the fungal cells, Hst-5 may cause
dysfunction in mitochondria, thus, leading to oxidative burst releasing ROS. Note that
the last straw for dying fungal cells is osmotic stress accompanying the volume

dysregulation and ion imbalance triggered (Vylkova et al., 2007).

Many predicted that His-residue-mediated high affinity to metals in Hst members
could provide clues to understand the mechanism of Hst actions. In fact, Hst-5 binds
various metals in saliva, viz., Zn, Cu, Ni (Pauri and Edgerton, 2014), and Fe (Puri et al.,
2015). It has been proposed that the metal binding by Hst-5 would be much more
significant under limitation of nutrients as the metal binding by Hst-5 could potentially
further limit the essential metals needed for microbial growth (Pauri and Edgerton,
2014). Apart from such a passive mechanism, metal-loaded Hst-5 may have active roles.
As shown in Fig. 1, Hst-5 possesses an NH,-terminal Cu/Ni binding (ATCUN) motif
and a Zn(I1)-binding motif (HEXXH) at the C terminus for binding of metals (Pauri and
Edgerton, 2014).

In a number of proteins, the ATCUN motif is formed from a His residue in the
third position, two preceding residues, and the free N-terminus (NH2-XXH), therefore a
peptide or protein maximally possesses only single ATCUN motif at its N-terminus

(Sankararamakrishnan et al., 2005). According to the crystal structure of a small metal-
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bound ATCUN peptide, four nitrogen atoms in the ATCUN motif (three residues with
free amino-terminus) form a square semi-planar geometry (Sankararamakrishnan et al.,
2005), thus, mimicking to the manner for allocating the nitrogen atoms around a single
metal in the metal-centered tetrapyrroles such as heme. The likely metals potentially
bound to ATCUN motif in Hst-5 are Cu, Ni and Fe. Especially, the interactions between
Hst-5 and either of Cu or Fe reportedly contribute to generation of ROS members which
eventually oxidize an array of key proteins in the mitochondria causing mitochondrial
dysfunction leading to further oxidative burst and cell death in microbial cells
(Sankararamakrishnan et al., 2005).

Presence of the HEXXH motif in C-terminal half of Hst-5 and center of Hst-8
suggests that these molecules have high affinity to Zn. According to an earlier study
(Melino et al., 1999), binding to Zn may be required for fusing into the negatively
charged phospholipid-based membranes or vesicles. However, Zn binding to Hst-5
shows only limited effects on Hst-5’s fungicidal activity (Puri et al., 2015).

While the HEXXH motif can be found in both Hst-5 and Hst-8, the ATCUN motif
can be found only in Hst-5 (Fig. 5-1). However, knowledge on peptide geometry
predicts that even to Hst-8, copper can be bound due to the presence of the XXH motif
where X can be most amino acids followed by His, therefore ATCUN can be one form

of XXH motif concepts.

It has been revealed that the XXH motif has been shown to play key its role as one
of Cu-binding motifs in mammalian PrPs (Kawano, 2007; Yokawa et al., 2009;
Yokawa et al., 2009) and plant stress-responsive small peptides (Yokawa et al, 2011a).
Interestingly, upon binding to Cu (II), natural (Kawano, 2007; Yokawa et al., 2009;
Yokawa et al, 2011a) and engineered (Kawano, 2007; Kagenishi et al., 2011; Okobira
et al., 2011) peptides containing XXH motif show catalytic activity for generation of
superoxide anion radical (O,") by coupling to oxidation of aromatic monoamines and
phenolics in the presence of H,0,, thus, similarly to plant peroxidase reaction (Kawano
and Bouteau, 2013; Yokawa et al., 2011b). Taken together, we can expect that both Hst-
5 and Hst-8 might capture Cu to form functional or catalytic nature. Similarly to the fact

that enzyme-like activity for H,O,-dependent substrate oxidation accompanying ROS
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generation can be found in human prion-derived Cu (Il)-bound peptides (Kawano,
2007; Yokawa et al., 2009) and mimicking engineered peptides (Kagenishi et al., 2011),
the Cu (Il)-bound form of Hst-5 also exhibits enzyme-like enzyme-like Kinetics

requiring (Tay et al., 2009).

As discussed above, analysis of Cu occupancy in Hsts is of great importance.
Monitoring of metal-Hst-5 interaction can be performed by various techniques such as
circular dichroism (Puri et al., 2015). Use of fluorescence (FL)-active rare earth element
ions such as terbium ion (Th**) as model metal ions is one of such approaches assessing
the mode of metal-binding in Cu-binding peptides as performed for conantokin-G, a
toxic metallo-peptide derived from a snail (Blandl et al., 1997) and human prion-
derived Cu-binding peptides (Kawano, 2006; Inokuchi et al., 2012 ).

In the present study, we conducted two distinct FL-based assays, namely, (1) the
Hst-dependent quenching of Th**-FL and (2) the Cu®*-dependent quenching of intrinsic
FL in Hst-5 and Hst-8. We emphasized the latter study focusing on the intrinsic red-FL
newly found in both Hst-5 and Hst-8, since the monitoring of intrinsic FL emitted by
biological molecules of interest without using artificial FL probes has advantages to be
applied to a variety of future assays including microscopic, flow-cytometric studies in

intact cells and organisms.
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5-3 Materials and Methods

5-3-1 Peptides and Chemicals

Model peptides sequences with metal-binding affinity which show intrinsic red-FL
under irradiation by uv, corresponding to Hst-5
(DSHAKRHHGYKRKFHEKHHSHRGY) and Hst-8 (KFHEKHHSHRGY) were
synthesized to score the effect of copper occupancy. Synthesis of the peptides was
tailor-made through the custom peptide service department of Sigma Genosys Japan,
Ishikari, Hokkaido, Japan. The chemically synthesized peptides were purified on high
pressure liquid chromatography prior to the experimental use. Cypridina luciferin
analog designated as CLA (2-Methyl-6-phenyl-3,7-dihydroimidazo[1,2-a]pyrazin-3-
one) was obtained from Tokyo Chemical Industry, Tokyo. Other chemicals such as
CuSOQO, and terbium (111) chloride hexahydrate used in this study were of reagent grade

purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan).

5-3-2 Terbium FL and Hsts’ red intrinsic FL

Using a FL spectrophotometer (F-4500 Hitachi High-Technol. Co., Tokyo), Th-
dependent FL was detected in in K phosphate buffer (50 mM, pH 7.0) as previously
described (Kawano, 2007). The three-dimensional (3D) spectral analysis of FL was
carried out by scanning through the excitation wavelength between 200 and 300 nm
(interval, 5 nm) and emission wavelength between 500 and 600 nm (interval, 5 nm). In
the phosphate-buffered reaction mixture, the actual concentrations of free Tb*" after
addition of 1 mM of ThCl; were expected to be as low as at UM order due to interaction
between phosphate and Tb ion.*® Therefore, the FL due to free Th*" can be quenched
by UM ranges of peptides or chelators as previously described (Kawano, 2006; Inokuchi
et al., 2012).

Usually, tyrosine (Y)-containing peptides show two peaks in intrinsic FL in the UV
regions (excitation at ca. 230 and 280 nm, and emission at ca. 320 nm) which is non-

specific to the nature of proteins. In addition, in biological samples, FL signals in the
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UV regions can be hardly distinguished from the background FL due to a variety of
proteins, phenolics, catecholamines, and other aromatic molecules. Therefore, we
focused on the intrinsic red-FL signals specific to Hst sequence commonly found in
both Hst-5 and Hst-8.

Using a FL spectrophotometer, the intrinsic red-FL signals from the Hst-5 and Hst-
8 (1, 3, 10, 30, and 100 puM) with and without loading of Cu®* (5, 10, 15, 20, 25, 30, 60,
and 100 uM) were detected in K phosphate buffer (50 mM, pH 7.0). The 3D spectral
analysis of FL was carried out by scanning through the excitation wavelength between
200 and 350 nm (interval, 5 nm) and emission wavelength between 500 and 800 nm

(interval, 5 nm).

5-3-3 Detection of superoxide anion radical (O,") with chemiluminescence (CL)

To detect the generation of O,", an O, -specific CL agent, Cypridina luciferin
analog (CLA) was used. The peptides (Hst-5 and Hst-8) and other chemicals were
dissolved in 50 mM K-phosphate buffer adjusted at pH 7.0. The molar ratios among the
components in the 200 ul of reaction mixture, the peptide, CuSO4 and H,O, were
approximately 1:10:10 (0.15 mM peptides, 1.5 mM CuSQy, 1.5 mM H,0,). Generation
of O," was monitored by CLA-CL with a luminometer (Luminescensor PSN AB-2200-

R, Atto, Tokyo), and the yield of CL was expressed as relative luminescence units (rlu).
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5-4 Results and Discussion

5-4-1 Quenching of Th**-FL

As previously documented (Kawano, 2006; Inokuchi et al., 2012), free Th** showed
intensive emission of FL signals upon irradiation by 224 nm UV light, dually peaking at
545 nm and 585 nm (Fig. 5-2). As expected, quenching of Th**-FL by 30 pM of Hst-5
and Hst-8 was observed (Fig. 2). Interestingly, Hst-5 showed higher quenching activity
compared to Hst-8. It is likely that the difference is possibly due to the presence of
ATCUN motif in Hst-5, which is absent in Hst-8. Although limited at partial level, Hst-
8 also showed quenching of Th**-FL suggesting that HEXXH motif in Hst-8 which is
considered as a Zn(I1)-binding motif also do bind Th®*. As the Th-based FL assay was
originally proposed for assessing the metal-binding capacity in Cu-binding peptides
(Blandl et al., 1997), we can assume that Hst-8 may interact with Cu.

5-4-2 Cu-sensitive intrinsic red-FL

Both Hst-5 and Hst-8 peptides (30 uM) showed intrinsic red-FL (at 610 nm) upon
excitation by UV region (230 nm and 275 nm) as visualized in the contour (3D) plots of
FL intensities (Fig.5-3). Fig. 4 shows the effect of peptide concentrations on the yield of
red intrinsic FL by Hst-5 and Hst-8. Within the range of peptide concentration
examined (up to 100 uM), both Hst peptides showed concentration-dependent increase
in the yield of red intrinsic FL. The peak of FL under excitation at 230 nm showed

much steeper and greater increase along with elevated concentrations of peptides.

5-4-3 Linear relationship between loading of Cu** and quenching of FL

As shown in Fig. 3, red-FL signals from both peptides showed tendency to be
quenched in the presence of Cu®*. Furthermore, effects of copper concentration on
quenching of two distinct peaks of red intrinsic FL in Hst-5 and Hst-8 were examined

(Fig. 5-5). Within the range of copper concentrations (up to 100 uM), curve for
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quenching of intrinsic FL by 30 uM peptides were shown to be saturated. In the limited
range of molar ratio of copper concentration over peptide concentration up to 2.0 (60
uM), there were linear relationships between the copper concentration and quenching of
Hsts’ red-FL. Compared to the 230 nm-excited FL from both Hst molecules, the 275
nm-excited fluorescent peak showed higher sensitivity to relatively low concentration of
copper between 5 and 25 uM (Fig. 5-5 A,B). Notably, showed the squared correlation
coefficients (r’) for the regressions for the relationship between the copper
concentration and the 230 nm-excited fluorescent peak in Hst-5 and Hst-8 were 0.9546
and 0.9684, respectively (Fig. 5-5B, insets), suggesting that changes in red-FL can be

used as a measure of copper occupancy in these peptides.

5-4-4 Catalytic activity in Cu-loaded peptides

As discussed earlier in this report, binding of metals such as copper may confer
specific functions to the peptides of interest sharing metal-binding motifs such as XXH
motif ( Kawano, 2007; Yokawa et al., 2009; Yokawa et al., 2009; Yokawa et al.,
2011a; Kagenishi et al., 2011; Okobira et al., 2011). Accordingly, upon binding to Cu
(11), these peptides containing XXH motif show O, -generating catalytic activity in
H,0,-dependent peroxidase-like manner with requirement for phenolic substrates or
aromatic monoamines (Kawano and Bouteau, 2013; Yokawa et al., 2011b). As model
substrates, an intermediate of neurotransmitters, tyramine (Kawano, 2007; Yokawa et
al., 2009; Kagenishi et al., 2011; Okobira et al., 2011), and a structurally similar free
amino acid, tyrosine (Yokawa et al., 2009; Kagenishi et al., 2011), are known to date.
Our previous work on a Cu-binding peptide (GGGGGH hexapeptide designated as
GsH) demonstrated that the Cu-loaded peptide (0.15 mM) showed an enzyme-like O,"-
generating catalytic activity (Vmax, 52.91 mmol/ mmol peptide/ min) with Michaelis
constant (Ky) 0.24 mM worked out for tyramine as a substrate, reaching the applicable
range especially as the catalytic activity was evaluated by molecular weight-basis which
is almost 1/6 of purified horseradish peroxidise (Kagenishi et al., 2011).By analogy, we

view that Hst-5 and Hst-8 may show such catalytic activity.
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In support of the above view, Tay et al. (Tay et al., 2009) have shown that Cu-
bound form of Hst-5 catalyses the H,O,-dependent oxidation of catechol. However, O,"
could be hardly generated in the presence of catechol as Kagenishi et al. (Kagenishi et
al., 2011) have thoroughly studied that phenol and the m-positioned benzenediol
(resorcinol) were shown to be active as O, -generating substrates by Cu-bound peptides,
while o- and p-positioned benzenediols (catechol and hydroquinone) were shown to be
inactive. Furthermore, natural frequency that Hst-5 meets catechol in salivary media
should not be high unless suplemented with foods.

Interestingly, without supplementation of phenolics, catecholamines or related free
molecules, tyrosine (YY) residue-containing oligopeptide sequences fused to Cu-binding
XXH motif such as NPGYPH (chicken prion hexa-repeat sequence) (Yokawa et al,
2010), GGGYGH (plant ozone-inducible peptide sequence) (Yokawa et al, 2011a), and
FLTEYVA-GGGGGH (Erkl/Erk2 MAP kinase substrate sequence fused to G5H
peptide, thus designated as Erk-G5H) (Yokawa et al, 2010), showed catalytic activity
for H,O,-dependent O," generation without supplementation of any free phenolic
substrates. Involvement of Y-residue(s) in the Cu/peptide complex-catalyzed reactions
suggests that a phenoxy radical derived from Y (tyrosyl radical, Y") can be formed in
aid of single electron reduction of molecular oxygen, by analogy to plant enzymes
H.O,-dependently generating O,” by coupling to oxidation of phenolics to form
phenoxy radicals (Kawano, 2011; Kawano et al., 1998). In figure 5-6 (A andB), two
distinct modes of H,0,-dependent generation of O, by Cu-bound catalytic peptides,
which are differed in requirement for free electron-donating substrate molecules (chiefly

phenolics), are illustrated for comparison.

Note that both Hst-5 and Hst-8 contain corresponding metal-binding domain(s) and
Y-residue(s) as illustrated in Figure 1. Therefore, we can expect that Cu-bound Hst-5
and Hst-8 show H,O,-responsive O, generating activity without addition of phenolic
substrates as similarly to previously engineered artificial enzymes such as Erk-G5H
(Yokawa et al, 2010).

Lastly, we demonstrated the H,O,-induced generation of O," catalyzed by the

copper-bound forms of Hst-5 and Hst-8 (Fig. 5-6). Upon addition of H,O, to reaction
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mixture containing Cu-loaded Hst-5 and Hst-8, immediate induction of O, generation
was observed. The peak height of CLA-CL was almost identical (Fig. 5-6C), but the the
reaction catalyzed by Hst-5 showed tendency to be long-lasted possibly due to the
doubled number of metal-binding sites and Y-residues. Since depletion of copper,
peptide, or H,O, from the Hst-5-mediated reaction resulted in loss of oxidative burst
(except for the initial spike observed in the absence of copper; Fig.5-6D), we can
conclude that Hsts become reactive against H,O, only after binding to Cu. Possible
involvement of this hidden action of Cu-bound form of Hsts in antimicrobial action

must be examined in the future study.

5-4-5 Perspectives

Recently, saliva-based therapeutic protocols using artificial salivas and
antimicrobial agents are recently developed based on biochemical nature of Hsts and
mucins (Huq et al., 2007). As the functions of Hsts largely depend on the loading of
copper or related metal ions, protocol for functional evaluation of natural and
supplemented Hsts in saliva or artificial media relating the binding of copper and/or
other ions must be developed. The present study may provide key fluorometric and

chemiluminometric knowledge supporting such approaches.

5-4-6 Conclusion

The most recognized roles for Hsts are anti-microbial activities, and the modes of
action of Hsts (chiefly, Hst-5 and 8) have been subjected to intense debates. Since Hst-5
and 8 possess metal-binding motifs, analysis of Cu occupancy in Hsts is of great
importance. FL-active rare earth element ions such as Th*" can be used for assessing the
metal-binding capacity in Cu-binding peptides as previously performed for several Cu-
binding peptides. In the present study, we conducted two distinct FL-based assays,
namely, the Hst-dependent quenching of Th**-FL and the Cu®**-dependent quenching of
intrinsic FL in Hsts. Compared to Hst-8, Hst-5 showed higher activity for quenching of
Tb**-FL, possibly due to the presence of ATCUN in Hst-5, which is absent in Hst-8.
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Hst-8 showed partial quenching of Th**-FL suggesting that HEXXH motif contributes
to binding of Tb**. Since the Th-based assay was originally proposed for the study of
Cu-binding peptides, we assumed that both Hsts interact with Cu. Both Hst-5 and 8
showed intrinsic red-FL at 610 nm upon excitation at 230 and 275 nm, which was
shown to be quenched by Cu®*. In the limited range of Cu/peptide molar ratio up to 2,
there were linear relationships between the Cu®* concentration and quenching of Hsts’
red-FL. Therefore, the changes in red-FL can be used as a measure of Cu occupancy in
these peptides.

Lastly, novel catalytic activity of Cu-loaded Hsts were demonstrated. Upon addition
of H,0,, both Hsts catalyzed the generation of O,". As the functions of Hsts largely
depend on the binding of Cu or related metal ions, protocol for functional evaluation of
Hsts relating the metal binding must be developed. The present study may provide key
technical knowledge supporting such approaches.
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Fig. 5-1. Structures of Hst-5 and Hst-8 harboring multiple metal binding motifs.

Asterisks indicate the position of key amino acid in two typical metal binding motifs in
Hsts, namely, the amino-terminal Cu/Ni binding (ATCUN) motif (NH2-XXH) and
Zn(11)-binding motif (HEXXH). In addition, overlapped presence hidden metal binding
sites sharing the XXH motif known to bind a variety of metals chiefly, Cu (1), are
shown. Arrows indicate the presence of aromatic amino acids which would contribute to

the copper-sensitive FL signal.
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Fig. 5-2. Hst-dependent quenching of Tb FL. Typical 3D representations (contour plot)
of the Th**-FL spectra in the absence and presence of Hst-5 or Hst-8 (30 uM) are shown.
Intensities of the FL signal peaking at 225 nm excitation and 545 nm emission are

compared.
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Fig. 5-3. Contour-plotted intrinsic red-FL signal from Hst-5 and Hst-8 in the presence
and absence of CuSO,. Peptides (30 uM) used were used. Two peaks of red-FL
emission at ca. 610 nm were shown under excitation at 230 nm (peak a) and 275 nm
(peak b). Quenching of intrinsic FL in the presence of 30 uM or 100 uM CuSO4 was

assessed and FL intensities at peaks (a) and (b) are shown.
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Fig. 5-4. Effect of peptide concentration on red intrinsic FL in Hst-5 and Hst-8.

(A) Effect of peptide concentrations on the yield of red-FL (610 nm) under excitation at
230 nm. (B) Effect of peptide concentrations on the yield of red-FL (610 nm) under

excitation at 270 nm. AU stands for arbitrary units.
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Fig. 5-5. Effect of copper concentration on quenching of red intrinsic FL in Hst-5 and
Hst-8.(A) Effect of copper concentration on the quenching of red-FL (610 nm) under
excitation at 230 nm. (B) Effect of copper concentration on the quenching of red-FL
(610 nm) under excitation at 275 nm. Peptide concentration, 30 pM. AU stands for
arbitrary units. Curves were merely for approximation of the response. In the insets,
linear relationships (regressions) between the limited range of Cu concentration (up to

60 uM) and the decrease in fluorescent signals are shown.
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Fig. 5-6. H,O,-dependent O, generation catalyzed by Hst-5 and Hst-8. (A) Model
mechanism for peroxidase-like H,O,-dependent O, generation catalyzed by Cu-bound
oligo-peptides using phenolics as substrates. (B) Model mechanism for phenolics-free
H.O,-dependent O," generation catalyzed by Cu-bound Y residue-containing oligo-
peptides. (C) Typical traces of CLA-CL reflecting the generation of O,”. To 1.5 mM
peptide (Hst-5 or Hst-8) was preincubated with 1.5 mM CuSO,. Upon addition of 1.5
mM H,0, (arrows), increase in CLA-CL was observed. Inset: comparison of H,0,-
induced CLA-CL in reaction mixture containing Hst-5 and Hst-8. Error bars, Standard
deviation (n=3). (D) Requirement for copper, H202 and a peptide for generation of O,"
catalyzed by Hst-5.
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CHAPTER 6

Fluorometric quantification of ferulic acid
concentrations based on deconvolution of

intrinsic fluorescence spectra
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6-1 Abstract

Ferulic acid (FA) is one of phenolics found in most higher plants. It is important to
quantify the internal FA level in vegetables and fruits, since it was epidemiologically
demonstrated and a number of study supported that consumption of fruits and
vegetables rich in phenolic acids including FA is associated with the prevention of
chronic diseases such as cancer and cardiovascular disease. In order to allow handling
of the intact fresh produces, non-invasive methods are desired. Previously, 355 nm
ultraviolet (UV) laser-induced fluorescence spectrum revealed that living plants contain
fluorophore corresponding to blue-green fluorescence (shown to be FA). However,
quantification of FA based on fluorescence in UV-excited leaves can be hardly achieved
since FA fluorescence measured at fixed excitation and emission can be applied only to
the limited range of FA concentration. Here, we report a model experiment for
fluorometric quantification of FA in solution in vitro which may provide a series of
useful information required for estimation of FA concentrations in vivo fluid inside the
vegetables. Based on deconvolution of intrinsic fluorescence spectra, we observed that
FA fluorescence signals can be deciphered to determine the concentration of FA. By
viewing that the recorded FA fluorescence (h) is reflecting the primitive function (f)
corresponding to FA concentrations and kernel function (g) determining the spike
position in the spectra. Thus, f should be obtained as f = h x g-*. In practice, cumulative
curves of fluorescence signals at fixed emission wavelength (460 nm) along with the
changes in excitation wavelength (200-400 nm) were plotted and the midpoints (along
the scale of excitation wavelength) in the resultant curves corresponding to different FA
concentration were graphically determined. FA’s concentration-specific changes in
fluorescence profiles must be due to the fact that FA possesses multiple fluorophores
within the molecule despite its simple structure. Lastly, simplified protocol for
determination of FA concentration using dual UV excitation wavelengths was proposed.
In this assay, ratio of 460 nm fluorescence intensities induced by two distinct excitation
wavelengths (short, 260 nm; long, 330-380 nm) were shown to be highly correlated
with FA concentration ranged from uM to mM orders.
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6-2 Introduction

In plants, biosynthesis of an array of phenolic compounds, associated with plant
development, senescence and chemical or physical defense mechanisms against
invasion by pathogens, proceeds from trans-cinnamic acid, the first metabolite in the
phenylpropanoid pathway (Kawano et al., 2004). The compounds produced via
phenylpropanoid pathway include lignin, flavonoids, phytoalexins and a variety of
phenolics.

Ferulic acid (FA) is one of such plant-specific phenolics, which is a simple
polyphenol found in most higher plants as one of key components in cell wall complex
(Johnson et al., 1998; Lichtenthaler and Schweiger, 1998; Buschmann et al., 2000). In
the cell-walls of higher plants, members of hydroxycinnamates including FA are known
to be derived from feruloyl-CoA, coumaroyl-CoA and other intermediates in the
phenylpropanoid pathway (Brett et al., 1999). FA and p-coumaric acid are also known
to tightly bound to the epicuticular waxes of the leaves of Prunus persica and Olea
europaea (Liakopoulos et al., 2001). It has been suggested that life-stage dependently
increased FA content in young plants such as seedlings of winter triticale may prevent

the damages to photosynthetic apparatus under strong sunlight (Hura et al., 2010).

There have been a number of studies relating the human and animal health cares
and the actions of FA and its derivatives. Recent advancement in analytical techniques
using dispersive solid phase extraction and high-performance liquid chromatography
with tandem mass spectrometric detection methods (LC-MS/MS), enabled a sensitive
detection of FA circulating in human blood after orally taking vegetables (Milek and
Hogger, 2015). Today, medical or pharmacological uses of FA in chemotherapeutic
strategies against cancer are intensively discussed. FA applied in combination with an
inhibitor of poly(ADP-ribose)polymerase, ABT-888, may serve as an effective
combination chemotherapeutic agent of nature and biological origins (Choi et al., 2015).
A recent clinical investigation revealed that FA in the extract from the roots of Angelica

sinensis effectively contributes to the nephroprotective action of this herbal medicine
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against the damages induced by cisplatin, a chemotherapeutic drug targeting tumor, at
least through reduction of apoptosis rate (Bunel et al., 2015).

Antipyretic, analgesic and anti-inflammatory drugs in Japanese traditional herbal
medicine (known as Shoma, which is dried rhizoma of Cimicifuga sp.) contains FA and
its isomer isoferulic acid as the main active components which can effectively suppress
the inflammation in murine macrophage cell line, RAW264.7, through inhibitory effects
on the production of macrophage inflammatory protein-2 known to be induced in
response to respiratory syncytial virus (Sakai et al., 1999). It was epidemiologically
demonstrated that consumption of fruits and vegetables rich in phenolic acids including
FA is associated with the prevention of chronic diseases such as cancer and
cardiovascular disease, most likely by induction of detoxifying cellular phase 11
enzymes (phenolsulfotransferases) which are associated with cancer preventive
potentials (Yeh and Yen, 2005). Furthermore, for unknown reason, FA might act
against the high-fat and high-fructose diet-induced metabolic syndromes as tested in rats
(Wang et al., 2015).

A number of studies suggested that FA is highly reactive against the members of
reactive oxygen species (ROS), thus, this molecule may prevent the oxidative damages
in living cells and ROS-mediated denature of proteins (Sgarbossa and Lenci, 2013).
Recent demonstration further confirmed that FA protects the cells of human challenged
by oxidative stress, as H,O,-induced apoptotic cell death in human embryonic kidney
293 cells (HEK293) was inhibited by pretreatment with FA (Bian et al., 2015). In
addition to direct action of FA, the likely mechanisms suggested include indirect action
of FA in induction of catalase and superoxide dismutase (Bian et al., 2015). Therefore,
in order to prevent the ROS-mediated damages in human body, it is highly

recommended to take vegetables and fruits rich in FA content (Park et al., 2015).

As discussed above, it is important to quantify the internal FA level in vegetables
and fruits, thus, non-invasive methods are desired in order to allow handling of the
intact fresh produces. Conventionally, FA-specific spectroscopic analysis was
performed with extracts from vegetables and fruits (Yeh and Yen, 2005) and FA-

conjugated lipids in edible oils such as rice bran oil (Hara et al., 2016), but this method
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cannot be extended to applications in non-invasive approach. In this point of view,
fluorometric approach has some advantages and there have been several reports on
quantification of FA based on its intrinsic fluorescence. Meyer et al. (2003) have
reported that the intact leaves of vegetables such as leafy lettuce often emit both red and
far-red fluorescence signals upon irradiation by chlorophyll-targeting UV radiation.
Notably, blue-green fluorescence is also emitted upon irradiation by UV, since
hydroxycinnamic acids chiefly, FA bound to cell wall are readily excited, therefore, FA
is known as the main blue-green fluorescent component in various plants (Liakopoulos
et al., 2001; Buschmann et al., 2000; Johnson et al., 2000).

According to Tanaka et al. (2009), 355 nm ultraviolet (UV) laser-induced
fluorescence spectrum recorded with a single intact leaf attached to a street Zelcova tree
suggested that blue-green fluorescence can be detected by application of remote-sensing
technology such as laser-induced fluorescence (LIF) spectrometry. The blue-green
range of fluorescence could be most likely attributed to the presence of FA in the leaf.
In a number of plant samples including the leaves of spinach (Goulas et al., 1990) and
sugar beet (Morales et al., 1996, 1998), on both the adaxial and the abaxial sides of
leaves were dominated by blue-green fluorescence of epidermis, upon excitation under
UV radiation, and FA was the only fluorophore that emitted fluorescence in a similar
manner to epidermis, thus, it was concluded that FA as the main fluorophore of the

epidermis in such plants listed above.

However, quantification of FA based on fluorescence in UV-excited leaves can be
hardly achieved since FA fluorescence measured at fixed excitation (355 nm) and
emission (450 nm) can be applied only to the highly limited range of FA concentration
(Meyer et al., 2003).

Here, we report a model experiment for fluorometric quantification of FA in
solution in vitro which may provide a series of useful information required for
estimation of FA concentrations in vivo fluid inside the vegetables. Based on
deconvolution of intrinsic fluorescence spectra, we observed that FA fluorescence

spectra can be altered depending on the FA concentrations. Therefore, existing
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fluorometric methods based on single band measurements should be subjected to

reconsideration.
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6-3 Materials and Methods

6-3-1 Spectroscopic and Fluorometric analysis.

FA (Fig. 1A) and all chemicals used in analytical procedures were purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). FA (0.1, 0.5, 1.0, 5.0, 10.0
mM) dissolved in 2 ml absolute ethanol was used for spectroscopic and fluorescence
analyses using a spectrophotometer (Shimadzu UV-1800, Kyoto, Japan) and a
fluorescence spectrophotometer (F-4500, Hitachi High-technologies, Tokyo, Japan),
respectively. For fluorometric analysis of FA’s intrinsic fluorescence, three-dimensional
(3D) contour plot was performed as demonstrated elsewhere (Sergiel et al., 2014; Park
et al., 2015). This approach is often performed for analyses of various plant pigments
such as chlorophyll catabolites (Kawano et al., 1999).

6-3-2 Deconvolution of fluorescent spectra reflecting the concentration of FA.

By assuming that spectra of fluorescence measured in the presence of FA
represents the mixture of (i) concentration-specific integrating patterns of intrinsic FA
fluorescent signal which can be altered depending of the FA concentration, which
should be expressed as the primitive function of FA concentrations, and (ii) opposing
differential modification causing splitting of FA fluorescence signals which is
considered as the kernel function determining the spike position in the recorded spectra.
Therefore, intensity (h) of recorded signals can be considered as the composite function
derived after conjunction of the primitive function (f) and the kernel function (g). Taken

together, the primitive function (f) should be obtained as follows:
f=hxg?!

where g* is an integral kernel function allowing conversion of h into f. This can be
practically performed simply through integral conversion of fluorescence spectra
obtained at fixed emission wavelength (460 nm) along with the changes in excitation
wavelength (200-400 nm).
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6-4 Results and Discussion

6-4-1 Spectroscopic and fluorescent profiles of FA

We have confirmed that free FA shows absorption at 330 nm and linear
relationship between the FA concentration and the changes in absorbance was obtained
(Fig. 6-1B, C), suggesting that FA specifically absorbs UV radiation. On the other hand,
due to the presence of FA, plant leaves reportedly exhibits a blue-green fluorescence,
with emission peaking in the ranges between 405 and 475 nm (blue emission) and
between 510 and 550 nm (green emission) upon excitation by UV radiation (Johnson et
al., 2000). For analysis of FA intrinsic fluorescence, 3D contour plot was performed
(Fig.6-2). When the concentration of FA was higher than 1 mM, only single area of
fluorescence with sharp excitation maximum at 360-385 nm and broad emission
maxima ranging from 400 nm to 650 nm was observed. Interestingly, this analysis
suggested that there is two additional areas of intensive FA fluorescence which could be
visualized only at relatively lower concentrations of FA (Fig. 2, see 0.1 mM and 0.5
mM). In these additional fluorescence bands, excitation maxima were shown to be at
260 nm or 300 nm and intensive but broad emission was shown to span from ca. 380

nm to 600 nm.

6-4-2 Concentration-dependent changes in fluorescent profile

As shown in Fig. 6-3, peaks of fluorescent signal (emission, 460 nm) are highly
sensitive to the changes in FA concentration. At lowest concentration examined (0.1

mM), three major peaks (at 260, 300 and 340 nm of exciting) can be observed.

The peak of fluorescence induced by short wavelength UV (260 nm) disappeared
as FA concentration was elevated to the mM range. The peak(s) induced by long-
wavelength UV showed FA concentration-dependent tendency to shift from peaking at
340 nm of excitation (at 0.1 mM) towards peaking at 385 nm of excitation (at 10 mM)

(Fig. 6-3). Above data strongly suggested that FA fluorescence profile is concentration-

82



sensitive, thus, fluorescence signal may tell us the clues for estimation or quantification
of FA content in the fluid.

6-4-3 Natural role and concentrations of FA in plants

Not only as a ubiquitous building block for lignocelluloses in plant kingdom
(Saulnier and Thibault, 1999), FA may has multiple roles. In case of wheat, major form
of compounds derived from phenolics is insoluble bound FA and interestingly FA
present in such form contribute to resistance to wheat fungal diseases (Gelinas and
McKinnon, 2006). FA is naturally found in the seeds of apple, artichoke, peanut, orange,
and coffee, and most commelinid cereals such as barley and rice. In commelinid seeds,
FA is localized in the bran the hard outer layer of grain, therefore FA-cojugated oils can
be readily extracted from the rice bran (Hara et al., 2016). The highest range of FA
concentrations in the glucosilated form has been found in seed of flax (Linum

usitatissimum) reaching 0.02% of total dry weight (Beejmohun and Fliniaux, 2007).

6-4-4 Estimation of FA concentration based on fluorescent profiles

In general, the blue-green fluorescence tends to be relatively more intensive than
chlorophyll fluorescence in monocotyledonous plants but not in dicotyledonous plants,
due to high contents of FA and related phenolics (Lichtenthaler and Schweiger, 1998).
In leafy lettuce, Meyer et al. (2003) found that the decrease in chlorophyll fluorescence
and the increase in FA-dependent blue-green fluorescence coincide along with aging of
tissues, without altering the shape of excitation and emission spectra or the lifetime of

fluorescence.

To date, the known factors altering the fluorescence intensities in plants are (1)
the changes in the concentration of emitting substances (chiefly, FA and chlorophylls),
(2) changes in internal optic nature in the leaves which determine the penetration of
excitation radiation (and partial re-absorption of the fluorescent signal), and (3)
distribution of energy between photosynthesis, heat production and chlorophyll

fluorescence (Buschmann et al., 2000). However, changes in the shape of excitation and
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emission spectra along with the change in FA concentration have not been documented
to date.

6-4-5 Deconvolution of scanned FA fluorescence: Correlation between geometric
center of UV-excited (200-400 nm) FA fluorescence and FA concentration

There have been a number of approaches for deciphering the fluorescent profile
from biological molecules with and/or without aids with additional fluorescent probes.
For example, fluorometric studies in living cells often employ the fluorophore showing
altered fluorescence profile upon binding to target chemicals such as calcium ion (Tsien
et al., 1985), or pair of molecules (one must be a fluorophore) showing FRET
(fluorescence resonance energy transfer) effect (Adams et al., 1991). By analogy, we
attempted simple and practical deconvolution approach here.

As stated in the Material and Method section, we assume that the spectra of FA
fluorescence measured in ethanol is made up after compromised actions of (i)
concentration-specific integral patterns of intrinsic FA fluorescent signal which can be
altered depending of the FA concentrations, and (ii) opposing differential modification
allowing splitting (peaking) of FA fluorescence signals at specific excitation

wavelength.

Thus, former function should be expressed as the primitive function of FA
concentrations and the later function is considered as the kernel function determining
the spike position in the recorded spectra. Therefore, as shown in Fig.6-4 (A), intensity
(h) of recorded FA fluorescence signals can be considered as composite function
derived after conjunction of the primitive function (f) and the kernel function (g). By

definition, f should be obtained as follows:
f=hx g_l

In practice, we can simply work out the curves for relative increase in f (where f =
1.0 is the maximal value), by integrating the fluorescence signal at fixed emission
wavelength (460 nm) along with the changes in excitation wavelength (200-400 nm)

(Fig. 6-4B). The resultant plot (x axis, excitation wavelength; y axis, f (0—1.0) of
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relative signal increase) displays the effect of FA concentration on the rate of increase in
f. By focusing on the x-axis value (excitation wavelength) corresponding to f = 0.5, we
can evaluate the impact of FA concentration on the fluorescent patterning.

The reason why FA shows different profiles of fluorescence depending on its
concentration should be attributed to the fact that even the monomer of FA possesses
multiple fluorophores within the molecule despite its simple structure, unlike most
natural fluorescent molecules of biological origins (Djikanovi¢ et al., 2007). This

hypothetical view must be examined in the future studies.

For simplification, we viewed the curves of f; (x), with i corresponding to FA
concentrations, as S-shaped sigmoidal curves. As originally shown by Pierre Frangois
Verhulst (1838), a logistic function or logistic curve shows a common sigmoid "S-

shaped” curve, with standard equation:

L L

A0 = s =

1+e—@X—%)  1+—="—
gl

By definition, values of x range between —o and +oo of real numbers but we need
to limit and shift the range within the range of realistic FA concentrations, the midpoint
in sigmoid curve is defined by X, (which might correspond to FA concentration), L is
the maximum value (in case of above curves, 1.0), and « defines the curve’s steepness.
This type of simplified mathematic approach may help us developing a simulative

model. Such simulations must be performed in the future studies.

6-4-6 Simplified measure of FA concentration with dual UV excitation wavelengths

Although, the approach described above (scanning the excitation wavelength
against the fixed emission wavelength) could provide a powerful tool for quantification
of FA, actual application in non-destructive remote sensing techniques is not realistic.
Therefore, we further propose a simplified and practical approach, in which, instead of
continuous scanning the excitation wavelength between 200 and 400 nm, a pair of fixed
UV light sources are used. In this dual UV excitation protocol, reading of 460 nm blue

emission at two distinct excitation wavelengths, namely, short (260 nm) and long (330-
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380 nm) UV (expressed as Long/Short ratio) showed significant correlation with FA

concentration covering from pM order to mM order (Fig. 6-5).

As showed in figure 4B, only limited range (0.1 mM and 0.5 mM) of FA
concentration can be detected by the geometric center-based fluorimentic approach,
therefore, in combination with quantification by long/short fluorescence index
(applicable in lower concentration down to UM order), we can cover broader range of
FA concentrations.

6-4-7 Perspectives

There is additional fluorometric topic in which FA is likely involved in. According
to Sgarbossa and Lenci (2013), FA interacts with several proteins and modify the
biological activities of these proteins. Furthermore, intrinsic fluorescence by proteins
due to the presence of tyrosine residues can be quenched by binding of FA to proteins.
The mechanism of the FA action against the tyrosine-dependent fluorescence is under
investigation, and it is most likely that FA action is not specific but acting as inner filter

to block the fluorescence from tyrosine-residue (Sgarbossa and Lenci, 2013).

Non-destructive monitoring of lettuce leaf fluorescence reflecting the FA content
and chlorophyll contents have been performed using LIF technology (Ishizawa et al.,
2002). However, determination of FA concentration by LIF was hardly performed. In
fact, single-band LIF may face the difficulty of FA quantification as we brought about,
in this report, the discussion on the problems associated with single-band excitation-
based scoring of the FA fluorescence. Therefore, we propose the use of dual-band UV
LIF for simple quantification of FA in growing plant tissues in vivo as model
demonstration for determination of FA content with dual excitation bands were

successfully performed (Fig. 6-5).

FA measurements by such dual LIF technology may help quantifying FA content
not only in the living plants in the fields, but also in the products after harvesting, such
as the grains of wheat (Pussayanawin et al., 1988; Saadi et al., 1998) and rice bran oil

(Hara et al., 2006). In fact, in general, monocots are rich in FA and its derivatives, so
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that leaves of monocots can be distinguished from those of dicots solely based on the
intensity of FA fluorescence (Panneton et al., 2010).
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Fig. 6-1. Spectroscopic profile of feruric acid (FA). (A) Structure of FA. (B) Absorbance

spectra of FA solutions (20, 40, and 50 uM dissolved in absolute ethanol) showing the peak of

absorbance at 330 nm. (C) Relationship between FA concentration and absorbance at 323 nm.
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fluorescence spectra and FA concentration.
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CHAPTER 7

General Discussion

93



CHAPTER 3 Fluorescence measurements revealed two distinct modes of metal

binding by histidine-containing motifs in prion-derived peptides

7 U —® To* A bk & 225 nm, i R 545 nm, 585 nm @ 2 4 fIF ¢
HEEXOE—7 BELND Z LDV LTz, E72. Tb Bk k@ ki E 2
F 72V = NXTFREFEETHZ L THA L, F1Z GGGWGQPH DS %
HOXRTF R, meb W Th FREODEDOFEREEZ O Z LAV L,

UEX0, 7= T A 4132 » I CHFEMMEDOE— 7 2 FL, A7 4
VE— hXTF REBEEGTHZETHRENDZEBHHA L, T 4D
WL LA A DB E OFRIED T, T A AT ER O T X B
SRR SN DEREGNT T RN D, B E GG RO ZE BT 7L 0 €
TNHELT, HNWDZENARBTHDL EELZIND,

Fo, Th ks N A7 2 IV E— FNXRTF REFBETHZ ETHLL, FZ
GGGWGQPH DEHZ & DT F 3, b IRVIGRERZ &2 2 & 28I L7z,
“hE ., CRIEN His THDD X-X-HEF—T7DXTF KR, &FLOkE
NBREHIBNEEZLEIND,

t h PP A2 %Y E— MEHRTF FTHD PHGGGWGQ % HV T3
BRAAT ST, ZOXTF NIFEFRE 2RO LRIz, £/-. 2
DA Z Y E— F_TF ROBZFIIL Trp HEROSDTHY |, ~TF Fath
%7 2 7 We( Pro, His, Gly, Trp, GIn )D 7223 T, Trp DHANHFENKDKE 72
v—7 (iR 280 nm #OLHE K 365 nm ) L/h X7 —2 (bR E 230
nm 5 R 365 nm ) A FFO Z L BHERE ST,

F 7 HZ Y E— FRTF REBIW Trp OB F 2 HFOWNETE Tl L 724G
F. WHEOBEFECIIITIMZICHE L TV D 2 EBRHER IR, S5, 6
BREN EHT 51250 T, X7F FEBIO Trp HOROEETRE R D LTl
ZEDD, SRERINC X B M BRSSO ISR RN H 0 | FEBRIC
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AWt 2 ) E— b XTF RO CTHIZ KT D B2 N & b iRV 01,
PHGGGWGQ T&h % = & AVH|I L7=.

PEXY, 272V E— T F ROBZEENIT Trp HRkOLDOTHDH Z &
DHB L7, &, 7%V E— X7 F ROEEREIZIT Trp D ER
ARTHDHEEEIND,

Flz, SRINC LD A7 2V E— F_XTF FEBIO Trp HREEOHEIEITITH
BEKRGFERDHY . A=A 7 # ) E— N XTF RO CTHNZ KT 5 ez P
RHINDIEL, PHGGGWGQ TH 2D Z &I L7z, FEBRICH W KD~
T RHSEOEIRED, ~TF RICKHT DIBEN 0.2~1.0 O Cu*' A A4V DMF(E
THEMTFIZBNT, EHROUIZED LTWDZ &b, PIP R TF K4
J& L OFAERITAHETE 2 L ERIND,

ZOFEBFENTIL, PP - A7 Z Y ¥ — MEBHSR T T Fo B FaOE . KR
FEGRA A2 OIFEICH L TEWEZEE 22 L2 R LTS, Lo T, KR
FESRA A T LTl b WS 2”37 F Rk, PHGGGWGQ Th 5 =
EMWBLEIND,

LD, AEETHW A7 X2 B — b XTTF RIZBWT, Th HkEIED
HLRED B b m WV DX GGGWGQPH,  #illAz M D3 fie b iV M D 1% PHGGGWGQ T
OHZENHA L, UELY, B b PP A2 %) E— MEHERSTF R
21X, BAR28BICHIST ORI ET—TIREBRL, FHETIHEERIND,

CHAPTER 4 Fluorescent monitoring of copper-occupancy in His-ended catalytic
oligo peptides

Gfp-GGGGGH(Gfp-G5H)., Gfp & iz, bz & 230,280 nm, =LK 320
nmo» 2, THRENLOE = RNELNLZ ENHBLE, £/, Gfp-
G5H,TYG-G5H,SYG-G5H ~D#IRINSERR(CIB T, SO ASINATE THER L 72k
R BTOXRTF FOHZEICITHFIRMNEITHLE L TV D 2 ERHER S,
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S BIZ, HRED ERT DI O THOLIREE S HA LT Z &b diEsin
(& & DI IT S AR MRS B D Z & AV LT,

LI CE & O T2 EBRAE R (Fig4-5) L 0 . EBRICHW=R2TONTF RIZ

HO, Z I L7e 6. & B R AOMRE O MR Sz, £, SziinL
TeSih . WMARE DRV BRI NIZ, LLEXY, Zhb0XTF FHEKDH
FEICHIE TR AT D EME LT L, BbA & SOsT 2 L84 5
LEREIND,

CHAPTER 5 Monitoring of copper loading to cationic histidine-rich short salivary
polypeptides, histatins 5 and 8, based on the quenching of copper-sensitive intrinsic red

fluorescence

Th ~® Hist-5,8 ¥sINFEBR OFE F(Fig.5-2) L V. Hist-5,8 IZ& HIZ Th HKEHEZFK
WHEHELE L TNDZ ENnD, ZNHDOXTF Rk T #EAEEZ LI L vf)
B L 72,

Fig.5-3,4 L V. Hist-58 1%, FhiE# R 230, 275 nm, =563 610 nm @ 2 » F
THREHERAOE =B ELND Z E B LTz, £io, WiFE & bRENE L 2
HIZONTHFEHIEHENRE L 2> TWD Z L 2vh, Hist-58 HskHFEOLH
FEVRIR R A R 2 L VI LT,

Fig.5-3,5 & V| Hist-5,8 ® A 2L 2 Sl O USRI Crofe U7/ 5, i
EBITHIRIMBIZIHNE L TN D Z LR SN, T XKV, Hist-58 [L8i#k
BREZ b O ENHBI LI, 61T, SREN EAT 515 T, Hist-58 H
Sk HFHIERE A L TN 2 Ens, TN & 5 W HkaOE ok
(VTSR AR AT ED o D Z & VI LT,

Fig.5-6 £V . (bR IEE W FZBRIZEB W T, PrP + SO 54 FTA—/
—F X FOERPHER SN TNDZ &, PrP NIZIZT e (V)EEEZ G2
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s, HEX-X-HH LKIEIXX-HEF—T72HOXTF KT, YEEALZED
LA, KEO 7z ) —WER LT, ~IF X F—PHEA——F % AR

EMEZ R T L BRIND,

CHAPTER 6 Fluorometric quantification of ferulic acid concentrations based on

deconvolution of intrinsic fluorescence spectra

RERCA FEEFIH LI BOHTIc L5 FA IREOKRHFERIZLL FO@EY <
o, . FA REKFIED 323 nm SEOWRIAH Sz, I, FA RE
NELRDIZONTHLNDIENOE— 7 EIIHLVT 252 b, FA EBEIX
SEE - AU HTIEE W T, FEEEMICERT 2 2 ERARETH D 2 & 3
L7, S50, BEMAEEEELOEDL f(x) =05 2 RDDZEICL,
JRFIPH O FA BEOEENAIEBTH DL Z ENAII L, ZHus L, B4 E
ZphEE L LIcd AT MAVOEL R TH S f(x) = 0.5 [IZxHST Dbk & 25,
FAREIIRTE LIRS 2 2 L 2FIH L, JRHO FAREOERNATRETH 5
ZEHA LT,

ASEHRE LTcat it A~ MV RIED ., ARGk D O e I b H Al
BETHAUT, BHLOIFMIRR FA ERIEORNICHEI ZENTEH L)
TEMEBERINTEBY, SBOERDEIERBRD G SN TN D,

Fig.7-1,7-2 1X3EB3C A R EEE W FGEEROBEAX TCH 5, £/, Bz
FEFER LV | Fig.6-5 (B)FOXAFH L TFAREAZRH L., Table.7-1 OfEHE
15T,
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(3)Photosynthesis
@ Heat

(Dincident light

" 4

®Transmitted light

Fig.7-1. A RHE~DFIRE X (Light irradiation of the rice leaf.)
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@ FAENBAMEEICERUERE  °° ERUvRpRiCEEEN

BT AAIREFA g
@/ T e . FL340-380nm AN
@ UVniE FASY g 552 V:oo
@ REIEARIMLHSEKHES
EHi o | SHFLBEOHERDD
o Wavelength [nm]
oo ELRUVENERIZ LB

FL 260nm

@ ANIMVERBMARIZHMIL. oo
VUFIVAEEEE 002 |

300 500
002 — - L ik B |

First derivation -]
o

WA T TR

-0.04 -
-006 |

-008 *

Wavelength [nm]

FA conc. /, 50.6 241 106.0 78.6
(UM)

Fig.7-2. 1 % % A\ 7= FA 3 ER

Table.7-1. Fig.6-5 (B)" D& FIV T D FA JEEEH H

Log;o(FL3s0-380nm” FL26onm) FA Conc. [Log;qmM] FA Conc.[uM]

i) 0.1021 -1.1048 78.6
=D 0.1868 -0.9754 106.0
=2 -0.1873 -1.6180 24.1
E46) -0.0141 -1.2962 50.6
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U LEXY | MERICHEET D FA RET, SCRIERICRAET 5 —EHREOE
DREZPEST D LICXY, HEHAETH L Z MRS,
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