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ABSTRACT

Probing The Redox-Active Residues in Cytochrome ¢ Peroxidase

George Tsaprailis, Ph.D.
Concordia University, 1997.

The reaction of cytochrome c peroxidase (CCP) with H,0, results in compound
I formation, where the two oxidizing equivalents of H,O, are stored as an oxyferryl
heme and a Trp191 radical. Ferrocytochrome ¢ normally reduces compound I back to
the resting enzyme, but in the absence of exogenous donors, CCP can reduce up to 20
equivalents of H,0,. Compound I of horseradish peroxidase (HRP) does not form a
protein radical, and is unlikely to store oxidizing equivalents on its polypeptide. The
conformational states in denaturants of recombinant CCP [CCP(MD)], HRP and their
CN-ligated forms were investigated to probe the structural basis of peroxidase
polypeptide vs heme reactivity. Despite similar structures, the kinetic stabilities and
conformational states of CCP(MI) and HRP were found to be significantly different.

The role of Trp residues as endogenous electron donors in yeast CCP,
CCP(MI), and two active site mutants (W51F and W191F) was examined by protein
steady-state flunorescence. Compound I and more highly oxidized forms were formed
by adding 2, 6, and 20 equivalents of H,O, to the proteins in the absence of exogenous
donors. Loss of protein fluorescence following protein denaturation in 8 M urea at pH
1.5 was correlated with Trp oxidation. The fluorescence data confirmed Trp191

radical formation in compound I, suggested that Trp51 becomes redox active when > 2



equivalents of H,0, are reduced, and that ~ 3, 4, 2.5 and 2 Trps were lost in CCP,
CCPMMI), W51F and W191F, respectively, following addition of 20 equivalents of
H,0,. Activity loss in the H,0,-oxidized proteins paralleled Trp loss, and correlated
with their H,0, titers. SDS-PAGE revealed 40 - 75% crosslinking in H,0,-oxidized
WS51F, 0 - 35% in CCP and CCP(MI), and 30 - 35% in W191F.

On-line HPLC-ESI-MS analysis of proteolytic digests of crosslinked W191F
revealed that peptides T, (residues 30-48) and T,4 (residues 227-243) formed Te—T,
and T,—T,¢ crosslinks, suggesting that oxidation of exposed Tyr residues in T4 (Tyr36,
39, 42) is necessary for crosslinking. H,0, oxidation of CCP{(MII) in the presence of
the spin trap, MNP, revealed that spin adducts were formed on peptides Tg, T,;
(residues 150-155; Tyr153) and T, (Tyr229, 236). Tyr236 was identified as the major

site of spin adduct formation in CCP(MI) by MS sequencing.
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CHAPTER 1

GENERAL INTRODUCTION



1.0 Introduction

Heme peroxidases are plentiful in nature and possess diverse functions and
specificities.! They catalyze the oxidation of a wide variety of organic and inorganic

substrates by hydrogen peroxide (H,0,) according to:
H,0, + 2AH « 2H,0 + 2A 1.1

Examples include horseradish peroxidase (HRP), peanut peroxidase (PNP), seed
specific ascorbate peroxidase (APX), yeast cytochrome ¢ peroxidase (CCP), Coprinus
cinereus peroxidase (CIP), Arthromyces ramosus peroxidase (ARP), lignin peroxidase
(LIP), manganese peroxidase (MnP), myeloperoxidase (MPO), thyroid peroxidase
(TPO), eosinophil peroxidase (EOP), lactoperoxidase (LPO), and prostaglandin
endoperoxidase residues 290-510 (PGHS). Notable among them is CCP since this was
the first heme peroﬁdasc for which a high-resolution X-ray structure was available.>’
Also, CCP has been studied for over 50 years following its initial discovery by
Altschul et al. in 1940.* CCP is found in the intermembrane space of yeast
mitochondria and its biosynthesis is induced under aerobic growth conditions.” CCP

catalyzes the oxidation of ferrocyt ¢ to ferricyt ¢ by H,0,:

2 cyt ¢ (Fe®) + H,0, + 2H" — 2 cyt ¢ (Fe™) + 2H,0 1.2



Heme peroxidases are found in plants, fungi, bacteria,’ and animals.’
Peroxidases with ferricyt ¢ oxidizing activity have been found only in yeast,*
Pseudomonas bacteria,® and in parasites such as the cestodes Hymenolepis dimimata
and Moniezia expansa’'" the trypanosomatid Crithidia fasciculata," and the
trematodes Fasciola hepatica and Schistosoma mansoni.* The biological role of
peroxidases is believed to include plant cell wall metabolism, plant hormone
biosynthesis and defense in response to cellular oxidative stress.'* The latter function
has been tentatively assigned to CCP since its biosynthesis is related to the stage when
yeast switch from anaerobic to aerobic metabolism and H,O, levels increase. It has
also been postulated that CCP might act as a control point in cellular respiration by
managing the supply of reducing equivalents of ferrocyt ¢ to the terminal oxidase in
the respiratory chain.'

CCP (Figure 1.1) is made up of a single polypeptide chain of 294 amino acid
residues.’® It is a relatively small protein of molecular weight ~ 34 000 Da.” The
protein is encoded by nuclear DNA and is synthesized in the cytosol with a 68 residue
amino-terminal extension'® which is believed to contain a signal sequence that
specifies translocation of CCP into the mitochondrial matrix. The precursor is
eventually processed to yield the mature protein.”” CCP contains a single non-
covalently bound protoporphyrin IX prosthetic group® which can be removed to
produce the apoenzyme.?' The electronic absorption spectrum of the holoprotein

indicates that CCP contains pentacoordinate high-spin ferric heme iron."”



Figure 1.1  The C_, backbone of yeast cytochrome ¢ peroxidase generated from the
X-ray coordinates.> This diagram was prepared using Insight IT (v.2.3.0) software
(BIOSYM Technologies Inc., San Diego). The heme, distal His52 and proximal

His175 are shown in bold.



1.1  Superfamily of Heme Peroxidases

The plant peroxidase superfamily consists of evolutionarily-related heme
peroxidases from bacteria, fungi, and plants.® The superfamily can be divided into
three classes based on sequence alignments and biological origin.® Class I is
comprised of the intracellular peroxidases and includes CCP and a number of plant
and bacterial peroxidases found in the cytosol or chloroplasts. Secretory fungal
peroxidases form class IT and examples include LIP, MnP, CIP, and ARP. These
enzymes are monomeric glycoproteins with four conserved disulfide bridges and two
conserved calcium ions. Class III peroxidases include the classical plant secretory
peroxidases such as HRP and its isoenzymes, PNP, and barley peroxidase. These are
also monomeric glycoproteins with four disulfide bridges and two calcium ions, but
the locations of the disulfides differ from those of class II peroxidases, whereas the
calcium ions are in the same location in class I and II peroxidases.

Although there is little overall sequence homology within the plant superfamily,
the tertiary structures obtained to date (ARP, CCP, CIP, LIP, MnP, and PNP) display
considerable structural similarity to CCP shown in Figure 1.1. All possess ten major
o-helices and little B-structure, but the loops connecting the helices vary greatly in
length between peroxidases. CCP and other class I peroxidases do not contain the
four disulfide bridges, the two structural calcium ions nor the glycosylation sites found
in class IT and III peroxidases. There are nine invariant residues in the plant

peroxidase superfamily and most of these are involved in catalysis.5



As with the plant peroxidase superfamily and other homologous enzymes,*? it
is anticipated that the 3-D structures of the mammalian peroxidases will be shown to
be similar. A comparison of the sequences of EPO, LPO, MPO, and TPO reveals that
the residues surrounding the heme are highly conserved,”? suggesting a common
heme environment for these four mammalian peroxidases. Moreover, spatial
superposition of CCP, LIP, MPO and PGHS revealed that the helices making up the

heme pocket are arranged very similarly, suggesting a peroxidase fold.”
12 Compound I Formation

The reaction of H,0, with resting ferric CCP (eq 1.3) is very fast with a
second-order rate constant ( k, ) of 1.4 x 10® M!s! between pH 4.5 and 8:%*

k;
CCPFe™) + H,0, = Compound I(FeV=0, P*) + H,0 1.3

The first step in peroxidase catalysis is the formation of a two-electron oxidized
intermediate on reaction of peroxide (ROOH, R=H, alkyl or aryl) with the resting
ferric form of the enzyme. This intermediate, which stores the two oxidizing
equivalents of the peroxide, is known as compound I. In most peroxidases known to
date, except for CCP, both oxidizing equivalents reside on the heme in the form of an
oxyferryl iron (Fe™=0) and a porphyrin ®-cation radical (P*).”” Following the
elucidation of the X-ray structure of CCP,>* a detailed mechanism of compound I

formation was proposed.® This (Figure 1.2) involved binding of H,0, to the Fe™ ion

6
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with the concomitant donation of a proton to the distal His52 from the a-oxygen of
H,0,. In addition to His52, CCP contains other active-site residues (Figure 1.3) which
are poised to aid in the heterolytic cleavage of peroxide.”® In the model of Poulos and
Finzel (Figure 1.2), the positively-charged guanidinium side-chain of Arg48 moved
to directly interact with the anionic peroxide ligand, thus promoting the build up of
negative charge on the B-oxygen atom. The reorientation of Arg48 coupled with back
proton transfer from His52 to the B-oxygen resulted in general acid-catalyzed
heterolytic cleavage of the peroxide O—O bond, and the formation of H,O and a
"FeV=0" species. The latter is rapidly reduced via intramolecular electron transfer
from an amino acid residue to form FeV=0; thus, one oxidizing equivalent remains at
the heme iron and one is stored on the polypeptide as an amino acid radical in CCP
compound 1.

More recently, the mechanism for compound I formation in CCP has been
revised (Figure 1.4). This is largely based on the elucidation of the X-ray structure of
the Fe-O, adduct of the Trp191—Phe mutant of CCP (W191F), which serves as a
model for the Fe™-OOH, or ES complex.?® The refined structure reveals two distinct
binding sites for oxygen close to the iron. These are stabilized by H-bonding between
the O, ligand and Trp51 and His52 (Figure 1.4), but no interaction is observed
between Argd8 and the bound O,. Following the transfer of a proton from the .-
oxygen of H,0, to His52 to yield the activated complex (Figure 1.2), His52 donates
the proton to the B-oxygen giving rise to a water molecule as the leaving group. This

water is dispelled from the heme pocket by nonbonded interactions with the nascent
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Figure 1.3  Active-site structure of yeast cytochrome ¢ peroxidase. The dashed

lines represent H-bonds between N1 of the distal His52 and the side-chain carbonyl of
Asn82, and N1 of the proximal His175 and the side-chain carboxylate of Asp235.
This diagram was generated using the X-ray coordinates for the 1.7-A structure of

CCP?



Figure 1.4 Fe™-OOH (ES) complex of CCP and its decay to compound I. (A) The
proposed structure of the ES complex showing H-bonding between the a-oxygen and
TrpS5S1, and the B-oxygen and His52. The active-site water (Wat648) is depicted as an
asterisk. (B) The activated complex showing proton donation from His52 to the B-
oxygen, partial cleavage of the O—O bond, and the reorientation of Arg48 to H-bond
donate to the nascent oxene ligand, which dispels Wat648 from the active site. (C)
The oxyferryl center of compound I showing H-bonding between the oxene ligand and
Trp51 and Argd8. This diagram was generated using the X-ray coordinates for the
2.2-A structure of the O, adduct of CCP(W191F),” which were kindly provided by

Mark Miller (University of California, San Diego).
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oxene ligand. As the O—O bond is being cleaved, Argd8 moves towards the iron,
forms a H-bond with the oxene atom and displaces an active-site water molecule
(Wat648) (Figure 1.4B). Together, these processes lead to the formation of compound
I (Figure 1.4C).

Myoglobin (Mb) also forms a Fe™=0 intermediate with a rate constant of 1.4 x
10> M's™.® In Mb, Phe43 takes the place of Arg48, and the proximal His93 is
weakly H-bonded to a carbonyl group of the peptide backbone.® Approximately 30%
of the peroxide bond-breaking occurs via homolytic cleavage in sperm whale Mb
compared to 100% heterolytic cleavage in peroxidases,* suggesting that the more
polar pocket of CCP promotes charge separation whereas in the nonpolar heme cavity
of Mb, OH" radical formation may be competitive with deprotonation of H,O,, the first

step in heterolytic cleavage.

13  Exogenous Reduction of Compound I

Peroxidases utilize a large variety of substrates to reduce compound I

(Fe™V=0, P *) back to the resting ferric form according to:

FeV=0, P*) + le — Fe"=0,P) 1.4

(FeV=0,P) + le + 2H* = (F" P) + H,0 1.5

As indicated by eqs 1.4 and 1.5, most peroxidase undergo one-electron reduction to

12



generate the intermediate compound I (Fe™=0, P), with the single oxidizing
equivalent stored as Fe™=0. Reduction of compound II leads to the formation of the
ferric enzyme and a water molecule. Restoration of ferric CCP following compound I

formation has been divided formally into a minimum of four reaction steps (eqs 1.6 -

1.9):"7
compound I + cyt ¢ (Fe®) v compound I-cyt ¢ (Fe®) 1.6
compound Iscyt ¢ (Fe") — compound I + cyt ¢ (Fe™) 1.7
compound II + cyt ¢ (Fe”) » compound Hecyt ¢ (Fe") 1.8
compound Iecyt ¢ (Fe®) — CCP(Fe™) + cyt ¢ (Fe™) 1.9

Eq 1.6 describes the association equilibrium of compound I with ferrocyt ¢. This
association is followed by the first of two, one-electron transfer steps between ferrocyt
¢ and CCP, resulting in the formation of compound II (eq 1.7). Ferric (Fe™) CCP is
restored following the association of the second molecule of ferrocyt ¢ with compound
II (eq 1.8) and the second one-electron transfer step from ferrocyt ¢ to compound II
(eq 1.9).

The CCP-cyt ¢ complex represents an intriguing scenario of protein-protein
interaction, complex formation, and intracomplex electron transfer. Moreover, as a
result of the availability of the X-ray structures of CCP® and cyts ¢ from many
different sources,> a vast amount of research effort has been dedicated to this

macromolecular interaction,”*** and to the study of reduction of compound I in CCP

13



by cyt ¢.’**44? A highlight of current work in this area has been the elucidation of

the X-ray structure of the CCP-cyt ¢ complex by Pelletier and Kraut.*®

14  Endogenous Reduction of Compound I

The precise structural identity of CCP compound I has been widely studied and
debated. The formation of compound I is accompanied by a change in the Soret

absorption spectrum of the heme® (Figure 1.5). Absorption changes in the visible

0.6 T T

Absorbance

0.0 L 1
300 350 400 450

Wavelength (nm)

Figure 1.5  Soret absorption of ferric CCP (solid line) and compound I (dashed

line).
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region (390 - 700 nm) of the spectrum suggest a typical metalloporphyrin without
porphyrin modification.” Reductive titrations with ferrocyt ¢ or ferrocyanide showed
that CCP compound I was two oxidizing equivalents above the resting ferric form®
and EPR studies in 1966 demonstrated that one of these equivalents was in the form
of a free radical.® It was then proposed that compound I contained two oxidizing
equivalents, one in the form of Fe™=0 heme and the other as a protein-based radical
(P™ in eq 1.3 is an amino acid residue in CCP). The presence of a Fe™=0 heme iron
was strongly supported by data from magnetic susceptibility, Méssbauer absorption,”
MCD,* EXAFS,” and RR spectroscopy.*®

The search for the identity of the protein-based radical in CCP compound I

% A very intense

began in 1966 with the EPR studies of Yonetani and co-workers.
free radical signal at g = 2.00, flanked by broad wings spanning several thousand
gauss at 77 K, was observed and attributed to a protein-based free radical. Wittenberg
and co-workers in 1968 excluded a carbon or oxygen-based free radical on residues
such as Tyr,” while in 1979 Hoffman and co-workers® suggested a sulfur-based
radical in the form of a dimeric cation radical (R,SSR,)*. However, the X-ray
structure of CCP? did not support the Met dimer proposal. Based on the X-ray
structure, Trp51, which lies within 4 A of the heme ring (Figure 1.3), was suggested
as the radical site.”

Studies on site-directed mutants of CCP in the 1980’s brought the debate on

the identity of the protein-based radical full circle and a variety of residues were again

proposed. These included Trp51,%* Trp191,°2%° Met172,% Met230 and Met231.”

15



ENDOR measurements on [*H] isotopically labelled CCP* identified a tryptophan
residue as the radical site. Trp191 (Figure 1.3) appeared to be the most likely
candidate since W191F compound I does not exhibit the EPR signal characteristic of
native CCP.5*% More recently, ENDOR spectroscopy on samples isotopically enriched
with [®CJ-, [*N]-, and [*H]tryptophan confirmed that the radical is located on Trp191
in CCP.”® Trp51 was eliminated as the radical site since the Trp51—Phe mutation had
no effect on the EPR spectra of compound L.

CCP provided the first example of a redox-active Trp in enzyme catalysis,”
and a second example has been proposed in ribonucleotide reductase turnover.”? A
Trp radical is also involved in the mechanism of photoactivation of photolyase.” The
long half-life of the Trp191 radical in CCP compound I (t,; ~ 3h),™ despite the presence
of neighboring Tyr residues’™ which rapidly reduce Trp’ in aqueous solution,™ suggests
a special radical-stabilizing environment around Trp191. Electrostatic potential
calculations have revealed a region of strong negative potential surrounding Trp191
which is sufficient to stabilize the Trp radical in CCP.”” The W191F mutant shows a
transient (t,, ~14 ms) porphyrin n-cation radical on reaction with H,0,,% and the
protein-based radicals generated in the Mb(Fe™)/H,0, reaction also decay quickly (t, ~
30 s),” emphasizing the stability of the highly-oxidized intermediates in wild-type
CCP.

Unlike CCP, most heme peroxidases possess a porphyrin n-cation radical on
compound I generation. HRP is archetypical of such enzymes, and the spectrum of

HRP compound I is shown in Figure 1.6. The compound I spectra of LIP, ARP and
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CIP are almost identical to that shown in Figure 1.6, consistent with the formation of
Fe™=0 and a porphyrin nt-cation radical.”™®' In the absence of added electron donors
endogenous reduction of the porphyrin n-cation radical occurs and the initial green
compound I is converted to a brown species, compound II, which has a spectrum like
that shown in Figure 1.6 for HRP. ARP, CIP, LIP, PNP and HRP contain a paucity of

oxidizable residues (Figures 1.7 and 1.8) and the rates of spontaneous dccé.y of

0-6 1 1 L ¥ ] k] L3
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Figure 1.6  Soret absorption at pH 7.0 of ferric HRP (solid line), HRP compound I
immediately following addition of 1.2 molar equivalent of H,0, (dashed line) and

HRP compound H (dotted line).
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compound I to compound II vary between these peroxidases (5 s - 40 min),%*%
suggesting different redox reactivities of protein residues neighboring the heme. In
LIP, oxidizable residues (Met172 & Trp171) are poised close to the heme and may
function as radical storage sites similar to Trp191 in CCP which is surrounded by
Met230 and Met231 (Figure 1.8).

Compound I-type spectra have also been observed for mammalian peroxidases
such as MPO, LPO, and PGHS.*% Rapid conversion to compound II-type spectra
(ms - min) occurs in these peroxidases in the absence of exogenous donors.***7 An
EPR signal typical of a tyrosyl radical is observed for PGHS at the same time (1 - 2
min) as the growth of compound II absorbance,® and the donation of an electron to
the porphyrin ®-cation radical of PGHS compound I from Tyr385 has been suggested.
The rapid spontaneous conversion (t, < 7 s) of MPO compound I to compound II* is
not surprising given the large number of potential endogenous donors surrounding its
heme (Figure 1.9). The species with a compound II like spectrum in LPO accepts two
electrons from ferrocyanide, and an amino acid residue has been proposed as the
storage site for one of the two oxidizing equivalents® so that endogenous heme
reduction in LPO results in an intermediate analogous to compound I of CCP (Figure
1.5). The rate of intramolecular oxidation by compound I in peroxidases will depend
on the separation between oxidizable residues and the heme and the significance of
redox-active residues in peroxidases might be related in part to the control of
peroxidase activity and substrate specificity.’

In the absence of an oxidizable substrate, the FeV=0 and protein radical (P™*)

18



Figure 1.7 The C, backbone of ARP showing the location of the methionine (M),

tryptophan (W) and tyrosine (Y) residues relative to the heme.
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Figure 1.8 The C, backbone of LIP showing the location of the methionine (M),

and tryptophan (W) residues relative to the heme.
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Figure 1.9  The C, backbone of MPO showing the location of the methionine (M),

tryptophan (W) and tyrosine (Y) residues relative to the heme.
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in CCP compound I decay slowly to give a product which has an absorption spectrum
similar to resting ferric CCP (Figure 1.5).”* This decay product has lost the two
oxidizing equivalents of compound I but retains ~ 75% activity.* A loss of 0.2 Trp,
0.5 Tyr and 0.5 Phe was observed on amino acid analysis of the CCP compound I

decay product.
15  Reaction of CCP With Two or More Molar Equivalents of H,0,

CCP can reduce up to a 10-fold molar excess of H,0, without detectable O,
formation by further oxidation of its amino acid residues.® A significant loss of
amino acids was seen in the analysis of the decay product of CCP reacted with 20
equivalents of H,0,. A total loss of 3.4 Tyrs, 1.5 Phes and 0.6 Trp was observed at
pH 7.0.%°

Met residues, but not aromatic residues, in proteins are readily oxidized by
millimolar concentrations of peroxide.”> This implies that the oxidation of aromatic
residues in CCP at micromolar H,0, concentration must be mediated by the heme.
The rate of intramolecular oxidation of the polypeptide in compound I will depend on
the separation between oxidizable residues and the heme. The most likely electron
donors in a protein are the side chains of Trp, Tyr and Met residues,” and CCP
contains 7 Trps, 14 Tyrs and 5 Mets (Figure 1.10) which could act as endogenous
electron donors.

The abundance of oxidizable residues in CCP is consistent with the ability of
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Figure 1.10 The C, backbone of CCP showing the location of the methionine (M),

tryptophan (W) and tyrosine (Y) residues relative to the heme.



the protein to reduce up to 20 equivalents of H,O, in the absence of exogenous
electron donors.® The ability of CCP to store a large number of oxidizing equivalents
on its polypeptide may be related to its biological function as an antioxidant in yeast
mitochondria. Yeast presumably undergo oxidative stress when they convert from
anaerobic to aerobic metabolism, and the ability of CCP to reduce more than one
molar equivalent of H,O, in the absence of its reducing substrate, ferrocyt ¢, may be

important under certain physiological conditions.

1.6  Scope and Aims of this Thesis

There is currently much interest in the roles played by amino acid radicals such
as tyrosyl radicals in proteins,* and many enzymes that use protein-based free radicals
as cofactors have been identified.”® Further examination of the radicals generated in
plant and fungal peroxidases should provide important insights into the control of
reactivity of protein radicals. CCP in particular provides an ideal system to study the
generation, stabilization, storage, translocation and quenching of amino acid radicals in
a protein matrix. This is primarily due to the large number of endogenous donors in
its polypeptide coupled with the availability of high-resolution X-ray structures of
native CCP and many of its engineered mutants.®®

An extension of previous investigations of protein-based radicals formed in
CCP is presented in this thesis. As a means of increasing our understanding of control

of heme and polypeptide reactivity in peroxidases, the conformational stabilities of
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CCP and HRP (a peroxidase not thought to store lots of oxidizing equivalents), were
investigated using a variety of conformational probes. Specificaily, the conformational
states in denaturants of unligated and cyanide-ligated CCP and HRP were compared
using fluorescence, circular dichroism (CD), and UV/VIS absorption spectroscopy and
the results are presented in Chapters 2 and 3.

Intrinsic protein steady-state fluorescence was exploited to estimate the loss of
Trp residues following the reaction of yeast CCP, its recombinant form, CCP(MI), and
active-site mutants (W51F and W191F) with H,0,. Amino acid analyses are reported
for the H,0,-oxidized proteins, as well as their enzymatic activities. The extent of
intermolecular crosslinking due to radical migration to the surface was also
investigated and the combined results are given in Chapters 4 and 5.

Peptide mass mapping by on-line high performance liquid chromatography
electrospray ionization mass spectrometry (HPLC-ESI-MS) was used to probe
alterations of redox-active residues in CCP(MI) and its W191F mutant following
reaction with H,0,. Spin-trapping followed by HPLC-ESI-MS analysis of the spin
adducts allowed the location of surface-exposed redox-active residues in CCP(MI) as
discussed in Chapter 6.

Finally, Chapter 7 gives a brief general conclusion as well as suggestions for
future work. The research outlined in Chapters 4 and S is presented as the published
papers while that in Chapters 2 and 3 represents papers submitted for publication and
that in Chapter 6 a manuscript in preparation. The numbering system of the figures

and tables, however, has been changed from the original publications for continuity
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and clarity, and follows a numerical ordered system. In addition, addenda have been

added to Chapters 4 and 6, and a common referencing system has been adopted.
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CHAPTER 2

CONFORMATIONAL STATES IN DENATURANTS OF CYTOCHROME ¢
AND HORSERADISH PEROXIDASES EXAMINED BY FLUORESCENCE AND

CIRCULAR DICHROISM
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ABSTRACT

Steady-state fluorescence and circular dichroism (CD) were used to examine
the unfolding in denaturants of recombinant cytochrome ¢ peroxidase [CCPMI)] and
horseradish peroxidase (HRP) in their ferric forms. CCP(MI) unfolds in urea and in
guanidine hydrochloride (GAdHCI) at pH 7.0, while HRP loses its secondary structure
only in the presence of GdHCIL. Both peroxidases exhibit <100% fluorescence relative
to Trp and Tyr standards in these denaturants, indicative of heme quenching and/or
residual tertiary structure in the denatured state. CCP(MI) unfolds in urea by 2
distinct steps as monitored by fluorescence, but the loss of its secondary structure as
monitored by UV/CD occurs in a single step between 3.4 - 5Murea and 1.5 -25M
GdHCL. The localized changes detected by fluorescence involve the CCP(MI) heme
cavity since the Soret maximum red shifts from 408 to 416 nm, and the heme CD
changes examined in urea are biphasic. The polypeptide of HRP also loses secondary
structure in a single step between 1.2 - 2.7 M GdHCI as monitored by UV/CD. A
fluorescence intermediate is observed at 3 - 4 M GdHCI and the / = U transition,
involving conformational change in the Trp117-containing loop of HRP, occurs above
4 M GdHCI. Free energies of denaturation extrapolated to 0 M denaturant (AGy,,) of ~
6 and ~ 4 kcal/mol were calculated for CCP(MI) and HRP, respectively, from the
UV/CD data. The refolding mechanisms of the 2 peroxidases differ since heme capture
in CCP(MI) is synchronous with refolding while apoHRP captures heme after

refolding. Thus, the denatured form of apoHRP does not recognize heme and has to
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correctly refold prior to heme capture. The half-life for unfolding of native HRP in 6
M GdHCI is slow (519 s) compared to that for CCP(MI) (14.3 s), indicating that HRP
is kinetically a lot more stable than CCP(MI). Treatment with EDTA and DTT greatly

destabilizes HRP and unfolding in 4 M GdHCI occurs with t, = 0.42 s.

INTRODUCTION

The last decade has seen an explosion in the X-ray structure determination of
heme proteins and heme peroxidases in particular. Notable among these are the
structures of cytochrome c peroxidase (CCP),' lignin peroxidase (LIP),> Arthromyces
ramosus peroxidase (ARP),> Coprinus cinereus peroxidase (CIP),* pea ascorbate
peroxidase (APX),’ manganese peroxidase (MnP),® and peanut peroxidase (PNP).” An
inspection of the three-dimensional structures of these peroxidases reveals that they
possess similar secondary structure.®>® Moreover, they have been grouped into the
plant peroxidase superfamily which consists of evolutionary-related heme peroxidases
from bacteria, fungi, and plants.”” Structural elements are also conserved around the
prosthetic group in heme peroxidases,'" emphasizing their evolutionary relationship.

Horseradish peroxidase isoenzyme C (HRP) is the most studied heme
peroxidase.'? Despite this, the X-ray structure has just been solved for this isoenzyme
(T.L. Poulos, personal communication). The secondary and tertiary structure of HRP is

very similar to those of ARP, CIP, LIP and PNP since they all share a number of
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common structural features. These include Ca* binding sites proximal and distal to
the heme, 4 disulfide bridges, and a number of N-glycosylation sites.*'*!*> The newly
solved X-ray structure of HRP shows that its secondary structure is essentially
identical to that of PNP with which it shares 50% sequence homology. Moreover, the
4 disulfide bridges, the Ca** binding sites, and other key residues in the proximal and
distal sides of the heme are conserved between HRP and PNP although they differ
slightly around the entrance to the heme cavity (T.L. Poulos, personal communication).

The first crystal structure obtained for a heme peroxidase was that of CCP
published in 1980"and a 1.7-A resolution structure appeared in 1984.! Since then
CCP has served in large part as the archetypical heme peroxidase but, despite its
similar tertiary and secondary structure to other enzymes in the plant peroxidase
superfamily, CCP does not possess disulfide bridges, bound Ca* nor glycosylation
sites.’® A need for an examination of the effects of these structural elements on the
conformational stabilities of related heme peroxidases was noted by Holzbaur et al.'®
Heme capture on folding of peroxidases is also anticipated to depend on the presence
of stabilizing structural elements since, for example, recombinant HRP has been
isolated in inclusion bodies largely as the apoprotein and peroxidase activity could
only be restored on refolding the protein in the presence of added Ca* as well as
heme."

Heme peroxidases oxidize a wide variety of organic and inorganic substrates by

H,0, according to:
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H,0, + 2AH — 2H,0 +2A 1)

Heme reactivity is an important aspect of peroxidase catalysis since the first step
involves the donation of 2 electrons to H,0, to form compound I which is 2 oxidizing
equivalents above the resting Fe™ enzyme. In most peroxidases the 2 oxidizing
equivalents of peroxide are stored at the heme in the form of oxyferryl iron FeV=0)
and a porphyrin n-cation radical.'®* CCP is the first known peroxidase to use a stable
amino acid radical instead of a porphyrin n-cation radical in compound I, and the
redox-active residue has been identified as Trp191 which lies within 5 A of the
heme.’ The X-ray structure of APX shows that Trp179 is in an analogous position to
Trp191 in CCP,’ but APX forms a porphyrin n-cation radical® on reaction with
peroxide, underscoring the special structural environment surrounding the heme and
the redox-active Trp in CCP.

In this study, steady-state fluorescence and circular dichroism have been used
to compare the conformational stability in denaturants of recombinant cytochrome ¢
peroxidase from E. coli [CCP(MI)] and HRP. The unfolding intermediates of
CCPMI) and HRP were investigated in urea and guanidine hydrochloride (GdHCI) at
pH 7.0 by monitoring protein fluorescence, Soret absorption, as well as changes in
backbone and heme CD. Heme capture by CCP(MI) and HRP on refolding of the

denatured peroxidases was also investigated by steady-state fluorescence, Soret

absorption, and CD.
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EXPERIMENTAL PROCEDURES

Materials. Grade 1, salt-free, lyophilized horseradish peroxidase isoenzyme C
(HRP) (EC 1.11.1.7) was obtained from Boehringer Mannheim and used without
further purification. Recombinant cytochrome ¢ peroxidase from E. coli [CCP(MI)]
(EC 1.11.1.5) was isolated following a previously described procedure.’ Ultra pure
grade urea was purchased from Anachemia and guanidine hydrochloride 99+%
(GdHCQ)) from Sigma. N-acetyltryptophanamide (NATA) and N-acetyltyrosinamide
(NAYA) standards were also purchased from Sigma, and DTT and EDTA from ICN.
All solutions were prepared using distilled water (specific resistance 18 M2) from a
Bamnstead Nanopure system. Absorption spectra were recorded on a Hewlett Packard
8451A diode array spectrophotomer, fluorescence spectra on a Shimadzu Model RF-
5000 spectrofluorophotometer, and CD spectra on a JASCO J-710 spectropolarimeter

purged with N, at a flow rate of 5 L/min.

Methods

Denaturation of CCP(MI) and HRP as Monitored by Steady-State
Fluorescence. Stock protein solutions were prepared in 100 mM sodium phosphate
buffer (pH 7.0) using €= 102 mM’cm™,* and g,5; = 102 mM"cm™,? for CCP(MI)
and HRP, respectively. The concentrations of NATA (g, = 5.69 mM”cm™ ) and

NAYA (g, = 1.49 mM"'cm™) were also determined spectrophotometrically.” GdHCI
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(0 - 6.4 M) and urea (0 - 8 M) solutions of known concentration were prepared by
weight in 100 mM sodium phosphate buffer (pH 7.0). The proteins were allowed to
denature over 20 - 24 h at ambient temperature prior to recording the fluorescence
spectra, and the concentrations used in the fluorescence measurements were 1 pM
CCPMMI) and 2 pM HRP. The emission of the blank (denaturant in buffer) was
subtracted from that of the protein samples prior to integration. The steady-state
fluorescence intensities of CCP(MI) were standardized to 7 pM NATA and those of
HRP to a solution containing 2 ptM NATA and 10 pM NAYA since the fluorescence
intensity (A., 280 nm) of fully denatured 1 pM CCP(MI) is equal to that of 7 pM free
Trp* while that of 2 pM HRP is equal to 2 pM Trp and 10 pM Tyr.*** The
integrated intensity obtained for the standards under identical conditions was taken to
be 100%.

To test the reversibility of denaturation, ~ 30 pM solutions of CCP(MI) and
HRP were incubated for 20 - 24 h in 8 M urea (pH 7.0) and 6 M GdHCI (pH 7.0),
respectively. Following incubation, the samples were diluted to give the desired final
concentrations of denaturant and then incubated for another 20 - 24 h before the

fluorescence spectra were recorded as described above.

Denaturation of CCP(MI) and HRP as Monitored by CD Spectroscopy. Stock
protein solutions (~ 30 pM) prepared in 100 mM sodium phosphate buffer (pH 7.0)
were diluted to ~ 5 pM for backbone CD-monitored denaturation measurements.

Backbone refolding of HRP and CCP(MI) was examined following denaturation over
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20 - 24 h of ~ 100 pM stock HRP and ~ 80 pM CCPMI) in 6 M GdHCI (pH 7.0) and 8
M urea (pH 7.0), respectively. All CD spectra in the backbone region (210 - 240 nm;
UV/CD) were recorded in a 0.05-cm pathlength cell (~ 150 pL) using a scan speed of
100 nm/min with a response time of 0.25 s. The UV/CD spectra reported here are the
average of 5 scans at 0.2-nm resolution and a bandwidth of 1 nm. The observed
ellipticity 8 (mdeg) was divided by (10 x C x /) to convert to molar ellipticity [6],
where C is the concentration (mol/L) and / the pathlength (cm).?’ For the CD spectra

in the aromatic and Soret regions (240 - 480 nm), a 0.5-cm pathlength cell was used
and a protein concentration of ~ 10 pM. All other parameters were the same as those

used in the UV/CD measurements.

Analysis of the UVICD Transition Curves. As discussed below, the unfolding
of the CCP(MI) and HRP backbones as monitored by UV/CD appears to follow a two-

state transition and hence was analyzed according to the method of Pace et al.:**

NeU @

where N is the native protein and U the unfolded protein. The equilibrium constant

between the unfolded and native states is given by:

K = [U] I [N] €))

41



K is related to the fraction of unfolded protein (F;), and the standard Gibbs free

energy of denaturation (AG,) by:

AG,=-RTInK=-RTIn (Fy/1-Fy) @)

where R is the universal gas constant and T the absolute temperature. F; and hence K

may be calculated by recording the change in molar ellipticity [8] as follows:

Fy = ([8]y - [0].s V([OIy - [8]y) (5a)

K = ([8]y - [8] 5 J/([0] o - [8]1) (5b)

where (6], is the observed molar ellipticity, and /6]y and /8] are the values of [6]
characteristic of the native and unfolded conformations, respectively. AG, and K

depend on the denaturant concentration according to the linear extrapolation method:”

AG, = AG,,, - m[Denaturant] (6)

where AG,,, is the value of AG, at zero concentration of denaturant and m is a
measure of the dependence of AG, on denaturant concentration. A nonlinear least-
squares fit***' to the UV/CD data yielded the thermodynamic parameters AG,,, and m

which are listed in Table 2.1.  AG,,, represents the free energy under normal
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conditions (agueous solutions in the absence of denaturant at room temperature), and
hence defines the conformational stability of a protein that undergoes a single N » U

transition.*?

Steady-State Fluorescence-Monitored Denaturation of EDTA- and DTT-Treated
HRP. Solutions of 10 pM HRP were incubated with (1) 3 mM DTT, ) 30 mM
DTT, (3) 2 mM EDTA and (4) 3 mM DTT + 2 mM EDTA for 18 h at 4° C before
aliquots of the protein were unfolded in 0 - 6 M GdHCI (pH 7.0) over 20-24h at
ambient temperature. The integrated fluorescence intensities (300 - 450 nm) were
normalized relative to 2 ptM NATA/10 uM NAYA solutions that had been similarly

treated with DTT and EDTA.

Kinetics of Unfolding of CCP(MI) and HRP in Denaturants. The time-
dependent unfolding of both peroxidases was investigated at pH 7.0 by diluting 5 pM
CCP(MI) into 8 M urea and 10 pM HRP into 6 M GdHCIl. Following rapid manual
mixing, quartz cuvettes containing 1 pM CCP(MI) or 2 pM HRP in denaturant were
quickly placed in the spectrofluorophotometer and the fluorescence intensity at 350 nm
monitored vs time. The excitation wavelength was 280 nm and the emission and
excitation slits were 5 nm. The time-dependent fluorescence increase was fitted by a
single exponential. The time courses of unfolding of EDTA- and DTT- treated HRP
were also examined. The kinetics of HRP unfolding following incubation with both

EDTA and DTT was investigated by stopped-flow in 4 M GdHCL. Equal volumes of
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8 M GdHCI and 10 pM HRP in 3 mM DTT/2 mM EDTA were mixed and the
fluorescence was measured using an Applied Photophysics SX17MV stopped-flow
spectrofluorophotometer. The growth of the fluorescence intensity at 350 nm (A, 280

nm; 5 nm excitation and emission slits) was also fitted by a single exponential.

RESULTS

Denaturation of CCP(MI) and HRP as Monitored by Steady-State
Fluorescence. Quenching of peroxidase fluorescence emission is caused by the
presence of the heme prosthetic group.” Relief of heme quenching, as well as a red
shift in the steady-state fluorescence of CCP(MI), is observed when the protein is
incubated in increasing concentrations of urea at pH 7.0. Both of these observations
are indicative of protein unfolding and Trp exposure to the aqueous environment.*
The fluorescence intensities of CCP(MI) in varying concentrations of urea at pH 7.0
are shown in Figure 2.1A. The emission maximum gradually shifts from 325 £ 2 nm
in O M urea to 350 £ 2 nm in = 5.5 M urea. The same fluorescence behavior is seen
when CCP(MI) is incubated with increasing concentrations of GAHC1 at pH 7.0 (data
not shown), but since GdHCI is a stronger denaturant than urea,* the emission
maximum occurs at 350 nm in = 2.2 M GdHCl. Relief of heme quenching is also
observed when HRP is incubated with GAHCI at pH 7.0 (Figure 2.1B). A red shift
from the 326 + 2-nm emission maximum in buffer occurs at 2 0.2 M GdHCI, and the

maximum has fully red shifted to 348 + 2 nm in 2.6 M GdHCL



Figure 2.1  Fluorescence spectra at pH 7.0 of (A) 1 pM CCP(MI) in 0 M(@®), 1 M
©),3M@),4M@O),5M (®),5.5M (s), 6 M (V) and 8 M (a) urea; (B) 2 pM HRP
in0M (@)l M(O),1.6M (W),2M (@A), 44 M (s) and 6 M (a) GdHCI; (C) 2 pM
HRP (0) , 2 pM L-NATA/10 pM L-NAYA (a), and 2 pM L-NATA (@) in 6.4 M

GdHCI. Excitation 280 nm; slits 5 nm; scan rate 102 nm/min.
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HRP denaturation in urea was not monitored since our observations and those of
Pappa and Cass® reveal that HRP retains significant secondary structure in the
presence of 8 M urea as monitored by UV/CD.

Excitation wavelength-dependent fluorescence is observed for HRP but not for
CCPMI). Figure 2.1C, which shows the fluorescence intensity of HRP, a
NATA/NAYA mixture and NATA in 6.4 M GdHCI (pH 7.0), clearly indicates that
Tyr residues contribute to the fluorescence profile of HRP on excitation at 280 nm. A
distinct maximum due to Tyr fluorescence® is observed at 303 nm in the HRP spectra
and this disappears on 295-nm excitation (data not shown). The emission spectrum of
CCPMI) in both urea and GdHCI resembles that in Figure 2.1C of the Trp standard
(NATA) on excitation at 280 or 295 nm.

Figure 2.2A summarizes the integrated fluorescence intensity of CCP(MI)
relative to NATA as a function of urea concentration. It can be seen that CCP(MI)
does not unfold in urea by a simple two-state process. Rather, a stable intermediate
appears at 3 - 4 M urea, followed by a sharp rise in the relative fluorescence intensity
above 4 M urea which levels off at ~ 60 + 4 % at 8 M urea. A plot of the observed
fluorescence intensity at 350 nm (data not shown) is coincident with the relative
integrated intensity (300 - 450 nm) of CCP(MI) (Figure 2.2A), consistent with Trp
emission dominating CCP(MI) fluorescence. A two-step unfolding process is also
seen when CCP(MI) is incubated with GdHCI (Figure 2.2B). A stable intermediate
appears at 1.3 - 1.8 M GdHCI which is converted to the denatured state (~ 65% relative

fluorescence) above 2.5 M GdHCI. Thus, the denaturation of CCP(MI) as monitored
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Figure 2.2  Relative integrated fluorescence (300 - 450 nm) intensities at pH 7.0 of
(A) 1 pM CCP(MI) vs urea concentration; (B) 1 pM CCPMI) vs GdHCl
concentration; (C) 2 pM HRP vs GdHCI concentration. The points represent the
average of 2-8 measurements for CCP(MI) and 2 - 3 measurements for HRP. The
intensities are plotted relative to 7 pM NATA for CCP(MI) and 2 pM NATA/10 pM
NAYA for HRP under the same conditions. Excitation 280 nm; slits 5 nm; scan rate
102 nm/min. (D) Fluorescence intensity at 350 nm of 2 uyM HRP vs GdHCl

concentration on excitation at 295 nm. Slits 5 nm; scan rate 402 nm/min.
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by steady-state fluorescence is best described by:

Nel=U @)

where 7 represents an intermediate state in the equilibrium unfolding process. The
relative fluorescence of the intermediate 7 is ~ 25% in urea and ~ 50% in GdHC],
revealing that the CCP(MI) intermediate has looser structure in GdHCI compared to
urea, unlike the final denatured forms which possess similar relative fluorescence in
both denaturants.

The fluorescence-monitored unfolding behavior of HRP in GdHCI is presented
in Figure 2.2C. A stable intermediate accumulates at higher GAHCI concentrations
than in CCP(MI), and the increase in protein fluorescence observed above 4 M GdHCI
due to an / » U transition is a lot less pronounced on excitation at 280 nm (Figure
2.2C) than at 295 nm, the wavelength which preferentially excites the single Trp117 in
HRP* (Figure 2.2D). Hence, the / « U transition in HRP is associated with a
relaxation of the Trpl17-containing extended chain which occurs after loss of

secondary structure and heme (see discussion below).

Renaturation of CCP(MI) and HRP as Monitored by Steady-State
Fluorescence. CCP(MI) renaturation likely occurs by the same mechanism as
denaturation since both curves are similar (Figure 2.3A, B). HRP denaturation and

renaturation, on the other hand, must occur by different mechanisms since, as can be
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seen from Figure 2.3C, renaturation involves refolding of the polypeptide prior to
heme capture below 1 M GdHCIl. Both renatured peroxidases exhibit higher
fluorescence intensities due to incomplete heme capt;xrc during renaturation, but
addition of exogenous heme quenched the fluorescence to the levels seen before

denaturation.

Heme Soret Absorption and CD of Denatured CCP(MI) and HRP. The Soret
absorption of the peroxidases was recorded in various concentrations of denaturants
following the fluorescence measurements. At low denaturant concentration (1 M
urea, 0.3 M GdHCI) the intensity of the Soret band of CCP(MI) at 408 nm is
diminished (Figure 2.4A, B). A sharpening and red shifting of the Soret to 416 nm is
observed in 3.8 M urea and 1.3 M GdHCI, denaturant concentrations corresponding to
those at which the unfolding intermediates of CCP(MI) have reached their maximum
concentrations (Figure 2.2A, B). Since the GdHCI intermediate has a less intense 416-
nm band, it must have lower affinity for heme than the urea intermediate, consistent
with the higher relative fluorescence of the former (~ 50%) compared to the latter (~
25%). At denaturant concentrations above the transition regions, the Soret bands
broaden again and blue shift, and the resultant spectra in 8 M urea and 6 M GdHCl
are nearly identical to those of free hemin under the same conditions (Figure 2.4C).
The heme CD absorption of CCP(MI) at 410 nm as a function of urea is plotted in

Figure 2.4D. The stable intermediate seen in the fluorescence-monitored
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Figure 2.3  Integrated fluorescence intensity (300 - 450 nm) at pH 7.0 of (A) 1 pM
CCPMI) during unfolding (—A—) and refolding (----@----) in urea; (B) 1 pM CCPMI)
during unfolding (—A—) and refolding (.) in GdHCI, and (C) 1 pM HRP during
unfolding (—A—) and refolding (----@----) in GdHCl. Excitation 280 nm; slits 5 nm;

scan rate 102 nm/min.
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Figure 2.4  Soret absorption at pH 7.0 of (A) 1 pM CCPMMD) inO M (—), 1 M
(), 38M(—-—),and 8 M (— —) urea; (B) 1 pM CCPMD) in 0 M (—), 0.3 M
¢-)»l3M(—-—),2M(——),and 6 M (— - - —) GdHCI; (C) 0.44 pM hemin in
8 M (—) urea and 6 M (---) GdHCI. Pathlength 1 cm. (D) The molar CD absorption
(Ag) at 410 nm of CCP(MI) vs urea at pH 7.0, where Ae = [8] / 3298.%° The
effective concentration of CCP(MI) in urea was 9.39 pM for the CCP(MI) heme CD

measurements. Pathlength 0.5 cm.
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unfolding of CCP(MI) and in the Soret spectra is also clearly observed in heme-CD-
monitored denaturation which is a more sensitive probe of the N « [ transition than
fluorescence.

The Soret absorption of HRP at different concentrations of GdHCI is shown in
Figure 2.5A. No red shift is observed in the Soret of HRP as the protein unfolds.
Rather, a dramatic change is observed between 1 and 2 M GdHCI, and the Soret
absorption in 3 M GdHCI resembles that of free hemin in 6 M GdHCI (Figure 2.4C).
The smoothed heme CD spectra of HRP are shown in Figure 2.5B, and reveal that in
2.6 M GdHCI the heme has dissociated from the polypeptide and lost the asymmetric
character necessary for optical activity. This mirrors the heme absorption data shown
in Figure 2.5A.

The Soret absorption of CCP(MI) and HRP was also recorded during
renaturation (spectra not shown). The Soret spectra of CCP(MI) undergoing
renaturation were similar to those observed during denaturation (Figure 2.4A, B);
specifically, the CCP(MI) intermediates at 416 nm were observed over the same
denaturant concentrations on refolding. The Soret spectra of HRP showed that
refolding of the polypeptide was necessary for capture of the heme since no increase
in Soret intensity was observed on renaturation until the GdHCI concentration was
reduced to £ 1 M. Due to incomplete heme capture during refolding, the Soret
intensity was only ~ 60% that of the native protein in 0.2 M GdHCI1. However,

addition of excess hemin during renaturation resulted in 100% heme loading of HRP

(data not shown).

56



Figure 2.5 (A) Soret absorption of 2 pM HRP atpH 7.0in 0 M (—), 1 M (----),
18M (—:-—),2M (— —),and 3 M (— - - —) GdHCI. Pathlength 1 cm. (B)
Smoothed CD spectra of 11 ptM HRP in the aromatic and heme region (240 - 480 nm)
at different GdHCI concentrations at pH 7.0; OM (—), I M (----), 1.8 M (— - —),

and 2.6 M (— —). Pathlength 0.5 cm.
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Denaturation of CCP(MI) and HRP as Monitored by UV/CD. The loss in
ellipticity of the backbone absorption at 222 nm of CCP(MI) and HRP vs urea or
GdHCI concentration is shown in Figure 2.6. Unlike the fluorescence measurements
(which are mainly sensitive to and report on localized changes with respect to the
heme), the [8],,, measurements indicate that the backbone of CCP(MI) unfolds in a
single step with no accumulation of stable intermediates. The backbone of HRP also
unfolds in a single step (Figure 2.6C), and loss of secondary structure is almost
complete before the fluorescence-detected intermediate appears above 2.5 M GdHCl
(Figure 2.2C).

The refolding of the CCP(MI) and HRP backbones as monitored by [6],,, is
shown in Figure 2.7. The results indicate that the backbone unfolding and refolding
pathways of CCP(MI) are essentially the same. However, there is a loss in backbone
ellipticity as HRP refolds over 24 h. Allowing the protein to refold over a period >
24 h slightly increased the ellipticity of the refolded protein (data not shown), but on
duplicate experiments it was observed that a fraction of HRP had precipitated and a
decrease in heme absorbance was also observed in these samples. Precipitation of
HRP in 6 M GdHCI is concentration dependent since it was observed at the high
concentrations of stock HRP (~ 100 pM) required for the UV/CD refolding experiments,
but not in the ~ 30-pM stock used in the fluorescence-monitored refolding experiments.
A competition between folding and aggregation has also been reported for
multidomain and multisubunit proteins on refolding. For example, the yield of

refolded lactate dehydrogenase was protein concentration dependent with
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Figure 2.6  Molar ellipticity at 222 nm at pH 7.0 of (A) 4.7 pM CCP(MI) in urea;
(B) 5.7 pM CCPMI) in GdHC], and (C) 5.9 pM HRP in GdHCI. The solid lines
show the fit of the data by nonlinear least-squares analysis.***' The CD conditions are

described in the text.
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Figure 2.7  Molar ellipticity at 222 nm at pH 7.0 of (A) 5.2 pM CCP(MI) during
unfolding (—@—) and refolding (---- v ----) in urea, and (B) 6.5 pM HRP during
unfolding (—@—) and refolding (---+ v ---) in GdHCL. The CD conditions are

described in the text.
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concentrations above ~ 0.1 pg/mL producing > 25% aggregation.”’

Denaturation of EDTA- and DTT-treated HRP as Monitored by Steady-State
Fluorescence. The fluorescence intensity vs denaturant concentration of HRP
following incubation with EDTA or DTT is shown in Figure 2.8. Incubation with 2
mM EDTA makes HRP more sensitive to denaturation since the GAHCI concentration
at half-maximum fluorescence ([GdHCI],,) decreases from 2 to 0.45 M (Figure 2.2C vs
2.8A). Incubation of HRP with 3 and 30 mM DTT results in [GdHCI],, values of 1.3
M and 0.9 M, respectively (Figure 2.8B), indicating that the Ca®* ions have a greater
effect on the overall sensitivity of the protein to denaturant than the disulfide bridges.
It should be noted that the number of free cysteines following 18 h incubation with
DTT were not determined because of the difficulty in carrying out such experiments in
the presence of excess free thiol. However, since incubation of HRP with DTT results
in decreased [GdHCI],, values, it can be assumed that reduction of 1 or more disulfides
occurs in 3 mM DTT, and a higher number in 30 mM DTT. Consistent with this
speculation, the relative integrated fluorescence (A,, 280 nm) of HRP treated with 30
mM DTT is ~ 20% higher than that of 3-mM-DTT-treated HRP (Figure 2.8B), and the
fluorescence maximum of the former has red shifted from 326 to 342 nm in buffer
only (data not shown). Figure 2.8C shows the fluorescence intensity at 350 nm in O -
6 M GdHCI following 295-nm excitation of untreated HRP and HRP incubated with 3
mM DTT. It is clearly evident from these denaturation curves that the sharp increase

in fluorescence above 4 M GdHCI observed in untreated HRP is absent in DTT-treated



HRP. This reveals that disulfide reduction affects the fluorescence behavior of Trp117
which is preferentially excited at 295 nm.” It is of interest that after 18 h incubation
of HRP with both 2 mM EDTA and 3 mM DTT, Trpl17 is largely solvent exposed as
revealed by the red-shifted fluorescence maximum at 350 nm in the absence of

denaturant.

Kinetics of Unfolding of CCP(MI) and HRP in Denaturants. Exponential
growth of the fluorescence intensity at 350 nm was observed on rapidly mixing the
proteins with high concentrations of denaturants (data not shown). The intensity vs
time data for CCP(MI) in 8 M urea and HRP in 6 M GdHCI at pH 7.0 were fit by
single exponentials and the half-lives (t,) are listed in Table 2.2. CCPMI) and HRP

unfold in denaturant with t, values of 14.3 and 519 s, respectively. HRP treated with
| 3 mM DTT or 2 mM EDTA unfolds only slightly faster than untreated HRP, but
denaturation in 4 M GdHCI of HRP treated with borh DTT and EDTA occurs with t,=
0.42 s (Table 2.2). The large decrease in kinetic stability of HRP indicates that both

types of stabilizing elements are removed on incubation with DTT and EDTA

together.

DISCUSSION

Both steady-state fluorescence and circular dichroism are very useful
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Figure 2.8 (A) Relative integrated fluorescence intensities (300 - 450 nm) vs
GdHCI concentration at pH 7.0 of 2 pM EDTA-treated HRP. HRP (10 pM) was
incubated for 18 h with 2 mM EDTA prior to dilution in GdHCI. Intensities are
plotted relative to 2 pM NATA/10 pM NAYA treated with 2 mM EDTA, and the data
points represent the average of 2 measurements. Excitation 280 nm; slits 5 nm; scan
rate 102 nm/min. (B) Relative integrated fluorescence intensities (300 - 450 nm) vs
GdHCI concentration at pH 7.0 of 2 pM HRP treated with 3 mM DTT (M) and 30 mM
DTT (@). HRP (10 pM) was incubated for 18 h with DTT prior to dilution in GdHCI.
Intensities are plotted relative to 2 pM NATA/10 pM NAYA treated with 3 mM DTT
and 30 mM DTT and the data points represent the average of 2 measurements.
Excitation 280 nm; slits 5 nm; scan rate 102 nm/min. (C) Fluorescence intensity at
350 nm of untreated HRP (@) and 3-mM-DTT-treated HRP (O). Excitation 295 nm;
slits 5 nm; scan rate 402 nm/min. The fluorescence intensity curves of the 2 samples

have been offset for clarity.
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Table 2.1 Thermodynamic parameters for the unfolding of CCP(MI) and HRP as

monitored by UV/CD
Protein samples AG,,, (kcal/mol)*  m (kcal/mol/M)* (DL, M)
CCPMI) in urea 6.210.3 3)F 1.5 4.2
CCPMI) in GdHCI 6.4 £ 0.5 2)F 34 1.9
HRP in GdHCl 40106 2 20 20
' Calculated using the nonlinear least-squares analysis method of Hughson and

Baldwin® where T = 298 K. AG,,, represents the free energy in 0 M
denaturant and m the slope of the linear dependence of AG, on denaturant
concentration (eq 6). The UV/CD data are from Figure 2.6.

b Denaturant concentration at half maximum ellipticity.

€ Number of separate determinations of AG,,,.
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Table 2.2 Half-lives (t,) for CCP(MI) and HRP unfolding in denaturants

Protein samples t, (s)* n
CCPMI)* 143+ 34 9
HRP 519 + 36 4
HRP+DTT®* 450 + 23 3
HRP+EDTA** 395 + 37 4
HRP+DTT+EDTAS 0.42 £ 0.006 2
: Half-lives were obtained by fitting the fluorescence intensities at 350 nm vs

time by first-order kinetics.

® Number of observations.

¢ 1 pM protein was rapidly mixed with 8 M urea at pH 7.0.

4 2 pM protein was rapidly mixed with 6 M GdHC! at pH 7.0.

€ HRP was incubated for 18 h with 3 mM DTT or 2 mM EDTA prior to
unfolding.

f 5 pM HRP was rapidly mixed with 4 M GdHCI at pH 7.0 after 18 h incubation

with 3 mM DTT and 2 mM EDTA.
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techniques for studying the structure and dynamics of proteins.”?? The intrinsic
fluorescence of proteins from residues such as Trp, Tyr, and Phe® is an excellent
built-in reﬁorter. For example, the microenvironment surrounding Trp residues can be
probed since these exhibit emission maxima that red shift from ~ 320 to 350 nm as
their environment changes from nonpolar to polar.* A fluorescence red shift also
occurs when Trps buried in a protein interior become solvent exposed as a result of
denaturation. Unfolding of heme proteins generally results in a dramatic increase in
steady-state protein fluorescence due to relief of heme quenching in the denatured
state. %4 In addition to fluorescence and CD, heme absorption is yet another useful

conformational probe*' for the study of heme proteins.

Denaturation of CCP(MI). CCP(MI), like the yeast form of the enzyme,
contains 7 Trps*? which dominate the steady-state fluorescence of the protein.* A low
quantum yield due to efficient energy transfer to the heme is seen in the native protein
(Figure 2.1A); however, the fluorescence exhibits a shift to longer wavelengths and
increases in intensity when CCP(MI) is denatured in urea. The fluorescence emission
of native CCP(MI) is independent of the excitation wavelength, and the protein
exhibits a spectrum in 8 M urea (pH 7.0) similar to the Trp standard, NATA (Figure
2.1A and 2.1C), revealing that there is no fluorescence contribution from the 14 Tyr or
18 Phe residues,*? which as free amino acids in solution also have fluorescent
properties.’®*  Denaturation of CCP(MI) is observed on incubation with increasing

concentrations of both urea and GdHCI. The unfolding of CCP(MI) as examined by
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intrinsic fluorescence is not a simple two-state (N = U)) process since stable
thermodynamic intermediates are observed at 3 - 4 M urea and 1 - 2 M GdHC1
(Figure 2.2A, B). Thermodynamically-stable unfolding intermediates have been
observed with apo- and holoMb,**! the a-subunit of tryptophan synthase,* a-
lactalbumins,*““* and porphyrin cytochrome ¢ (Hu & English, unpublished results).
Since Trp fluorescence in heme proteins is indirectly a measure of the Trp — heme
energy transfer, formation of the unfolding intermediates in CCP(MI) most likely
involves localized changes around the heme cavity that alter the energy-transfer
efficiency. In support of this speculation, the heme CD absorption vs urea profile of
CCPMI) is also biphasic (Figure 2.4D), and the Soret absorption spectra recorded in
3.8 M urea and 1.3 M GdHCI reveal that the heme undergoes a transition from five-
coordinate high-spin to six-coordinate low-spin prior to loss of secondary structure
(Figure 2.4A, B).

Loss of CCP(MI) secondary structure appears to be a cooperative two-state
process in both urea and GdHCI as monitored by backbone CD absorbance (Figure
2.6A, B). A comparison of the fluorescence and backbone CD curves (Figures 2.2A,
B vs 2.6A, B) indicates that the fluorescence-sensitive intermediates are formed before
the UV/CD-monitored loss of secondary structure occurs. In fact, the loss in
secondary structure essentially coincides with the major fluorescence-detected / = U
transition in CCP(MI) in both urea and GdHCI (Figure 2.2A, B). Furthermore, the
Soret absorption spectra of CCP(MI) (Figure 2.4) reveal heme loss from the

polypeptide occurs mainly during the / « U transition, and the resultant heme spectra
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at high denaturant concentrations resemble those of free hemin shown in Figure 2.4C.
Calorimetry studies* have shown 2 mid-point transition temperatures (44 °C
and 63 °C) in the thermal denaturation of yeast CCP at pH 7.0. However, the amide
I’ bands in the FTIR spectrum of CCP(MI) show no changes between 25 and 50 °C,'
indicating a single transition as the protein loses its secondary structure. These results
suggest that the second transition (but not the first transition) in the thermal unfolding
of CCP(MI) involves loss of secondary structure. The temperature dependence of the
FTIR v(CO) bands of CCP(MI) also reveals that CCP-CO undergoes a conformational
transition which affects the heme pocket prior to loss of secondary structure.'®
Additionally, the decrease in the FTIR amide II’ intensity of CCP(MI) as a function of
temperature indicates loosening of the tertiary structure before unfolding of the
secondary structure.’® Formation of an intermediate with partially collapsed tertiary
structure and intact secondary structure*’ would account for the N «*/ transition in the
denaturant-induced unfolding of CCP(MI). A temperature-induced shift in the Soret
maximum from 408 to 414 nm at pH 7.0 has been observed previously in yeast CCP
and was attributed to binding of a distal amino acid residue to the heme at 36 °C.*
Similarly, at low urea and GdHCI concentrations a denaturant-induced conformational
change results in the coordination of a sixth ligand to the heme (Figure 2.4A, B), most
likely the distal His52. It is of interest that a single endotherm was observed for
heme-free apoCCP* with a mid-point transition temperature (T, ~ 60 °C) corresponding

to the higher T, transition observed for holoCCP.
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Denaturation of HRP. Isoenzyme C of HRP has a single Trp residue
(Trp117)* which contributes to the fluorescence of the protein.® Denaturation of HRP
also results in red shifting of the fluorescence maximum as well as an increase in
fluorescence intensity. Previous time-resolved fluorescence studies have shown that
pH-induced conformational changes in HRP result in an increase in the fluorescence
lifetime observed on the picosecond timescale.®® Unlike CCP(MI), excitation-
wavelength-dependent fluorescence is observed in HRP. There is a definite
contribution to the intrinsic fluorescence of HRP from its 5 Tyr residues when 280-nm
excitation is used?® and the fluorescence spectra of HRP in > 2 M GdHCI resemble
that of a mixture of Trp and Tyr standards (Figure 2.1B, C).

It has been previously reported that HRP retains some activity and 50%
secondary structure following incubation in 8 M urea.”? Our observations also show
that in 8 M urea at pH 7.0 HRP exhibits < 50% relative fluorescence. Increased
interaction of GdHCI with the peptide groups of HRP was noted in a previous study
on urea and GdHCI denaturation of HRP,* so given the relatively weak effects of urea
on HRP conformation, our present study focuses on GdHCI denaturation only.

Denaturation of HRP in GdHCI results in an intermediate with ~ 70% relative
fluorescence between 2.5 and 4 M. No "heme-cavity" intermediate is detected by
heme absorption or heme CD (Figure 2.5), which suggests that the heme pocket in
HRP is more stable compared to CCP(MI). A further examination of the fluorescence-
detected intermediate (Figure 2.2C) shows that its relative fluorescence and that of the

denatured state differ by ~ 5%. Trpl17 in HRP is located in an extended chain
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between helix D and D’ based on the X-ray structure of PNP’ (T.L. Poulos, personal
communication). A /ocal relaxation of this chain rather than a gross protein
conformation change could account for the ~ 5% increase in relative fluorescence above
4 M GdHCl. Trpl17 in HRP is preferentially excited at 295 nm?® and no contribution
to protein fluorescence at 350 nm is observed from Tyr on 295-nm excitation.*
Movement of the Trpl17-containing extended chain in HRP above 4 M GdHCI is
supported by the dramatic increase in fluorescence intensity at 350 nm on 295-nm
excitation compared to that observed on 280-nm excitation (Figure 2.2C, D).

The GdHCl-induced changes in the UV/CD spectra of HRP (Figure 2.6C)
support a two-state backbone unfolding process. Secondary structure in HRP is lost
by 3 M GdHCI and no UV/CD-detectable intermediate accumulates at the GdHCl
concentrations (0 - 6 M) investigated. The Soret absorbance of HRP shows a large
decrease over 1 - 3 M GdHCI at pH 7.0 (Figure 2.6B), the denaturant concentration
range where significant changes in fluorescence and backbone CD spectra are also
observed (Figure 2.2C and 2.6C, respectively). Unlike CCP(MI), there is no shift of
the Soret absorption maximum of HRP at 403 nm; rather, a sharp crossover to solvent-
exposed heme absorption is seen in denatured HRP at 2 2 M GdHCI (Figure 2.5A)
and the heme CD spectra are also those of free heme at 2 2 M GdHCI (Figure 2.5B).
Together, these observations indicate that heme loss in HRP is coincident with
secondary structure loss, whereas the fluorescence-detected / = U transition occurs

after secondary structure loss.

A recent FTIR investigation showed that HRP is thermally more stable than
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CCPMMI) since it loses its secondary structure at 90 °C while that of CCP(MI) is lost
at 50-55 °C.'® A single T, (~ 79°C) was found for HRP using differential scanning
calorimetry® and along with the FTIR studies of Holzbaur et al.,'® a two-state thermal
denaturation process of HRP is suggested. The FTIR spectra in the v(CO) region also
indicated that denaturation of the heme cavity coincides with the global thermal
denaturation of HRP-CO,'° reinforcing the view of a more stable heme pocket in HRP

compared to CCP(MI).

Denaturation of EDTA- and DTT-Treated HRP. Enhanced conformational
stability in native HRP is conferred by the presence of the bound Ca?* ions and the 4
disulfide bridges.'””*! Incubation with EDTA and DTT, which presumably chelates
the bound ions'’*? and reduces the disulfide bonds,'’* respectively, results in a
dramatic decrease in the kinetic stability of HRP as judged by the half-life of
unfolding of the treated vs untreated protein in 4 M GdHCI (t, ~ 0.4 vs 519 s). The
X-ray structure of PNP (Figure 2.9) shows that a disulfide bridge (Cys44-Cys49)
forms a loop encompassing several of the distal Ca** ligand residues’ and this same
disulfide bridge is also seen in the X-ray structure of HRP (T.L. Poulos, personal
communication). The half-life of unfolding of 2-mM-EDTA-treated HRP is 26%
lower than that of untreated HRP (Table 2.2). However, the significantly increased
sensitivity of EDTA-treated HRP to denaturant ((GdHCI],, ~ 0.45 M; Figure 2.8A)
suggests that thermodynamic stability is reduced more than kinetic stability on Ca*

removal. Furthermore, the work of Pappa and Cass® also demonstrated that apoHRP
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a | ’ C11-C91

Figure 29 The C, backbone of PNP generated from the X-ray coordinates.” The
heme, distal His42, proximal His169, Trp117, 4 disulfide bridges, and van der Waals

radii of the 2 Ca®* ions are shown in bold.
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is more resistant to denaturation in the presence of Ca*, reinforcing a structural role
for this cation in stabilizing the native conformation.'*? Of the 2 Ca® ions,” only 1
appears to be important for maintaining the structure and function of HRP.**

Calcium also seems to play an important role in PNP,” LIP*® and CIP.* While
CCP does not bind cations, a proximal cation binding site has been engineered into the
protein, and was found to decrease the stability of the Trp191 radical in CCP
compound 1.% Electrostatic calculations have shown that the proximal pocket in CCP
is uniquely suited to stabilize the Trp191 radical.®* Thus, although a proximal cation
might increase the conformational stability of CCP, it would be counier productive
with respect to stabilization of protein-based radicals. APX, which contains a
proximal cation (probably K*) binding site and has Trp179 in an analogous position to
Trp191 in CCP, does not form an amino acid radical during normal turnover.?® Class
I and I peroxidases,'® which include HRP, PNP, CIP and LIP, all contain both distal
and proximal Ca* ions (Figure 2.9) for enhanced structural stability, but these
peroxidases possess few oxidizable residues,’ suggesting that formation of protein-
based radicals may not be important in these enzymes. It would be of interest to
compare the thermodynamic and kinetic stabilities of APX and CCP(MI) (Class I
peroxidases) since, except for a proximal cation, APX does not possess other
stabilizing elements.?

HRP treated with 3 and 30 mM DTT has intermediate GdHCI sensitivity
(IGdHCI]},,= 1.3 and 0.9 M, respectively) compared to HRP ([GdHCl],,= 2.0 M) and

EDTA-treated HRP ([GdHCI],.= 0.45 M). This suggests that the disulfide bridges

77



contribute less than the bound Ca® ions to the thermodynamic stability of the native
conformation of HRP. An inspection of the solvent accessibility of the 4 disulfide
bridges in PNP (and presumably in HRP) shows that they are all solvent exposed
(Figure 2.9). Cys11-Cys91 is the most solvent accessible followed by Cys97-Cys290,
while Cys44-Cys49, which forms a loop encompassing several of the distal Ca** ligand
residues in HRP, is the closest disulfide bridge to Trp117 at a distance of ~ 11.4 A
(T.L. Poulos, personal communication). Pace and coworkers found that of the 2
disulfides in RNase T,, the most solvent accessible is reduced first in the presence of
100 mM DTT.®> Hence, we speculate that Cys11-Cys91 is reduced first in folded
HRP on incubation with 3 mM DTT, but since 30-mM-DTT-treated HRP has ~ 20%
higher fluorescence than 3-mM-DTT-treated HRP (Figure 2.2C and 2.8B), reduction of
Cys97-Cys290 by the 10-fold extra free thiol is also likely. Furthermore, the protein
fluorescence vs [GAHCI] profiles on excitation at 280 and 295 nm of DTT-treated
HRP are similar in shape (Figure 2.8B, C), revealing that the / « U transition in the
absence of DTT is due to conformational change around 1 or more disulfides. Given
the dramatic change in the fluorescence profiles of untreated and DTT-treated HRP
above 4 M GdHCI on 295-nm excitation, Trp117 alone must be reporting on the / » U

transition.

Comparison of CCP(MI) and HRP Heme Capture and Thermodynamic
Parameters. The denaturant-induced unfolding behavior of CCP(MI) and HRP is

clearly different despite their similar secondary and tertiary structures. Although the
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CD unfolding curves at 222 nm (Figure 2.7) suggest a simple N « U transition in both
CCP(MI) and HRP, heme capture by the denatured peroxidases on refolding is
remarkably different. The refolding data for CCP(MI) (CD, heme Soret absorption
and fluorescence) reveal heme capture at high denaturant concentrations, indicating
that a non-native form of CCP(MI) recognizes heme. While heme incorporation in
CCPMMI) coincides with refolding of the polypeptide, heme capture by HRP occurs
after polypeptide refolding. This is supported by the observation that the secondary
structure of HRP must be largely reformed before heme capture occurs (Figure 2.3C
and 2.7B). The heme CD spectra also indicate that heme capture only occurs below 1
M GdHCl since no heme CD signal on refolding was observed between 6 and 1 M
GdHCI and the heme CD spectra (not shown) over this GdHCI concentration range
were similar to those of the denatured samples at 2 2 M GdHCI (Figure 2.5B). The
Soret absorption measurements confirm that heme capture by the polypeptide occurs
below 1 M GdHCI and gives rise to the heme spectrum of native HRP.

Recently, proton NMR spectroscopy on a sperm whale Mb mutant® revealed
the existence of well-folded regions in the apoprotein that are remarkably similar to
the corresponding regions in the native holoprotein. A compact subdomain made up
of the A-B-G-H helix interface in sperm whale apoMb® is speculated to represent the
region of the folding intermediate responsible for heme capture. Formation of this
compact subdomain, however, is not heme-dependent since addition of free heme to
folded apoMb results in a reconstituted Mb which has identical secondary structure

and properties to native Mb.” In HRP, in addition to the requirement that the
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secondary structure be formed for heme capture in vitro, the distal His42 and proximal
His170 also contribute to heme recognition since His — Phe single-point mutants
(H42F and H170F) show altered kinetics of heme entrapment.%

The conformational stability of a protein that undergoes a reversible two-state
N « U transition (eq 2) is given by its AG,,..*> The UV/CD-monitored unfolding of
CCPMMI) and HRP (Figure 2.6) and refolding (Figure 2.7) curves suggest that
secondary structure formation in the peroxidases follows a two-state reversible
transition when allowance is made for the fraction of heme and polypeptide that
undergoes precipitation. Thus, from the UV/CD data, AG,,, values of ~ 6 and ~ 4
kcal/mol are calculated (eq 6) for CCP(MI) and HRP, respectively. These are at the
low end of the range of values reported for globular proteins where the native state
appears to be stabilized by 4 - 20 kcal/mol.***** A AG,,, ~ 6 kcal/mol was calculated
for HRP at 25 °C and pH 6.4 in denaturants as studied by UV difference
spectrophotometry.*’ The lower AG,,, for HRP compared to CCP(MI) is surprising
since the 2 bound Ca® ions and the 4 disulfide bridges in HRP are expected to yield a
compact denatured state, which is inherently higher in energy than a fully extended
polypeptide. Previous studies have shown that engineering artificial disulfide bonds
into a protein enhances conformational stability by lowering the entropy of the
unfolded state.5%>7 Nonetheless, the introduction of a single disulfide bond in yeast
cytochrome ¢ lowers AG,,, by ~ 1 kcal/mol despite the fact that the crosslink creates a
compact denatured state.>® It is of interest that DTT- and EDTA-treated HRP must

possess a AG,,, < 0 since it exhibits high fluorescence intensity and an emission
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maximum at 350 nm in buffer only.

The m values calculated for the unfolding of CCP(MI) in urea and GdHCl are
typical (~ 1.5 - 2 kcal/mol/M in urea; ~ 3 - 5 kcal/mol/M in GdHCI) of those seen in the
denaturant-induced unfolding of heme proteins. The 1.7-fold larger m value in
GdHCI for CCP(MI) compared to HRP (Table 2.1) is an indication of increased
cooperativity of unfolding in the former peroxidase. Cooperative unfolding is often
observed with small (< 20 kDa) single domain proteins™ but it is also not uncommon
to find multidomain proteins where the domains unfold cooperatively in a single
transition.”®” Multidomain proteins unfold with cooperativity in the presence of
strong domain interactions which cause mutual domain stabilization. The crystal
structure of CCP shows that the protein is folded into 2 clearly defined domains (I and
II) and that the heme occupies a crevice between them.'* Hence, the highly
cooperative unfolding of the secondary structure of CCP(MI) in GdHCI indicates
strong interactions between domains I and II. The presence of disulfides in HRP
might be responsible for the lower cooperativity of its secondary structure unfolding in
GdHCI (Table 2.1) since, based on the sequence alignment of PNP, HRP, and CCP/’
domains I and II of HRP are covalently bonded by the Cys97-Cys290 disulfide bridge.
Furthermore, the work of Betz and Pielak® has shown that a smaller m value is
calculated for the cytochrome ¢ Cys20-Cys102 crosslinked variant than for the non-
crosslinked variant (2.7 vs 4.6 kcal/mol/M). Interestingly, the GAHCI concentration (~
2 M) at half maximal backbone ellipticity ([D],,) is almost the same for CCP(MI) and

HRP. The [D], was also reported to be approximately the same in non-crosslinked
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and crosslinked cytochrome c.*!

The unfolding rates of CCP(MI) and HRP (Table 2.2) show that the native
form of CCP(MI) unfolds significantly faster in high denaturant concentrations (t,; ~ 14
s) than HRP (t,, ~ 519 s), which reveals the higher kinetic stability of HRP. This is due
to the presence of its stabilizing structural elements (2 Ca* ions and 4 disulfide
bridges), since removal of these elements gives rise to a protein which is both

kinetically (Table 2.2) and thermodynamically highly unstable.

Conclusions. Despite the similar tertiary structures of CCP(MI) and HRP, their
denaturation/renaturation and heme capture mechanisms in denaturants differ.
Furthermore, the unfolding rates of the 2 peroxidases indicate that HRP is kinetically
more stable than CCP(MI). The kinetic stability of HRP is associated with its bound
Ca? ions and disulfides since their removal greatly destabilizes the protein. The
kinetic stability of native HRP makes it an ideal protein for use in biotechnology,”®
while the greater conformational flexibility of CCP presumably facilitates radical
generation, stabilization and translocation within its polypeptide matrix.” Also, such
flexibility should facilitate heme capture by the apoprotein, which is the dominant

form in vivo when yeast are grown under unaerobic conditions.”
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CHAPTER 3

EFFECTS OF CYANIDE LIGATION ON THE CONFGRMATIONAL STATES
OF CYTOCHROME ¢ AND HORSERADISH PEROXIDASES IN

DENATURANTS



ABSTRACT

The effects of cyanide ligation on the conformational states of cytochrome ¢
and horseradish peroxidases in denaturants were examined using fluorescence and UV
circular dichroism (UV/CD). The denaturant-induced unfolding curves of cyanide-
ligated recombinant ferric cytochrome ¢ peroxidase (CCP-CN) in urea and cyanide-
ligated horseradish peroxidase (HRP-CN) in guanidine hydrochloride (GdHCI) as
monitored by UV/CD are sigmoidal and similar to those obtained for the unligated
ferric forms, CCP(MI) and HRP (Chapter 2), revealing that cyanide ligation leads to
little change in secondary structure stabilization. However, in contrast to the steady-
state fluorescence monitored unfolding of CCP(MI) and HRP, no intermediates were
observed in the CCP-CN and HRP-CN unfolding curves, but the Soret absorption
spectra of CCP-CN reveal the presence of an unfolding intermediate with a blue-
shifted Soret maximum. Under refolding conditions, denatured CCP(MI) captures
hemindicyanide as the polypeptide refolds, but secondary structure reformation appears
to be less cooperative than the unfolding transition. Only ~ 30% HRP-CN reforms in
the presence of ~ 1 mM KCN, presumably because free CN" breaks the disulfide bonds
which are essential structural elements in the folding of HRP. Also, hemindicyanide
appears to non-specifically bind to the denatured HRP polypeptide which, combined
with the effects of CN", alters the mechanism of holoenzyme formation from that
observed for unligated HRP.

Cyanide ligation confers kinetic stability to CCP-CN which unfolds ~ 7-fold
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more slowly in 8 M urea/1 mM KCN at pH 7.0 (t, = 107 s) compared to unligated
[CCP(MI)]. In contrast, HRP-CN unfolds 5-fold faster (t, = 93.9 s) in 6 M GdHCV/1
mM KCN at pH 7.0 than unligated HRP. The folded form of HRP-CN appears to be
thermodynamically stabilized in the presence of ~ 1 mM KCN but excess CN' causes
the unfolded form to aggregate, presumably as a result of cyanide-induced disulfide

cleavage

INTRODUCTION

As with other heme peroxidases, small inorganic ligands such as HF and HCN
bind reversibly to the ferric iron of cytochrome ¢ peroxidase (CCP) and HRP.!? The
binding kinetics and properties of HRP-CN and yeast CCP-CN have been studied
using a variety of spectroscopic probes."? It is generally accepted that HCN binds to
HRP and CCP to form the CN" adduct and a proton simultaneously binds to the distal
His to form the imidazolium side chain which H-bonds strongly to the CN" ligand.>*'*
3 The structure of yeast CCP-CN has been determined,'® and reveals 0.3-A movement
of the distal Arg48 away from the CN' ligand plus rearrangement of water molecules
in the distal cavity. More recently, the structure of ARP-CN shows that cyanide
binding also causes movement of the protonated distal His56 to within H-bonding
distance of the CN" ligand."”

The recent X-ray structure of peanut peroxidase (PNP)'® serves as an excellent

92



model for HRP until its structure becomes available. Nonetheless, in the absence of a
published X-ray structure of HRP to date,'” investigators have focused on the use of
techniques such as FTIR,”® NMR'"** and RR%* to provide information on the
structure of HRP, as well as on key residues near the distal and proximal sides of the
heme. For example, RR studies have been very useful in showing that the heme of
HRP coexists in a five- and six-coordinate high-spin state.*** Furthermore, combined
RR data from recombinant HRP and CCP(MI) distal-heme-cavity mutants [F41V,
F41W, R38K in HRP and R48L, R48K, W51F, H52L in CCP(MI)], have
demonstrated that the distal heme pocket architecture of the 2 peroxidases is not
identical since differences are observed in the porphyrin skeletal vibrational modes
above 1450 cm™.2*? However, the distal- and proximal-heme H-bonding network
appears to be similar in both proteins.?’?

Knowledge of the conformational properties of a protein is important in
understanding its function. In this study, the effects of cyanide ligation on the
conformational stability in denaturants of CCP(MI) and HRP were examined. The
unfolding mechanisms of CCP-CN in urea and HRP-CN in GdHCI were investigated
at pH 7.0 by monitoring protein steady-state fluorescence and backbone UV/CD
changes. Furthermore, the rates of unfolding in denaturants were determined by

fluorescence, and the equilibrium and kinetic data are compared to those obtained for

the unligated peroxidases.”
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EXPERIMENTAL PROCEDURES

Denaturation of CCP-CN and HRP-CN as Monitored by Steady-State
Fluorescence. Fluorescence was carried our as described previously.”? KCN (~ 1 mM)
was added to 5 pM CCP(MI) and 10 pM HRP stock solutions to yield the cyanide-
bound forms (CCP-CN and HRP-CN). Following dilution into urea and GdHC],
respectively, CCP-CN and HRP-CN were allowed to denature over 20 - 24 h at
ambient temperature prior to recording the fluorescence spectra. The protein
concentrations used in the fluorescence measurements were 1 pM CCP-CN and 2 pM
HRP-CN. The emission of the blank (denaturant in buffer) was subtracted from that
of the protein samples prior to integration. The steady-state fluorescence intensities of
CCP-CN were standardized to 7 pM NATA and those of HRP-CN to a solution
containing 2 pM NATA and 10 pM NAYA.® KCN was also added to the Trp
(NATA) and Tyr (NAYA) standard solutions and the integrated intensity obtained for
the standards under identical conditions was taken to be 100%.

To investigate renaturation, stock solutions of ~ 15 pM CCP-CN and 30 yM
HRP-CN were incubated for 20 - 24 h in 8 M urea with ~ 1 mM KCN (urea/KCN) and
6 M GdHCI with ~ 1 mM KCN (GdHCI/KCN), respectively. Following incubation, the
samples were diluted to give the desired final concentration of denaturant and protein,
and incubated for another 20 - 24 h befcre the fluorescence spectra were recorded as
described above.

Steady-state fluorescence was also used to study the time-dependent unfolding
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of the cyanide-ligated peroxidases. CCP-CN (5 pM) and HRP-CN (10 pM) were
diluted 5-fold into 8 M urea and 6 M GdHCI (pH 7.0), respectively, and the
fluorescence intensity at 350 nm was monitored following rapid manual mixing. The
excitation wavelength was 280 nm and the emission and excitation slits were 5 nm.

The fluorescence intensity vs time data were fitted by a single exponential.

Denaturation of CCP-CN and HRP-CN as Monitored by UV/CD. Stock protein
solutions of ~ 30 pM CCP-CN and HRP-CN were prepared in 100 mM sodium
phosphate buffer (pH 7.0) with ~ 1 mM KCN. The final protein concentration in
denaturant was ~ 6 pM for the UV/CD measurements which were performed as
previously described.?? The reversibility of denaturation was also probed by UV/CD.
Stock solutions of ~ 90 pM CCP-CN and 30 - 160 pM HRP-CN were denatured in 8 M
urea/KCN (pH 7.0) and 6 M GdHCIKCN (pH 7.0), respectively, and after 20 - 24 h

the solutions were diluted to ~ 5 pM protein and the desired denaturant concentration.

Analysis of the Transition Curves. The transition curves were analyzed by the
same methods that have been outlined previously.” Briefly, the unfolding curves of
CCP-CN and HRP-CN were analyzed according to the method of Pace et al.*® based

on a two-state transition,

NeU
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where N and U are the native and unfolded forms of the protein, respectively. AG,,,,
which represents the free energy in aqueous solutions in the absence of denaturant and
defines the conformational stability of a protein,”! was obtained from nonlinear least-

squares analysis of the raw data,**** as was the m value.*

RESULTS

Denaturation of CCP-CN and HRP-CN as Monitored by Steady-State
Fluorescence. Relief of heme quenching of Trp fluorescence®® occurs on protein
unfolding. As well as an increase in the steady-state fluorescence intensity, the
emission maximum red shifts in the denatured state.*®* We have shown that on
excitation at 280 nm, the steady-state fluorescence of denatured CCP(MI) is due to its
7 Trps*” while that of denatured HRP is attributed to its 1 Trp and 5 Tyrs.® The CN-
ligated peroxidases also exhibit an increase in steady-state fluorescence and a red shift
in emission maximum to ~ 350 nm when incubated in denaturants.

Figure 3.1A summarizes the integrated fluorescence intensity of CCP-CN
relative to NATA as a function of urea concentration. It can be seen that CCP-CN
exhibits cooperative unfolding between 5 and 6 M urea, but relief of fluorescence
quenching also occurs at low urea concentrations. The relative fluorescence in 8 M
urea at pH 7.0 is ~ 70 % which is similar to that reported for unligated CCP(MI).?

Figure 3.1B shows the relative fluorescence of HRP-CN in 0 - 6 M GdHC at pH 7.0.
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Figure 3.1 Relative integrated fluorescence (300 - 450 nm) intensities at pH 7.0 of
(A) 1 pM CCP-CN vs urea concentration; (B) 2 pM HRP-CN vs GdHCI concentration.
The intensities are plotted relative to 7 pM NATA for CCP-CN and 2 pM NATA/10
BM NAYA for HRP-CN. KCN (~ 1 mM) was added to the samples and standards
prior to the fluorescence measurements. Excitation wavelength 280 nm; slits 5 nm;
scan rate 102 nm/min. The solid lines show the fit of the data by non linear least-

squares analysis.***
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Unlike HRP, where relief of heme fluorescence quenching begins above 0.3 M
GdHCL,* HRP-CN exhibits essentially constant fluorescence between 0 - 1 M GdHCL.
The denatured form in 6 M GdHCI has ~ 80 % relative fluorescence compared to ~ 75%

for unligated HRP.?”

Uptake of Hemindicyanide as Monitored by Steady-State Fluorescence.
Changes in fluorescence intensities due to the uptake of hemindicyanide on refolding
of the peroxidases are shown in Figure 3.2. Previously, we have shown by steady-
state fluorescence and UV/CD that heme uptake by CCP(MI) occurs simultaneously
with secondary and tertiary structure formation.” The refolding of the apoprotein in
the presence of ~ 1 mM KCN as probed by fluorescence suggests that different
denaturation and renaturation mechanisms exist since the shapes of the curves are
clearly different (Figure 3.1A and 3.2A). This is not surprising since renaturation
most likely involves uptake of hemindicyanide (see below).

The steady-state fluorescence-monitored renaturation profile of HRP-CN is also
different from that of unligated HRP. Previously, we have shown that in the absence
of KCN the polypeptide of apoHRP refolds prior to heme capture.”® From Figure
3.2B, which shows the integrated fluorescence intensity during refolding of denatured
HRP-CN in the presence of ~ 1 mM KCN, it is evident that hemindicyanide entrapment
by the apoprotein in GAHCI/KCN is inefficient since the fluorescence intensity
remains high even in 0.2 M GdHCI.

The Soret absorption of CCP-CN and HRP-CN in buffer, and after unfolding
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Figure 3.2 Integrated fluorescence (300 - 450 nm) intensity at pH 7.0 during
refolding in the presence of ~ 1 mM KCN of (A) 1 pM CCP-CN and (B) 1 pM HRP-

CN. Excitation 280 nm; slits 5 nm; scan rate 102 nm/min.
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and refolding are compared in Figure 3.3. The specttum of CCP-CN in 8 M
urea/KCN is similar to that of the free prosthetic group (Figure 3.3A, C), indicating
hemindicyanide formation upon CCP-CN denaturation. However, the spectrum of the
refolded protein in 0.5 M urea is not identical to that of CCP-CN in buffer, suggesting
that different forms of the enzyme-cyanide complex exist in low urea and buffer.
CCP-CN samples undergoing denaturation also show a blue shift of the Soret
maximum to 420 nm between 3 and 5.5 M urea while above 5.5 M urea, the Soret
maximum returns to 424 nm. The variation in the Soret band reveals the existence of
an unfolding intermediate which resembles the alkaline forrn of CCP-CN since a
heme-linked pH-dependent isomerization of yeast CCP-CN results in a shifting of the
Soret maximum from 426 at pH 6.0 to 421 nm at pH 9.0.2

Hemindicyanide formation upon HRP-CN denaturation in 6 M GdHCI/KCN is
also suggested from a comparison of the Soret spectra in Figures 3.3B and C.
However, a red shift of the Soret maximum to 426 nm is observed in 6 M
GdHCI/KCN, suggesting that hemindicyanide may be associated non-specifically with
hydrophobic regions of the HRP polypeptide (Figure 3.3B) since a Soret maximum at
> 426 nm is observed when hemindicyanide is incorporated into liposomes.*®* Figure
3.3B shows the Soret absorption of HRP in 0.2 M GdHCI after refolding and, although
the spectrum is the same as that of HRP-CN in buffer, the intensity is significantly
reduced. This is attributed to the fact that only ~ 30% of the apoprotein correctly

refolds in the presence of ~ 1 mM KCN, consistent with the fluorescence data which
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Figure 3.3  Soret absorption at pH 7.0 of (A) 5.8 pM CCP-CN (—) in 100 mM
sodium phosphate buffer, 5.2 pM refolded CCP-CN (— —— -) in 0.5 M urea, and 5.2
pM unfolded CCP-CN (— - —) in 8 M urea; (B) 7.0 pM HRP-CN (—) in 100 mM
sodium phosphate buffer, 6.0 pM refolded HRP-CN (— — — -) in 0.5 M GdHC], and
6.0 ptM HRP-CN unfolded HRP-CN (— -- —) in 6 M GdHCI, and (C) 1.2 pM
hemindicyanide in 100 mM sodium phosphate buffer (—), 0.56 pM hemindicyanide
in 6 M GdHC] (— - —) and 1.1 pM hemindicyanide in 8 M urea (- ——-).

Pathlength 1 cm.
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reveal only ~ 30% heme quenching on refolding (Figure 3.2B).

Denaturation of CCP-CN and HRP-CN as Monitored by UV/CD. The loss in
ellipticity of the backbone absorption of CCP-CN in urea and HRP-CN in GdHCI at
pH 7.0 is shown in Figure 3.4. Both cyanide-ligated peroxidases unfold in an apparent
two-state process. Loss of secondary structure in CCP-CN occurs between ~ 4 and 6 M
urea (Figure 3.4A), and between ~ 1.5 and 2.2 M GdHCIl in HRP-CN (Figure 3.4B).
These denaturant concentrations bracket the regions of cooperative unfolding detected
by steady-state fluorescence (Figure 3.1).

Backbone refolding of CCP-CN and HRP-CN was also monitored by the
change in ellipticity at 222 nm and is shown in Figure 3.5. Like the fluorescence
unfolding (Figure 3.1A) and refolding (Figure 3.2A) curves of CCP-CN, the UV/CD-
monitored curves are also not superimposable. Previously, we have shown that
refolding of the CCP(MI) backbone is coincident with heme capture, resulting in
essentially superimposable fluorescence and UV/CD unfolding and refolding curves.”
Refolding of CCP-CN from 8 M urea/KCN requires cleavage of 1 of the axial Fe™-CN
bonds in hemindicyanide to reform holoCCP-CN with a proximal His175 ligand.

Since the polypeptide-unfolding and refolding curves of CCP-CN are non-coincidental,
heme-ligand exchange must succeed secondary structure formation as discussed below.
The backbone UV/CD denaturation and renaturation curves of HRP-CN (Figure 3.5B)

indicate that ~ 30% of the ellipticity is regained on transferring denatured HRP-CN

from 6 to 1 M GdHCI. This suggests that either the protein possesses 30% secondary
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Figure 3.4  Molar ellipticity at 222 nm at pH 7.0 in the presence of ~ 1 mM KCN of
(A) 5.8 pM CCP-CN in urea; (B) 6.5 pM HRP-CN in GdHCI. The solid lines show
the fit of the data by nonlinear least-squares analysis.’***> The UV/CD conditions are

described in the text.
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Figure 3.5 Molar ellipticity at 222 nm at pH 7.0 of (A) 5.2 pM CCP-CN during
refolding in urea and (B) 2.1 pM HRP-CN during refolding in GdHCI. The UV/CD
conditions are described in the text with the exception that in (B), a 0.1-cm cell was

used.
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structure in the presence of KCN or that 30% of the molecules refold completely. The
latter, however, is more likely based on the identical Soret absorption spectra (Figure
3.3B) of HRP-CN in buffer and refolded HRP-CN in 0.2 M GdHCI, except that the
intensity of the latter is ~ 30% that of the former. Also, only ~ 30% quenching is
observed in 0.2 M GdHCI after refolding (Figure 3.2B), relative to that observed
during unfolding (Figure 3.1B). The high concentration of HRP-CN stock solutions (4
30 pM) required for the UV/CD experiments resulted in protein precipitation in 6 M
GdCHI/KCN. Following centrifugation and removal of GdHCI on a C;g HPLC
column, a total protein assay*’ was performed, which revealed that 31 + 5% of HRP-
CN remained in solution. This is in agreement with the estimate of the renatured

HRP-CN from both UV/CD (Figure 3.5B) and fluorescence (Figure 3.2B).

Thermodynamic and Kinetic Parameters for CCP-CN and HRP-CN Unfolding.
The fluorescence and UV/CD unfolding curves were analyzed based on a two-state (N
« /) transition and the thermodynamic parameters are presented in Table 3.1. The
binding of cyanide to HRP results in a AG,,, = 6.5 kcal/mol as determined by UV/CD,
and the value from the fluorescence data is the same within experimental error.
Furthermore, similar m and [D], values are obtained using both conformational
probes. The AG,,, and the m values for HRP-CN are larger than those calculated for
unligated HRP (6.5 vs 4.0 kcal/mol and 3.8 vs 2.0 kcal/mol/M), but the denaturant
concentrations at half maximum ellipticity/fluorescence ([D],,) are approximately the

same (~ 1.9 M) for both HRP-CN and HRP (Table 3.1).
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Unlike CCPMI), CCP-CN exhibits a two-state denaturation process as
monitored by fluorescence. Hence, the thermodynamic parameters were estimated
using both spectroscopic probes, and yielded AG,,, values of 8.8 and 5.4 kcal/mol for
CCPMI) for the fluorescence and UV/CD data, respectively (Table 3.1). The UV/CD
value for CCP-CN is close to that obtained from UV/CD-monitored denaturation of
CCPMI) (6.2 kcal/mol),” as is the [urea],, value (4.9 vs 4.2 M) (Table 3.1).

Relative to their unligated forms, kinetic stability and kinetic instability is
conferred on CCP(MI) and HRP, respectively, on cyanide binding at pH 7.0. The
half-life (t,) of CCP-CN unfolding in 8 M urea/KCN (107 s; Table 3.1) is almost an
order of magnitude longer than that of CCP(MI), while t,, for HRP-CN unfolding in 6
M GdHCI/KCN (93.9 s) is 5.5-fold smaller than that observed for unligated HRP

(Table 3.1).

DISCUSSION

Denaturation of CCP-CN. The Soret absorption spectrum of CCP in its resting
ferric state is characteristic of a five-coordinate high-spin heme.! Cyanide binding to
CCP results in a heme which is six-coordinate low-spin with a red-shifted Soret
absorption maximum at 421 - 426 nm’ and characteristic UV/CD absorption.?
Formation of oxyferryl iron (Fe™=0) on reaction of resting CCP with H,0, is also

accompanied by red shifting of the Soret maximum to 420 nm.*" The heme UV/CD
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absorption spectra of CCP(MI) and CCP-CN (data not shown) obtained in this study
were identical to those previously recorded for the yeast form of the enzyme,
reinforcing the accepted view that CCP(MI)**** has similar absorption properties to
CCP.

Previously, we have shown that on 280-nm excitation the steady-state
fluorescence of denatured CCP(MI) is due to its 7 Trps,” and that the protein
denatures on incubation with increasing concentrations of urea.? The latter results in
relief of heme quenching, and the same general effects are observed when CCP-CN is
incubated with increasing concentrations of urea at pH 7.0. The unfolding of CCP-CN
as examined by intrinsic fluorescence appears to be a simple two-state (N « U) process
with no detectable equilibrium intermediates (Figure 3.1A). This is in sharp contrast
to the fluorescence-monitored unfolding of CCP(MI) where a thermodynamically-
stable intermediate was observed between 3 and 4 M urea before loss of secondary
structure. The N =/ transition of CCP(MI), which presumably results in
coordination of the distal His52 (Figure 3.6) to the heme,?®* gives rise to a red shift
and sharpening of the Soret absorption. However, Figure 3.3A shows little change in
the Soret absorption of CCP-CN under native and denaturing conditions compared to
unligated CCP(MI) (Figure 2.4; Chapter 2). Since heme quenching efficiency is
determined by the overlap integral of the Trp emission and heme absorption spectra,*
fluorescence is likely a poor probe of the N =/ transition in CCP-CN because of little
variation in the spectral overlap integral.

As mentioned previously, the Soret absorption of the CCP-CN intermediate
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resembles that of the alkaline form since both exhibit Soret maxima at 420 nm. The
alkaline form (pK, = 7.70)* and the urea-induced intermediate of CCP(MI) also have
overlapping Soret maxima at ~ 416 nm. Thus, we speculate that the urea-induced N «/
transitions resemble the acid = alkaline transitions in both CCP(MI) and CCP-CN, and
that these transitions arise from partial tertiary structure collapse as proposed
previously for the urea-induced N » [ transition in CCP(MI).?

Calorimetry studies*’ revealed 2 mid-point temperatures (T,) (39 °C and 65 °C)
in the thermal denaturation of yeast CCP-CN at pH 8.0. Two T, values (40 °C and 60
°C) were also observed for unligated yeast CCP, while only 1 T, (~ 60 °C) was
observed for apoCCP.*” These results indicate that a N =/ transition occurs in the
thermal denaturation of both yeast CCP and yeast CCP-CN; however, removal of the
heme eliminates the thermally-induced N «/ transition at ~ 40 °C. The amide IT’
region of the FTIR spectra of CCP(MI) shows that the thermally-induced N =/
transition involves partial collapse of the tertiary structure prior to secondary structure
loss.® Since we speculate that the denaturant-induced N =/ transitions in both
CCPMI) and CCP-CN also arise from partial tertiary structure collapse (which in the
former results in a change in heme ligation), a FTIR study of CCP-CN and
apoCCP(MI) is warranted to determine the effects of CN" ligation and heme removal

on the polypeptide.

Denaturation of HRP-CN. Binding of cyanide to HRP results in a similar

Soret absorption spectrum (Figure 3.2B) to that of yeast CCP-CN.® The UV/CD
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His175

Trpl9l

Asp235

Figure 3.6  Active site of CCP(MI). The dashed lines represent H-bonds between
N1 of the distal His52 and the side-chain carbonyl of Asn82, and the N1 of the
proximal His175 and the side-chain carboxylate of Asp235. The H-bonds between the
distal Arg48 and Trp51 and active-site waters are also shown. This diagram was

generated using the X-ray coordinates for the 2.2-A structure of CCP(MI).?
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absorption spectrum (250 - 500 nm; not shown) of HRP-CN is identical to that
reported,’? and its steady-state fluorescence spectrum (not shown) is similar to that
reported for unligated HRP.? The fluorescence-decay characteristics of the single
Trp117* have been studied for both HRP-CN and unligated HRP by time-resolved
fluorescence.! Cyanide ligation to HRP increases the picosecond component of the
Trp117 fluorescence lifetime from ~ 45 to ~ 60 ps at neutral pH.!" This significant
increase can be accounted for on the basis of changes in Forster energy transfer
between the Trp117 donor and the ligated/unligated heme acceptor, which as
mentioned above is determined by the overlap integral of the Trp emission and the
heme absorption spectra.® A study of Trp fluorescence lifetimes in unligated (~ 20 ps)
and CN-ligated (~ 28 ps) sperm whale Mb shows that spectral differences also account
for most of the observed changes in the Trp-lifetimes.*

Both HRP-CN and HRP possess similar (75 - 80%) relative fluorescence in 6
M GdHCIl. However, cyanide binding appears to have a stabilizing effect on the
protein below 1 M GdHCI (pH 7.0) since unligated HRP exhibits emission increases
above 0.3 M GdHCl,? which are not observed in Figure 3.1B. Trp fluorescence in
heme proteins reports on changes in the fluorophores relative to the heme. Thus, a
more stable heme cavity as a result of the extended distal H-bonding network on
cyanide binding could explain the decreased sensitivity of HRP-CN to low GdHCl
concentrations relative to unligated HRP. Based on the results of recent studies,?*°
the heme cavity H-bonding network in HRP is expected to be similar to that of CCP

(Figure 3.6). On HCN binding, the proton retained in the enzyme-ligand complex is
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taken up by the distal His42 which forms a strong H-bond to the CN" ligand.?* Recent
RR studies of HRP-CN, however, reveal the presence of 2 FeCN conformers and H-
bonding of CN to both the distal Arg38 and His42 is proposed.” A detailed heme-
UV/CD analysis of HRP-CN and HRP in 0 - 6 M GdHCl would be of interest since
changes around the heme and in its interaction with aromatic residues should be
reflected in the CD spectra.®*?

Unlike the unligated protein, which undergoes a fluorescence-detectable I = U
transition following loss of heme and secondary structure above 4 M GdHCL,*® HRP-
CN exhibits a cooperative two-state unfolding process with no accumulation of stable
intermediates (Figure 3.1B). Previously, we have shown that the I « U transition is
absent in DTT-treated HRP as a result of reduction of 1 or more disulfides.” Since
disulfides are also cleaved by nucleophiles such as cyanide, sulfite, or hydroxide,* the
absence of an / « U transition in HRP-CN in the presence of ~ 1 mM KCN (Figure
3.1B), is not surprising.

Unfolding of the HRP-CN backbone in GdHCI also appears to be a cooperative
two-state (N = U) process as monitored by backbone UV/CD absorbance (Figure
3.4B). A two-state transition is supported by the similarities in the thermodynamic
parameters derived from the fluorescence and UV/CD data (Table 3.1). Itis
suspected that disulfide cleavage by excess free CN is responsible for the similarity in
the unfolding curves since such similarity was not observed for unligated HRP.”

Unlike the backbone of unligated HRP which completely refolds,? the

backbone of HRP-CN regains only ~ 30% ellipticity under refolding conditions (Figure
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3.5B). We speculate this is also due to disulfide cleavage and that the non-crosslinked
protein precipitates in 6 M GdHCI/KCN at the high concentrations (30 - 160 pM) used
in the UV/CD experiments. Not all the HRP-CN molecules, however, are equally
affected by free CN, since 31 £ 5% of the total protein remains in solution and must
be responsible for the observed increase in 222-nm ellipticity under refolding
conditions (Figure 3.5B). Therefore, any apoprotein remaining in solution refolds to

yield a Soret spectrum (Figure 3.3B) similar to that of HRP-CN in buffer at pH 7.0.

Uptake of Hemindicyanide by CCP(MI) and HRP. Uptake of heme by
denatured CCP(MI) occurs simultaneously with secondary and tertiary structure
formation on refolding, while heme capture in HRP occurs only after folding of the
polypeptide backbone.” In order to reform CCP-CN with a proximal His175 ligand
(Figure 3.6), hemindicyanide must be captured by the apoprotein, and ligand-exchange
must take place, as discussed above. The kinetics of refolding of horse Mb-CN
induced by a urea concentration jump exhibit 3 phases as monitored by fluorescence,
422-nm absorption, far- , near- , and heme-UV/CD absorption.* The first phase (t, ~ 7
x 103 s) involves capture of hemindicyanide by a heme pocket precursor which is ~
40% helical, followed by secondary and tertiary structure formation around the
captured hemindicyanide in the second phase (t, = 0.07 - 0.2 s), and finally a minor
structural rearrangement along with heme ligand-exchange in the third phase (t, = 139
- 347 5).* A similar mechanism for CCP-CN refolding would be consistent with the

non-superimposable fluorescence (Figure 3.1A and 3.2A) and UV/CD (Figure 3.4A
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and 3.5A) denaturation and renaturation curves reported here. The data recorded on
renaturation, while not extensive, are sufficient to indicate that secondary and tertiary
structure formation around the captured hemindicyanide is less cooperative than
around hemin. Ligand-exchange after the secondary structure has reformed yields
refolded CCP-CN with a Soret maximum at 420 nm in 0.5 M urea (Figure 3.3A).
The fluorescence-monitored entrapment of hemindicyanide by ~ 30% apoHRP
(Figure 3.2B) appears to occur over a wide range of GAHCL This is attributed to
partial disulfide cleavage in the fraction of apoHRP which refolds, and also non-
specific interactions of hemindicyanide with hydrophobic regions of the polypeptide
would result in fluorescence quenching prior to correct heme insertion to reform

holoHRP-CN.

Thermodynamic and Kinetic Parameters of CCP-CN and HRP-CN. The
conformational stability of a protein that undergoes a reversible two-state N «= U
transition is given by its AG,,,*' In the presence of excess free CN’, neither HRP-CN
nor CCP-CN can undergo a two-state (N  U) transition since conversion of the
released heme to hemindicyanide prevents a two-state transition. However, secondary
structure unfolding in both ligated peroxidases is reversible and the estimated AG,,,
values are comparable to those estimated for the unligated enzymes CCP(MI) (Table
3.1), suggesting that cyanide binding has little effect on secondary structure stability.
Nonetheless, AG,,, for CCP-CN calculated from the fluorescence data (8.8 kcal/mol)

is significantly larger than the UV/CD value and may be a reflection of the increased
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thermodynamic stability of the cyanide-ligated heme pocket. The 1.7-A resolution X-
ray structure of CCP* reveals a distal H-bonding network involving residues Arg48,
Trp51, His52 and active-site waters (Figure 3.6). In addition, His52 in CCP H-bonds
to the carboxamide side chain of neighboring Asn82, and this particular H-bond is
conserved in all the published peroxidase structures.'**** In CCP-CN the distal
network is extended to include a H-bond between the protonated His52 and the heme-
bound cyanide.**® NMR studies of the N82D mutant® show no H-bonding between
His52 and the heme-bound cyanide nor between Asp82 and His52, reinforcing the
extent of the distal H-bonding network in unmutated CCP-CN.

The m values calculated for the unfolding of CCP-CN in urea and HRP-CN in
GdHCI are shown in Table 3.1 and are typical of those seen in the denaturant-induced
unfolding of heme proteins.®* The m value of HRP-CN (3.8 kcal/mol/M) is ~ 2-fold
larger than unligated HRP (Table 3.1), indicating increased cooperativity of unfolding
in HRP-CN. A m value of 3.4 kcal/mol/M has also been calculated for CCP(MI) in
GdHCL? The available structural data show that the small heme peroxidases are
folded into 2 clearly defined domains,'® and previously we argued that the disulfides
might be responsible for a smaller m value in HRP compared to CCP(MI).” We now
speculate that the high cooperativity of unfolding of HRP-CN is due to cyanide-
induced cleavage of the highly solvent-exposed Cys11-Cys91 disulfide and/or the
solvent-exposed Cys97-Cys290 disulfide which covalently links the 2 domains in HRP
(see Figure 2.9 of Chapter 2). Although cleavage of former is more likely to occur

based on its higher solvent accessibility,* cleavage of the latter would likely allow the
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2 domains in HRP-CN to unfold in a more cooperative manner.

The unfolding half-lives of CCP-CN in urea and HRP-CN in GdHCI are listed
in Table 3.1. The data reveal that cyanide ligation in CCP(MI) confers considerable
kinetic stability to the protein, perhaps by stabilizing the conformational flexibility of
the heme cavity. Kinetic instability is demonstrated in HRP-CN in the presence of ~ 1
mM KCN, consistent with the proposed loss of disulfide bridges in folded HRP-CN.
It is of interest that the kinetic stability of DTT-treated-HRP is only marginally
decreased (t,, ~ 450 s)* relative to HRP (Table 3.1), suggesting that disulfide cleavage
in HRP-CN by free CN' is more efficient than DTT reduction, or that DTT and CN°
gain access to different disulfides. In any event, the effects of excess CN" on
crosslinking should be taken into consideration in any spectroscopic or kinetic study

on HRP-CN.
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CHAPTER 4

FLUORESCENCE INVESTIGATION OF YEAST CYTOCHROME ¢
PEROXIDASE OXIDATION BY H,0, AND ENZYME ACTIVITIES OF THE

OXIDIZED ENZYME
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ABSTRACT

The role of tryptophan residues as endogenous electron donors in cytochrome ¢
peroxidase (CCP) was examined by protein steady-state fluorescence. Compound I
and more highly oxidized forms of CCP were formed by adding 2, 6 and 20 equiv® of
H,0, to S pM protein at pH 7.0 in the absence of exogenous reducing substrates.
Addition of native CCP to 8 M urea at pH 1.5 relieved heme quenching and
compound I exhibited 90 + 4% fluorescence relative to unoxidized CCP, consistent
with the loss of 0.7 £ 0.2 tryptophan and the assignment of the primary radical site to
Trp191. CCP oxidized with 20-fold excess H,0, exhibited 65 + 1% relative
fluorescence indicating loss of 2.4 £ 0.1 wyptophans. Compound I and the higher
oxidized forms of CCP spontaneously decayed to ferric CCP species over ~24 h with
the loss of ~0.5 additional tryptophan in each case. The 24-h decay product of
compound I exhibited 73% activity, 74% H,0, titer and titration led to the further
oxidation of ~0.6 tryptophan. However, no further tryptophan oxidation was observed
on titration of the 24-h decay products of samples initially oxidized with 6 and 20
equiv of H,0,. These samples exhibited 58 and 18% H,0, titer, and 47 and 16%

activity, respectively, which shows that radical formation on Trp191 is not required for

¥ The text of Chapter 4 has been modified from the original publication to convert
molar equivalents of H,0, to redox equivalents of H,O,. Thus, in lieu of the 1, 3, and
10 equiv of H,0, referred to in the original publication, 2, 6, and 20 redox equiv of H,0,

have been substituted in Chapter 4.
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activity. The fluorescence decrease with time paralleled the decrease in activity of
H,0,-oxidized CCP using both ferrocytochrome ¢ and ferrocyanide as substrates,
indicating that tryptophan and activity loss occurred on similar time scales. Since
CCP reduced 6 and 20 equiv of H,0, within § and 20 min, respectively, but
fluorescence and activity loss increased slightly over 24 h, charge migration must
occur in the polypeptide during decay, giving rise to 7 - 33% dimer formation along

with the loss of the 0.5 additional ryptophan.

INTRODUCTION

Binding of H,0, to ferric heme peroxidases results in heterolytic cleavage of
the O-O bond and the formation of oxidized enzyme intermediates. The two- and one-
electron oxidized intermediates are termed compound I and compound II, respectively.

To regenerate ferric peroxidase, P(Fe™), electrons are provided by donor substrates and

the enzymic cycle is as follows:

P(Fe™ + H,0, — compound I (X' Fe"=0) + H,0 ¢))
compound I + le — compound II )
compound II + 1 — PFe™ + H,0 ?3)

In compound I, the oxidizing equivalents are stored as the oxyferryl state (Fe™V=0) of
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the heme iron, and an organic radical, X’. In most heme peroxidases, X" is a
porphyrin n-cation radical.!

Cytochrome ¢ peroxidase (CCP), a hemoprotein found in yeast mitochondria,
catalyzes the reduction of H,0, by ferrocytochrome c. A porphyrin radical is not
observed in the stable compound I of CCP so an alternate site for X* had long been
sought. Several residues had been implicated as possible radical sites, including
Trp51%7 Trp191,*® Met172,>° Met230 and Met231.1%!! Recently, ENDOR
measurements on isotopically labeled CCP identified a tryptophan residue as the
radical site.'? Trp191 appeared to be the most likely candidate since the EPR of
compound I of the CCP(W191F) mutant does not exhibit the broad signal
characteristic of native CCP.”"* Also, unlike wild-type CCP, this mutant transiently
shows a porphyrin radical on reaction with peroxide.® Trp51, which is only 4 A from
the heme, was eliminated as the radical site since Trp51—Phe mutation had no effect
on the EPR or ENDOR spectra of compound 1.’

In the absence of an oxidizable substrate, the Fe™=0 and radical (X') sites of
compound I decay slowly to give a product which has an absorption spectrum similar
to native ferric CCP.!* The decay product has lost the 2 oxidizing equiv of compound
I but retained ~75% activity.'” Amino acid analysis showed loss of 0.2 tryptophan, 0.5
tyrosine, and 0.5 phenylalanine at pH 7,'° suggesting that the 2 latter residues are the
major endogenous donors. Moreover, it has been reported that CCP can reduce up to
20 equiv of H,0, without detectable O, formation by further oxidation of its amino

acid residues.” Amino acid analysis indicated that the decay product following
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oxidation of CCP with 20-fold excess H,0, (20:1 product) has lost 3.4 tyrosines, 1.5
phenylalanines, and 0.6 tryptophan at pH 7. Peroxide at millimolar concentrations
readily oxidizes methionine residues in proteins but not aromatic residues'’; hence,
oxidation of the latter in CCP at low H,0O, concentrations (< 50 pM) must be mediated
by the heme.

CCP is the first enzyme known to use a stable tryptophan radical during its
turnover.'® Since protein emission is dominated by tryptophan, the present study
explores the use of steady-state fluorescence measurements to probe the involvement
of tryptophan residues in the catalytic cycle of CCP and the loss of these residues in
H,0,-oxidized CCP. Efficient quenching by the heme results in a fluorescence
quantum yield for CCP of only 7% relative to the tryptophan standard, NATA™ but in
8 M urea at pH 1.5, heme quenching is relieved due to heme dissociation from the
polypeptide. Since the seven tryptophans in denatured CCP are exposed to an
aqueous environment they are expected to possess the same emission quantum yields,
allowing fluorescence loss to be equated with tryptophan loss.

However, excitation of tryptophan is also accompanied by tyrosine excitation.
Tyrosine and tryptophan have emission maxima at ~303 and ~350 nm in water,
respectively, and in the absence of tyrosine to tryptophan energy transfer, the tyrosine
contribution to the emission intensity at 350 nm will be negligible. Following
correction for inner-filter effects, 1 pM CCP (which contains 7 pM tryptophan) and 7
pM NATA exhibited the same fluorescence intensity in 8 M urea at pH 1.5. This

indicates that tyrosine to tryptophan energy transfer, which has a R, of ~14 A
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approaches zero efficiency in denatured CCP. Denatured alcohol dehydrogenase,
which possesses 6 tryptophans and 14 tyrosines, also showed zero energy transfer
while the efficiency was 70% in the native state.**' Hence, although CCP possesses
14 tyrosines, which are also likely endogenous donors, tyrosine loss is not expected to
affect the emission intensity at 350 nm.

To determine the extent of electron donation from tryptophan residues in
compound I and the 6:1 and 20:1 products, fluorescence intensities at 350 nm were
measured at various time intervals following oxidation. Enzyme activities, using both
ferrocytochrome ¢ and ferrocyanide as reducing substrates, were also measured at
similar time intervals just prior to denaturation to compare rates of fluorescence loss
with activity loss. CCP denaturation in 8 M urea at pH 1.5 occurs within the mixing
time (2 - 3 s) which should inhibit protein radical migration after sample addition to
urea. To probe radical migration to surface residues in oxidized CCP, the extent of
peroxide-induced intermolecular crosslinking was determined by SDS-PAGE. After
24 h, compound I and CCP oxidized with up to 20:1 H,0, give rise to stable decay
products.” Activities, H,0, titers, and further loss of tryptophan in the 24-h decay
products were examined to ascertain whether Trp191 was necessary for activity since
CCP(W191F) has only 0.03% activity.”? Amino acid analysis of compound I and the

20:1 product was reexamined here to compare tryptophan loss with fluorescence loss.

EXPERIMENTAL PROCEDURES
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Materials. Horse heart cytochrome ¢ (Type III), N-acetyltryptophanamide
(NATA) and guanidinium chloride were obtained from Sigma; ABTS [2,2’-azino-di-
(3-ethylbenzthiazoline-6-sulfonate)] was purchased from Boehringer Mannheim as the
diammonium salt, and analytical grade urea was purchased from Anachemia. All
chemicals were used without further purification. Distilled water (specific resistance
18 MQ cm) was prepared by a Barnstead Nanopure system. SDS-PAGE was
performed on 7.5% acrylamide gels using a Mini Protean II Electrophoresis Dual Slab
Cell and silver staining (Bio-Rad). Densitometer tracings of the gels were obtained on
a FisherBiotech transmission densitometer. Fluorescence and absorption measurements
were carried out on a Shimadzu Model RF 5000 spectrofluorometer and a Hewlett

Packard 8451A diode-array spectrophotometer, respectively.

H,0, Oxidation of CCP. A 5-pM CCP stock solution was prepared in 0.1 M
sodium phosphate buffer (pH 7.0) assuming €,5s = 98 mMcm™.* Stock H,0,
solutions (0.2-2 mM) were prepared in the same buffer and added to 5 pM CCP to
give the desired H,0,:CCP molar ratios. Formation of oxyferryl heme was followed

spectrophotometrically at 424 nm."*

Enzyme Activity of Oxidized CCP. Activity measurements using
ferrocytochrome ¢® or ferrocyanide® as reducing substrates were performed by
following substrate oxidation spectrophotometrically (ferrocytochrome c, Aggy, = 18

mM-'cm’’; ferrocyanide, Ag,,, = 1.0 mM'em™). Activities of H,0,-oxidized CCP
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species are reported relative to native CCP maintained under the same conditions.

H,0, Turnover and H,0, Titer of Oxidized CCP. ABTS (20 pM) oxidation as
monitored at 724 nm was used to determine the extent of H,0, turnover by CCP (5
pM) at various times. The 24-h decay products were titrated with H,0, and the
absorbance change at 424 nm monitored to determine the extent of oxyferryl heme

formation.

Relative Fluorescence. At various time intervals (15 s - 24 h) after the
addition of H,0, to 5 pM CCP in 0.1 M phosphate buffer (pH 7.0), protein samples
were diluted with urea to give a final concentration of 1 pM CCP in 8 M urea at pH
1.5. Following 280-mn excitation, fluorescence intensities were measured at 350 nm,
which is the emission maximum of CCP in urea. The Raman peak of water was
subtracted from all emission spectra, and inner-filter effects were correcte;d using the

formula: %

F = F, antilog[(A,, + A.p)/2] 4

where F is the corrected fluorescence intensity, F, the observed intensity, A, and A,
are the absorbances at the excitation and emission wavelengths, respectively. Relative
fluorescence intensities (%F) were calculated assuming %F = 100 for unoxidized CCP

maintained under the same conditions.
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SDS-PAGE of Protein Samples. Crosslinking of CCP following addition of 2,
6 and 20 equiv of H,0, was investigated by SDS-PAGE according to the published
procedure.?’ At various time intervals (15 s - 24 h) following addition of H,0,t0 5
pM CCP in 0.1 M phosphate buffer (pH 7.0), 10 pl of enzyme were added to 40 pl of
10% (w/v) SDS. Samples were allowed to stand in SDS for 30 min and heated 95
°C) for 5 min prior to loading 0.85 pg protein per sample on the gels which were
developed using silver staining. The percent monomer present in oxidized CCP
relative to unoxidized CCP was estimated by integration of the densitometer tracings

of the gels.

Amino Acid Analysis. Prior to amino acid analysis, 5 pM native CCP,
compound I and the 20:1 product were maintained at 22 °C for 24 h. Both base (8N
KOH at 110 °C for 14 h) and acid (4 N methanesulfonic acid at 110 °C for 14 h)
hydrolysis of the proteins was carried out, and the amino acid content of the products

was determined using standard procedures.”*

RESULTS

Relative Fluorescence. Quenching of native CCP emission by the heme is
eliminated in 8 M urea at pH 1.5. The fluorescence increase upon denaturation, which

is observed within the mixing time (2 - 3 s), is accompanied by a red-shift in emission
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maximum to 350 nm, characteristic of tryptophan exposure to an aqueous
environment.® Furthermore, after correcting for inner filter effects (eq 4), 1 pM CCP,
which contains 7 pM tryptophan, and 7 pM NATA exhibited the same fluorescence
intensity in 8 M urea at pH 1.5. This is consistent with zero tyrosine to tryptophan
energy transfer and zero heme quenching under these conditions. In 8 M urea at pH 7
residual quenching by the heme was still observed, and the sharp Soret absorption (not
shown) indicated that the heme is still coordinated to the CCP polypeptide. It is also
of interest that tyrosine emission at 303 nm was not observed for denatured CCP on
excitation at 275 nm, the tyrosine absorption maximum.

In phosphate buffer (pH 7.0) both CCP and compound I exhibit emission
maxima at 325 + 2 nm and the 109% relative fluorescence of the latter can be
accounted for by red-shifting of the Soret on compound I formation."” In contrast,
denatured compound I has 90 + 4% relative fluorescence in 8 M urea (Figure 4.1),
indicating loss of emission from 0.7 £ 0.2 of the 7 tryptophans in the protein.
Addition of 1 reducing equivalent (ascorbate) before denaturation increased the relative
fluorescence to 98 + 1%, and the addition of a second reducing equivalent resulted in
no further increase in fluorescence. Presumably the amino acid radical (X') is reduced
before the heme since 1 reducing equivalent did not shift the Scoret from the 420-nm
maximum for compound I, but a shift to 408 nm, characteristic of ferric CCP, was
observed on addition of two reducing equivalents. When 20-fold excess H,O, was
added to CCP 15 s prior to denaturation, the relative fluorescence in 8 M urea was 86

+ 3%, indicating that only 1.0 £ 0.2 tryptophan was oxidized in this short time
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interval. However, within 5 min, the relative fluorescence had decreased to 75%
revealing loss of a second tryptophan whereas the relative fluorescence of compound I

remained at 90%. Figure 4.2 summarizes the fluorescence intensities at 350 nm
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Figure 4.1  Relative fluorescence of 1 pM CCP (open circles) and compound I

(closed circles) in 8 M urea at 22 °C on excitation at 280 nm. Slits, 5 nm; scan rate

104 nm/min. Data points are the corrected (eq 4) relative fluorescence intensities, %F.
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following denaturation of CCP at various intervals after addition of 2, 6 and 20 equiv
of H,0,. Assuming an equal contribution from each of the seven tryptophans, the
decrease in fluorescence was converted to the number of tryptophans lost. Clearly this
number increases with time and the amount of H,0, added, and ~3 tryptophans are lost
in the 20:1 24-h decay product. Essentially identical results (data not shown) were
obtained in 6.4 M guanidinium chloride at pH 7.0 but samples in 8 M urea at pH 7.0
were less fluorescent due to heme association with the polypeptide under these

conditions.

Enzyme Activity of Oxidized CCP. Activities using ferrocytochrome ¢ and
ferrocyanide as reducing substrates are shown in panels B and C, respectively, of
Figure 4.2. Within 15 s of oxidation, 2 85% activity was observed for all samples
with both substrates, but the activities of the 6:1 and 20:1 products rapidly decreased
in € 20 min. Activities of all samples further decreased over 24 h, and the residual

activities using both substrates are listed in Table 4.1.

H,0, Turnover and H,0, Titer of Oxidized CCP. Compound I formed within
the mixing time, and addition of ABTS to the CCP-peroxide samples showed that the
turnover at pH 7.0 of 6 and 20 equiv of H,0, was complete within 5 and 20 min,
respectively. Using the relative absorbance change at 424 nm (the maximum in the
ferric and oxyferryl CCP difference spectrum), the 24-h decay products were titrated

with H,0, to determine the extent of their ability to re-form oxyferryl heme, and the
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Figure 42 (A) Fluorescence intensities at 350 nm of 1 pM H,0,-oxidized CCP in 8
M urea, pH 1.5. CCP (5 pM) was reacted with H,O, in 0.1 M phosphate buffer, pH 7.0,
and diluted with urea at various times after addition of H,0,. 2:1 H,0,:CCP (compound
I), circles; 6:1 H,0,:CCP, triangles; and 20:1 H,0,:CCP, squares. Data points are the
averages of 4 measurements. See Figure 4.1 for experimental conditions. (B)
Ferrocytochrome ¢ and (C) ferrocyanide activities in 0.1 M phosphate buffer, pH 7.0,

relative to native CCP of the samples in (A) just prior to denaturation.
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Table 4.1 Properties of the 24-h Decay Products of H,0,-Oxidized CCP*

property (%)° 2 equiv H,0, 6 equiv H,0, 20 equiv H,0,

H,0, titer 74 +5 58+2 18 + 0.4

monomer® 93 78 77

cyt ¢ act.® 733 47 £ 2 163

Fe(CN)¢* act.® 76 £ 3 502 13£2

Trp loss ~0.6 0 0

. CCP (5aM) was oxidized with 2, 6 and 20 equiv of H,0, in 0.1 M phosphate

buffer, pH 7.0 and properties measured 24 h after oxidation.

b Relative to unoxidized CCP maintained under the same conditions.

€ From H,O, titrations (see text).

d From Table 4.2.

¢ Activities from Figure 4.2B and C.

t Tryptophan loss at 15 s following addition of 2 equiv of H,0, to the decay
products. The loss was estimated from the change in fluorescence of the decay

products in 8 M urea (pH 1.5) before and after addition of H,O, (see text).
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H,0, titers are also listed in Table 4.1. Ag,,, for the decay products is the same as

that for native CCP as reported previously for titrations at pH 8.*4

Soret Absorption. Ferric CCP and compound I exhibit Soret maxima at 408
and 420 nm, respectively (Figure 4.3A). The broad Soret absorption bands observed
immediately following addition of ferric CCP, compound I and free hemin to 8 M urea
at pH 1.5 are essentially identical (Figure 4.3B). This suggests that the three hemes
are in a similar environment and have the same iron coordination and oxidation states.
Hence, the protein-bound ferric and oxyferryl hemes are released and the latter is

rapidly reduced upon denaturation at pH 1.5.

SDS-Page of Protein Samples. Table 4.2 summarizes the percent monomer in
H,0,-oxidized CCP at pH 7.0. Gels of compound I and its 24-h decay product
showed that essentially all the protein is monomeric whereas the monomeric content of
the 6:1 and 20:1 24-h decay products has decreased to ~78%. These results are in
marked contrast to those reported previously for CCP oxidized at pH 4.5 using 2 10-
fold higher protein concentrations®* where 75, 25 and 0% monomer were observed
for the 2:1, 6:1 and 20:1 products, respectively. The significantly higher monomer
content observed here is probably due in part to the lower protein concentrations used
in this study, but may also arise from the pH dependence of the decay pathways since

oxidation of CCP at low and high pH produced different products.'®
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Figure 4.3 Soret absorption of ferric CCP (solid line) and compound I (dashed
line). (A) 5 pM protein in 0.1 M phosphate, pH 7.0; (B) 1 pM protein in 8 M urea,

pH 1.5. The dotted line in (B) is the absorption of 0.44 pM hemin.
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Amino Analysis of Oxidized CCP. The amino acid composition of CCP and the
compound I decay product showed no significant differences but the 20:1 decay
product had 2.4 + 0.3 less tyrosines and 1.7 1 0.2 less tryptophans than native CCP, in
reasonable agreement with the loss of 3.4 tyrosines and 0.6 tryptophan (alkaline
hydrolysis) reported previously at pH 7.'® Thus, compared to the fluorescence
measurements, amino acid analysis underestimates tryptophan loss in compound I and
the higher oxidized forms of CCP, which may be due to the problems encountered in

tryptophan determination.”

DISCUSSION

Compound I exhibits 90 + 4% fluorescence at 350 nm relative to unoxidized
CCP in 8 M urea at pH 1.5. This corresponds to the loss of 0.7 £ 0.2 tryptophan and
supports the assignment of the radical site (X', eq 1) to a tryptophan residue.'? The
uncertainty in tryptophan loss may be due to reduction of the radical by trace
impurities in the urea so that the value of 0.7 may in fact be a lower limit. Upon
denaturation, compound II (eq 2) which stores its single oxidizing equivalent as
Fe=0 at pH 7*' shows 98 + 1% relative fluorescence; hence, most of the observed
fluorescence loss in compound I is due to radical formation and not to the rapid
reduction of the FeV=0 heme in urea (Figure 4.3B). Reduction of compound II to

ferric CCP before denaturation had no further effect on the fluorescence in 8 M urea.

144



Table 4.2 Percent Monomer in H,0,-Oxidized CCP Samples*

% Monomer®
time 2 equiv H,0, 6 equiv H,0, 20 equiv H,0,
ls 100 93 95
5 min 100 88 83
1h 100 89 79
24 h 93 78 67

CCP (5pM) was oxidized with 2, 6 and 20 equiv of H,0, in 0.1 M phosphate
buffer, pH 7.0 and denatured at the times indicated.
Percent monomer relative to unoxidized CCP as estimated by integration of

densitometer tracings of the gels.
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CCP species oxidized with 6 and 20 equiv of H,O, prior to denaturation are
significantly less fluorescent than compound I (Figure 4.2A), and loss of 2.8 £ 04
tryptophans is observed for the 20:1 24-h decay product. An examination of the 3-D
structure of CCP shows a ring of aromatic residues on the proximal side that could
channel charge to the heme.!® There are three tyrosines (187, 229, 236) within 5 A of
Trp191 and a pair of tryptophans (211, 223) within 6-9 A (Figure 4.4). Oxidation of
these residues would be consistent with the fluorescence data (Figure 4.2A) and the
amino acid analyses which indicated loss of ~3 tyrosines over 24 h in the 20:1 decay
product. Figure 4.2A shows that tryptophan loss is greatest within the 20 min
following H,O, addition to CCP, which mirrors the rate of peroxide turnover by CCP;
6 equiv are reduced per mol of enzyme in < 5 min and 20 equiv in < 20 min. The
further loss of ~0.5 tryptophan indicates that charge migration occurs in the polypeptide
over the period from 1 to 24 h.

Decay of compound I over 24 h clearly does not restore tryptophan
fluorescence to 100% (Figure 4.2A); thus, a stable oxidation product of Trp191 or a
neighboring tryptophan must be formed during the decay process. Since the 24-h
decay product of compound I exhibits 73% ferrocytochrome ¢ oxidizing activity,
irreversible oxidation of Trp191 would be surprising considering that CCP(W191F)
has only 0.03% activity.”? However, titration with H,0, regenerates the spectrum of
compound I and leads to the immediate loss of 0.6 tryptophan (T: able 4.1), suggesting
that the second oxidizing equivalent (X, eq 1) may also be located mainly on Trp191

in the decay product. H,O, titration of the 6:1 and 20:1 24-h decay products, on the
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Figure 44  Locations of the three tryptophans (191, 211, 223) and three tyrosines

R
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O

(187, 229, 236) relative to the heme and proximal His175 of CCP. This molecular
graphics image was adapted from Figure 6 of Edwards et al. (1987)'° and produced
using the MidasPlus software system from the Computer Graphics Laboratory,

University of California, San Francisco.*
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other hand, results in no further oxidation of tryptophan, precluding radical formation
on Trp191. Since these species retain 47 and 16% ferrocytochrome ¢ oxidizing
activity, respectively (Table 4.1), radical formation on Trp191 must not be necessary
for high ferrocytochrome ¢ tumnover; this is contrary to expectation considering the
negligible ferrocytochrome ¢ oxidizing activity of CCP(W191F). Clearly, a stopped-
flow investigation of the reaction between H,0, and the decay products would be of
interest, particularly since transient porphyrin radical formation was observed for
CCP(W191F).}

The fluorescence loss in H,0,-oxidized CCP parallels the dependence of
activity on H,0,:CCP ratios and time (Figure 4.2), indicating that tryptophan and
activity loss occur on similar time scales. Within 15 s of H,0, addition, 2 85%
activity is observed for all the samples but, like the fluorescence, the activity of the
6:1 and 20:1 products decreases significantly over the 20 min period required for
reduction of 20 equiv of H,0, by the enzyme. In all samples activity loss continued
over 24 h, as well as the loss of monomer due to protein cross linking (Table 4.1).
This is further evidence of charge migration in the polypeptide, which resuits in the
loss of ~ 0.5 additional tryptophan. Both the ferrocytochrome ¢ and ferrocyanide
oxidizing activities of the 24-h decay products are the same, within experimental error,
as the H,0, titers (Table 4.1), which was found previously at pH 8.0'; thus, activity
loss at pH 7.0 is due to the reduced capacity of the enzyme to react with H,0,.

The fluorescence and activity data presented here on oxidized CCP underscore

the important role played by tryptophan residues in the redox chemistry of the enzyme.
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The loss of activity and H,0, titer with protein fluorescence indicates that tryptophan
residues are important in controlling the reactivity of CCP towards H,0,. Since ~3
tryptophan residues are lost during the endogenous reduction of peroxide and amino
acid analyses reveal loss of ~3 tyrosines, electron donation to H,O, via the heme from
the ring of aromatic residues shown in Figure 4.4 is a possibility as suggested
previously.'” HPLC peptide mapping coupled with fluorescence detection and
electrospray mass spectrometry are being used to unravel the specific aromatic
residues that act as endogenous donors to H,0,, and the role of Trp191 in CCP
activity.

This study demonstrates that steady-state fluorescence measurements under
denaturing conditions are a valuable probe of tryptophan loss in oxidized CCP. The
lack of significant fluorescence loss in CCP(W191F) compound I (Chapter 5) provides
convincing evidence for the validity of this approach. Amino acid analysis is a much
more time consuming, and much less accurate and less sensitive, method for
tryptophan determination than fluorescence intensity measurements. Furthermore, the
variation in EPR signalis following mutation of residues around Trp191 has
complicated the assignment of aromatic radicals in CCP mutants****; hence,
fluorescence measurements will be useful in distinguishing between tyrosine and

tryptophan radicals in these mutants.
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Addendum 1

A requirement in equating the oxidation of Trp residues in compound I and
H,0,-oxidized CCP with fluorescence loss is that conditions exist under which the
fluorescence quantum yield of CCP is 100% relative to the Trp standard, NATA. The
steady-state fluorescence spectra of CCP were recorded in 8 M urea as a function of
pH to determine whether 100% relative fluorescence can be obtained in denatured
CCP.

Stock CCP (5 pM) in 0.1 M sodium phosphate buffer (pH 7.0) was diluted
with stock (10 M) urea to give a final concentration of 1 pM CCP in 8 M urea. The
pH of the stock urea was varied between 7.0 and 1.5. Fluorescence was monitored as
described in Chapter 4, and the steady-state fluorescence intensity at 350 nm following
280-nm excitation of denatured 1 pM CCP (which contains 7 pM Trp), was compared
to that of 7 ptM NATA under identical conditions.

Table Al.l summarizes the relative fluorescence at 350 nm of denatured CCP
in 8 M urea as a function of pH. The data reveal that the relative fluorescence
intensity increases as the pH is decreased from 7.0 to 1.5. In 8 M urea at pH 7.0, the
relative fluorescence is ~ 67%, identical to that reported earlier [Fox, T., Ferreira-
Rajabi, L., Hill, B. C., & English, A. M. (1993) Biochemistry 32, 6938]. In 8 M urea
at pH 1.5, however, CCP exhibits 100% relative fluorescence.

The Soret absorption of CCP is sharp in 8 M urea at pH 7.0 but broad in 8 M

urea at pH 1.5 (Figure Al.1), and in both cases resembles that of free hemin under the
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Table AL.1 Relative Fluorescence of CCP in 8 M Urea vs pH

% Figy o of CCP*

pH A,; 280 nm A 295 nm
7.0 6655 6723
5.0 6505
4.0 6502
3.0 60.6
1.5 1001 101 £2
: Relative fluorescence intensity at 350 nm of 1 pM CCP in 8 M urea assuming

100% for 7 pM NATA under identical conditions.
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same conditions (Figures 2.4 and 4.3). However, the relative fluorescence intensity of

CCP is ~ 100% at pH 1.5 (Table Al.1). Moreover, the half-lives of unfolding of CCP

in 8 M urea at pH 7.0 (Chapter 2) and pH 1.5 are ~ 14 and 3 s, respectively, indicating
that low pH is more effective in rapidly disrupting the polypeptide and exposing the

Trp residues to the aqueous environment.

0.08 . . :

0.06

0.04

Absorbance

0.02

0.00 L 4 L
350 375 400 425. 450

Wavelength(nm)

Figure Al.1 Soret absorption of 1 pM CCP in 8 M urea at pH 7.0 (solid line) and

pH 1.5 (dashed line).
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In the absence of Tyr—Trp energy transfer, the Tyr contribution to the emission
intensity at 350 nm will be negligible [Lakowicz, J. R. (1983) in Principles of
Fluorescence Spectroscopy, Plenum, New York: NY]. Thus, in 8 M urea ar pH 135,
zero Tyr—Trp energy transfer and zero heme quenching is assumed to occur since the
relative fluorescence of CCP is 100% (Table Al.1) on either 280- or 295-nm
excitation. Therefore, the seven solvent exposed Trp residues in denarured CCP must
possess the same emission quantum yield, allowing fluorescence loss to be correlated

with Trp oxidation.
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CHAPTER §

REDOX ACTIVITY OF TRYPTOPHAN RESIDUES IN RECOMBINANT

CYTOCHROME ¢ PEROXIDASE AND ITS W51F AND WI191F MUTANTS

157



ABSTRACT

Tryptophan oxidation mediated via the heme was initiated by adding 2, 6 and
20 equivalents of H,0, to 5§ pM recombinant CCP (CCP(MI)) and its W51F and
W191F mutants at pH 7.0. Addition of the proteins to 8 M urea (pH 1.5) relieved
heme quenching of Trp fluorescence. CCPMI)-1, W51F-1, and W191F-1, the two-
electron oxidized species (Fe™=0,P™) formed on addition of 2 equivalents of H,0,,
exhibited decreased fluorescence relative to the Fe™ forms. Loss of 0.7 Trp in
CCPMI)-I and W51F-1, and 0.2 Trp in W191F-I implies that P~ is located on Trp191
in CCPQMI)-I and W51F-1. Spontaneous decay of the Fe™=0 hemes back to Fe'™,
followed by reaction with 2 more equivalents of H,0, after 24 h, resulted in a
combined loss of 2.7 (CCPMI)), 1.5 (W51F) and ~1 (W191F) Trp. Also, addition of 6
equivalents of H,0, to the resting Fe™ enzymes resulted in loss of ~2 Trps in CCP(MI)
but only ~1 in W51F and W191F, suggesting that Trp51 becomes redox active in
CCPMMI) when > 2 equivalents of H,0, are reduced. Addition of 20 equivalents of
H,O, resulted in a rotal loss of ~4, 2.5, and 2 Trp in CCP(MI), WS51F and W191F,
respectively. Activity loss largely paralleled Trp loss, and the residual activity of
CCP(MI) and W51F exposed to 20 equivalents of H,O, was § - 19%, while W191F
exhibited ~50% activity. SDS-PAGE analysis revealed that oxidized CCP(MI) and
W191F were 60 - 70% monomeric, and WS51F 27% monomeric following its reaction
with > 2 equivalents H,0,. Amino acid analyses confirmed Trp loss and also showed

significant Tyr, but not Met, loss in the oxidized proteins. Donors to the heme and
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pathways of electron migration are proposed based on the combined results.

INTRODUCTION

The identification of a Trp radical in yeast CCP-I was the first instance that a
Trp residue' was shown to play a redox-active role in an enzyme.> Recently, however,
a redox-active Trp has been identified in ribonucleotide reductase® and, in addition to
Trp, a number of other amino acid radicals, including tyrosyl, cysteinyl and glycyl
radicals are known to play catalytic roles in enzymatic reactions. Reversible redox
activity of protein residues involves the formation of one-electron oxidized free radical
species, which are stabilized by the surrounding polypeptide. Thus, a full
understanding of the use of protein free radicals in redox catalysis (free radical
enzymology) requires characterization of their storage sites, and elucidation of their
migration and quenching mechanisms in protein matrices.

The catalysis of two-electron redox chemistry by Fe™ heme centres necessitates
the generation of radical species. Hence, small plant and fungal heme peroxidases can
provide important insight into the reactivity of protein radicals in redox catalysis.
Binding of H,0, to the Fe™ jon in heme peroxidases (Fe™,P) results in heterolytic
cleavage of the O—O bond, and formation of a two-electron oxidized intermediate
(FeV=0,P™), termed compound I (eq. [1]). Reduction of the latter in one-electron

steps (egs. [2] and [3]) back to the resting enzyme occurs via formation of the one-
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electron oxidized intermediate (Fe™=0,P), termed compound IL

Fe™P + H,0, —» FeV=0,P* + H,0 (1]
Fe"=0,P* + l&¢ —» Fe™V=O,P [2]
FeV=O,P + le¢ +2H" — Fe",P + H,0 (3]

In most heme peroxidases P is a porphyrin n-cation radical, but a protein-
based radical is observed for CCP-1.>¢ Of the 7 Trps, Trp191, which is in van der
Waals contact with the heme (Fig. 1.10), has been identified as the redox-active amino
acid residue in CCP-I. The broad EPR signal characteristic of native CCP-I was not
observed in the spectrum of W191F-I,™® and this mutant also exhibited a transient
porphyrin radical on reaction with peroxide.” Trp51, which is only 4 A from the heme
(Fig. 1.10), was eliminated as the radical site since W51F-I exhibited EPR and
ENDOR spectra almost identical to those of CCP(MD)-L.

We have shown previously that steady-state protein fluorescence can be used o
probe the loss of Trp residues in H,0,-oxidized yeast CCP." Since heme is a highly
efficient quencher of CCP fluorescence,! protein denaturation in 8 M urea at pH 1.5 is
required to relieve quenching and allow fluorescence loss to be equated with Trp loss.
Furthermore, since denaturation of CCP occurs rapidly in 8 M urea, it is assumed that
radical migration does not occur during this process,' and that protein-based radicals
are converted to stable oxidation products on exposure to the solvent.

The fluorescence measurements are extended here to the recombinant enzyme
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(CCP(MI)) and two mutants, W51F and W191F, in which the Trp residues closest to
the heme are singly mutated to phenylalanine. In lignin peroxidase (LIP), where
Phe46 and Phel93 correspond to Trp51 and Trp191,'? P™ is a porphyrin x-cation
radical in compound L Since it is more difficult to oxidize the side chain of
phenylalanine than the indole side chain of Trp,"* the rapid transfer of oxidizing
equivalents from the porphyrin to a protein-based radical is presumably prevented in
LIP-1° Despite the Trp191 — Phe mutation, a porphyrin n-cation radical is only
transiently formed (t,, ~14 ms) in W191F-1° The porphyrin radical is transferred to the
protein, resulting in an EPR signal for W191F-I that has been assigned to a tyrosyl
radical.™® Hence, an examination of compound I of the two Trp — Phe mutants will
provide a test of the EPR data and also demonstrate if fluorescence measurements on
the denatured proteins can clearly distinguish between Trp and Tyr radicals.

In the absence of oxidizable substrates, CCP(MI)-I, W51F-I, and W191F-1
spontaneously decay to give products with absorption spectra similar to their resting
Fe™ forms. The half-life of the Fe™=0 heme in CCP(MD)-I and W191F-I is ~3 h," but
that of W51F-I is only ~ 3 - 4 5.!° EPR studies revealed that the protein radical signal
in yeast CCP-I decays on a slightly faster timescale than the Fe™=O center."”
However, a protein-based radical persists in W191F-I for only ~10 min,'® clearly
indicating that the FeV=0 heme is not reduced by the removal of a second electron
from the EPR-active species. To probe Trp loss due to the combined effects of
protein radical decay and endogenous electron transfer to the FeV=0 heme, the decay

products were examined by fluorescence at time intervals between 15sand 24 h
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following the addition of H,0,. Furthermore, the 24-h decay products were exposed to
another two oxidizing equivalents of H,O, and rapidly unfolded to see if Trp residues
were also electron donors in the decay products.

Millimolar H,0, readily oxidizes methionine residues in proteins but not
aromatic residues.'” However, yeast CCP reduces up to 20 equivalents of H,0, at
micromolar concentrations using endogenous donors on the polypeptide,? including ~ 3
Trps.’® A mechanism consistent with the reduction of 2 equivalents of H,0, by

compound I would be the following:

FeV,p* — FeP*Pp’ (4]

Fe™, PP, +H,0, — Fe¥=0,P*,P; P, +H,0 [5]

where P,” and P;" are additional protein-based radicals generated by the transfer of the
two oxidizing equivalents from peroxide via the heme to the polypeptide. Exposure to
6 and 20 equivalents of H,0, was undertaken to estimate the maximum number of Trp
donors in each of the mutants examined here. As carried out previously with yeast
wild-type CCP,'° amino acid analyses were performed to probe the loss of non-Trp
residues, and ferrocytochrome ¢ and ferrocyanide oxidizing activities were measured
just prior to denaturation to compare fluorescence loss with activity loss. H,0, titres
and the extent of radical-mediated intermolecular protein cross-linking were also
measured. Finally, interpretation of the combined data, in terms of possible sites of

protein-based free radical formation and possible radical and electron migration
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pathways, is attempted.

EXPERIMENTAL PROCEDURES

Materials. Wild-type recombinant cytochrome ¢ peroxidase (CCP(MI)) and its
WS 1F and W191F mutants, prepared as described,'® were generous gifts from Dr Mark
Miller (University of California, San Diego). Horse heart cytochrome ¢ (Type III), N-
acetyltryptophanamide (NATA) and guanidinium chloride were obtained from Sigma,
ABTS was purchased from Boehringer Mannheim as the diammonium salt, and
analytical grade urea was purchased from Anachemia. All chemicals were used
without further purification. Distilled water (specific resistance 18 MQ cm) was
prepared using a Barnstead Nanopure system. SDS-PAGE was performed on 7.5%
acrylamide gels using a Mini Protean II Electrophoresis Dual Slab Cell and silver
staining (Bio-Rad). Densitometer tracings of the gels were obtained on a
FisherBiotech transmission densitometer. Fluorescence and absorption measurements
were carried out on a Shimadzu Model RF 5000 spectrofluorometer and a Hewlett

Packard 8451A diode-array spectrophotometer, respectively.

H,0, Oxidation. Protein stock solutions of 5 pM were prepared in 0.1 M
sodium phosphate buffer (pH 7.0) using €, (mMM"cm™) values of 102 (CCP(MD)), 141

(W51F)* and 109 (W191F).*' Stock H,0, solutions (0.2 - 2 mM) were prepared in
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the same buffer and H,0, concentrations were determined spectrophotometrically by
monitoring the CCP-catalyzed oxidation of excess ABTS (Ag,,s = 36.8 mM-cm™).
Protein and H,O, stocks were mixed to give the desired ratios. Formation of Fe™=0

heme was followed spectrophotometrically at 424 nm."’

Enzyme Activities. Assay solutions contained 180 pM H,0,, 25 pM
ferrocytochrome ¢ or 20 mM ferrocyanide as reducing substrate and 25 nM native or
oxidized peroxidase in 0.1 M phosphate buffer (pH 7.0). Activity measurements were
performed by following substrate oxidation spectrophotometrically (ferrocytochrome c,
A, = 18 mM'cm! %; ferrocyanide, Ag,,o = 1.0 mMcm, ®%). Activities of the
H,0,-oxidized enzymes are reported relative to the unoxidized enzymes maintained

under the same conditions.

H,0, Turnover, H,0, Titres, SDS-PAGE and Amino Acid Analysis. ABTS (700
pM) oxidation was monitored at 724 nm to determine the time course and extent of
H,O, turnover by 5 pM enzyme. The 24-h decay products were titrated with H,O,
and the absorbance change at 424-nm monitored to determine the extent of Fe™=0
heme formation. Cross-linking of the proteins following addition of H,0O, was
investigated by SDS-PAGE,' and amino acid analysis were carried out as previously

described.'®

Relative Fluorescence. At various time intervals (15 s - 24 h) after the
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addition of H,0, to 5 pM protein in 0.1 M phosphate buffer (pH 7.0), the samples
were diluted with urea to give a final concentration of 1 pM protein in 8 M urea at
pH 1.5. Following 280-mn excitation, fluorescence intensities were measured at 350
nm, which is the emission maximum of CCP in urea.!’ The Raman peak of water was
subtracted from all emission spectra, and inner-filter effects were corrected using the

formula:®

F = Fo antilog[(A,, + A)/2] 6

where F is the corrected fluorescence intensity, Fo the observed intensity, A,, and A,
are the absorbances at the excitation and emission wavelengths, respectively. Relative
fluorescence intensities (%F) were calculated assuming %F = 100 for unoxidized

protein maintained under the same conditions.

RESULTS

Relative Fluorescence. The fluorescence increase, observed within the mixing
time (2 - 3 s) upon denaturation of CCP(MI), WS1F and W191F in urea, is
accompanied by a red-shift in emission maximum to 350 nm, characteristic of Trp
exposure to the aqueous environment.!! After correcting for inner-filter effects (eq.

[6]), the proteins exhibit fluorescence intensities in 8 M urea at pH 1.5 equal to that of
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Trp model compound NATA, indicating that each of the 6 or 7 Trp residues in the
denatured proteins possess the same fluorescence quantum yield as NATA." Heme
quenching is totally eliminated under these conditions due to dissociation of the heme
from the polypeptide as evidenced by the appearance of free-heme spectra.'’

Figure 5.1A summarizes the fluorescence intensities at 350 nm following
denaturation of CCP(MI) at various time intervals after the addition of 2, 6, and 20
equivalents of H,0,. Addition of CCP(MI)-I to 8 M urea at pH 1.5 reveals loss of
fluorescence due to heme-mediated Trp oxidation by H,0,." CCP(MI)-I formed 15 s
prior to denaturation retains 91 + 3% fluorescence relative to resting CCP(MI), which
corresponds to the oxidation of 0.7 + 0.2 Trp residues. In the 24-h decay of
CCPMI)-I the number of Trps lost increases to 1.4 + 0.2. Addition of 6 equivalents
of H,0, to CCP(MI) 15 s and 5 min prior to denaturation resulted in loss of ~1 and 2
Trps, and when 20 equivalents of H,0, were added for the same time intervals, ~1 and
3 Trps were oxidized; this increased to a total of ~ 4 when the 20:1 sample was
denatured after 24 h. Clearly, the number of Trps oxidized increases with time and
the amount of H,0, added. Addition of aliquots of the CCP(MI)-H,O, mixtures to an
ABTS solution indicated that 3 H,O, were turned over in ~1 min and 10 in ~ 5 min.

Upon denaturation 15 s following its generation, W51F-1 exhibits 89 + 1%
relative fluorescence in 8 M urea (pH 1.5), indicating loss of 0.7 + 0.1 Trps out of a
total of 6. Samples of W51F-I denatured over 24 h exhibit loss of 1.0 - 1.3 Trps, and
addition of 6 equivalents of H,0, to W51F resulted in oxidized species with

essentially the same fluorescence vs time profile as W51F-I (Fig. 5.1B). The
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Figure 5.1 Relative fluorescence intensities at 350 nm of 1 pM H,0O,-oxidized
protein in 8 M urea (pH 1.5) at 22 °C. § pM protein was reacted with H,0, in 0.1 M
phosphate buffer, pH 7.0, and diluted with urea at various times after addition of
H,0,. Circles, 2 equivalents of H,0, added (compound I); triangles, 6 equivalents of
H,0, added; squares, 20 equivalents of H,0O, added. Data points are the corrected (eq.
[6]) relative fluorescence intensities (%F) and represent the averages of 4
measurements. (A) CCP(MI), (B) W51F and (C) W191F. Experimental conditions:

280-nm excitation; slits, S nm; scan rate 104 nm/min.
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fluorescence loss 15 s after the addition of 20 equivalents of H,0, to WS1F reveals
the immediate loss of ~1 Trp, and at longer times (2 5 min), a total loss of ~ 2.5 Trps is
observed (Fig. 5.1B).

W191F-I and its 24-h decay product retain 96 - 97% relative fluorescence in 8
M urea (pH 1.5), indicating oxidation of only ~ 0.2 Trp (Fig. 5.1C). The 6:1 and 20:1
W191F samples lose Trp slowly over time, resulting in the oxidation of ~ 1 and 2 Trps,
respectively in their 24-h decay products (Fig. 5.1C). Addition of aliquots of the
W191F-H,0, mixtures to an ABTS solution indicated that 3 H,0O, were turned over in

~1 min and 10 in ~ 30 min.

Enzyme Activities. Using ferrocyiochromc c as reducing substrate, the activities
of CCP(MI) and WS5IF are shown in Fig. 5.2. CCPMI)-I and WS1F-I formed 15 s
before commencing the assays exhibit ~ 96% ferrocytochrome ¢ oxidizing activity, but
this is reduced to 60 - 70% in the 24-h decay products. Preincubation for 5 - 10 min
with 6 equivalents of H,O, further reduces the activity to 50 - 55%, and exposure to
20 equivalents results in 5% activity in WS1F and ~19% activity in CCP(MI) (Fig. 5.2
and Table 5.1). W191F has negligible ferrocytochrome oxidizing activity because the
presence of Trp191 is necessary for rapid reduction of the heme by ferrocytochrome

c.lB

Ferrocyanide oxidizing activities of CCP(MI), W51F and W191F as a function
of preincubation time with 2 - 20 equivalents of H,0, are summarized in Fig. 5.3.

The overall dependence of activity on the number of oxidizing equivalents added and
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on preincubation time is similar to that shown in Fig. 5.2. CCP(MI) and W51F shows
similar activity vs preincubation time profiles except that the 6:1 W51F samples lose
activity more slowly than the corresponding CCP(MI) samples. The loss in
ferrocyanide oxidizing activity of the W191F samples preincubated for only 15 s with
H,0, is comparable to that of the other mutants; however, W191F retains considerably
greater activity after 24 h, with the 2:1, 6:1 and 20:1 samples exhibiting 86, 77 and

53% activity, respectively, compared to 55%, 25% and 9% for CCP(MI) (Table 5.1).

H,0, Titres. Using the relative absorbance change at 424 nm (the maximum in
the difference spectrum of the Fe™ and Fe™=O forms), the 24-h decay products of
oxidized CCP(MI) and W191F were titrated with H,O, to determine the extent of their
ability to reform Fe™=0 heme (reaction [1]). The decay products of W191F possess
the highest titres, and these match the ferrocyanide oxidizing activities closely (Table
5.1). There is also a good correspondence between the titres and ferrocytochrome ¢
oxidizing activities for CCP(MI), but its ferrocyanide oxidizing activities are
significantly lower (Table 5.1). The instability of the Fe™V=O heme of W5IF (1, ~ 3-4
s) prevented measurement of its titre; nonetheless, the decay products of this mutant

exhibit comparable activity to CCP(MI) with both reducing substrates (Table 5.1).

SDS-PAGE. Table 5.2 summarizes the percent monomer in the H,0,-oxidized
enzymes at pH 7.0. Gels of CCP(MI)-I and its 24-h decay product showed no

polymerized protein, whereas the monomeric content of the 6:1 and 20:1 24-h decay
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Figure 5.3  Ferrocyanide oxidizing activities relative to unoxidized protein in 0.1 M
phosphate buffer (pH 7.0) of the (A) CCP(MI), (B) W51F and (C) W191F samples in

Fig. 5.1 just prior to denaturation.
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products is 60 - 70%. WS51F-I gives rise to 85% monomeric protein when denatured
within 15 s, but the monomeric content of its decay product is reduced to 60% within
2 1 h. The 6:1 and 20:1 WS51F samples show extensive polymerization, with a
monomer content of < 28% after 24 h. The percent monomer in oxidized W191F falls
within the narrow range of 60 - 80% for all samples (Table 5.2), with the remainder

forming dimeric forms exclusively, in agreement with published results."

Amino Acid Analyses. Analyses of the 24-h decay products of CCP(MI) and
W191F were carried out (insufficient W51F was available for these analyses). For
both proteins the Trp loss was in good agreement with that observed by fluorescence.
Loss of 0.7, 1.5, and 4.4 Tyr was observed for the 2:1, 6:1, and 20:1 decay products
of CCP(MI), and the 20:1 product also lost 0.8 Met but 0 Cys. The corresponding Tyr
losses for W191F were 1.5, 2.0, and 3.8, but no peroxide-induced loss of Met or Cys
was observed for this mutant. Although the side chains of Met and Cys residues are
readily oxidized, the amino acid analyses suggest that the endogenous donors to the
heme are largely Trp and Tyr residues, rather than Met residues (Fig. 1.10) or the

single Cys residue in CCP.

DISCUSSION

CCPMI)-I exhibits 91 £ 3% fluorescence at 350 nm relative to unoxidized
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CCPMI) in 8 M urea at pH 1.5, corresponding to the loss of 0.7 £ 0.2 Trp. This
result is the same as that observed for yeast wild-type CCP," and supports the
assignment of Trp191 as the redox-active residue in CCP-I and CCP(MI)-1.! W51F-I
exhibits the same Trp loss (0.7 £ 0.1) as CCP(MI)-I, but the fluorescence loss in
denatured W191F-I is negligible (Fig. 5.1C). These results are consistent with the
assignment of the EPR signals to a tyrosyl radical in W191F-I and an indoly! radical
in W51F-1,"® and confirm that Tyr- and Trp-based radicals can be distinguished by the
fluorescence method employed here.

Dissipation of the oxidizing equivalent (Fe™=0,P™*) stored in compound I
increases the Trp loss in CCPQMI)-I and W51F-I to ~1.4. The Fe™ heme of the decay
products reacts rapidly with H,O,, and this leads to the immediate loss of 1.3, 0.5, and
0.7 extra Trps in CCP(MI), W51F and W191F (Table 5.1), corresponding to a
combined loss of 2.7, 1.5, and 0.9 Trps, respectively. Oxidation of Trp51 on addition
of H,0, to the decay product of CCP(MI)-I is likely since Trp51 — Phe mutation
significantly decreases Trp oxidation on the addition of H,0, to the decay product of
WS51F-1. TrpS51 is also a possible electron donor in the 24-h decay product of W191F-
I given that reaction with H,0, results in the loss of ~0.7 Trp (Table 5.1).

Addition of 6 equivalents of H,0, to the resting enzymes prior to denaturation
results in the loss of ~2 Trps in CCP(MI) and ~1 in each of the mutants (Fig. 5.1). This
provides further evidence that oxidizing equivalents generated at the heme are
transferred to Trp191 and TrpS1 in CCP(MI) by a mechanism such as that given in

eqs. [4] and [S]. The ABTS results reveal that CCP(MI) and W191F turn over 6
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equivalents of H,0, in less than 1 min, and the amino acid analyses show loss of 1.5
and 2 Tyr residues in CCP(MI) and W191F, respectively, in addition to the Trps
oxidized in these proteins. To reduce 6 equivalents of H,O, would require that three
oxidized aromatic residues act as two-electron donors. However, additional donors
may have gone undetected, given the experimental errors associated with amino acid
analyses and the fluorescence measurements (see error bars in Fig. 5.1). LC-MS
characterization of the oxidized proteins using an electrospray source is under way to
determine the nature and location of the modified residues.

After standing for 24 h, the 6:1 decay products were reacted with more H,O,.
The results revealed that an additional Trp was oxidized in CCP(MI) (Table 5.1), to
give a combined loss of > 3 Trps. No extra Trps were oxidized in the mutants (Table
5.1), where only one Trp was initially oxidized (Fig. 5.1). Thus, both Trp191 — Phe
and Trp51 — Phe mutation must shut down pathways of endogenous electron transfer
to the heme that access redox-active Trp residues in the wild-type enzyme.

Following exposure to 20 equivalents of H,O, a maximum Trp loss of ~4, 2.5,
and 2 is observed for CCP(MI), W51F and W191F, respectively (Fig. 5.1). Amino
acid analysis shows that ~4 Tyr residues were lost in both CCP(MI) and W191F, and ~1
Met in CCP(MI), and the ABTS results reveal that the 20 equivalents of H,0, are
turned over by CCP(MI) and W191F in 5 and 30 min, respectively. Thus, in the
absence of catalatic activity (2H,0, — O, + 2H,0), 20 electrons would have to be
transferred to peroxide via the heme. Two-clectron oxidation of the 9 residues found

to be lost in CCP(MI) would supply 18 electrons, but only 12 electrons would be
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available from the 6 residues lost in W191F. It has been shown previously that yeast
wild-type CCP can turn over 20 equivalents of H,O, with no detectable oxygen
evolution, which eliminates turnover via catalatic activity.?® It is possible that
CCP(MI) also turns over 20 equivalents of H,0, by utilizing endogenous donors, but
this is less likely for W191F, and possible catalatic activity of this mutant is under
investigation. It is noteworthy that an extra Trp is oxidized in the 20:1 decay product
of CCP(MI) compared to the yeast enzyme'®; furthermore, CCP(MI) turns over 20
equivalents of H,O, almost five times faster than yeast CCP.!* Hence, despite the very
similar X-ray structures of the two wild-type proteins,? they may not utilize a
common set of pathways for endogenous electron donation to the heme.

Oxidation of amino acid residues significantly reduces the ability of CCP(MI),
and that of W191F to a lesser extent, to undergo reaction with H,O, (eq. [1]). This is
reflected in the H,O, titres of the 24-h decay products listed in Table 5.1. Since one
of the oxidizing equivalents of peroxide is transferred to the protein in reaction [1],
depletion of endogenous donors around the heme (Fig. 1.10) may inhibit further
reaction with peroxide. In addition, oxidation of the distal His52 could prevent
FeV=0 formation, since this residue plays a key role in the heterolytic cleavage of
peroxide, and His52 — Leu mutation results in a 10°-fold decrease in the rate of
reaction [1].7*® Amino acid analysis shows loss of 0.3 - 0.6 His in the decay products
of CCP(MI) and 0.1 - 0.4 His in those of W191F. Thus, the slightly greater His loss
in the wild-type enzyme, coupled with the greater loss of redox-active aromatic

residues, may account for the lower H,0, titres of the CCP(MI) decay products.
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The ferrocytochrome ¢ oxidizing activities of the 24-h decay products of
CCPMI), and the ferrocyanide oxidizing activities of the W191F products are similar
to their H,0, titres (Table 5.1). Hence, the decreased activities of these species can be
attributed to the same factors that prevent Fe™V=0 heme formation. However, the
ferrocyanide oxidizing activities of the CCP(MI) decay products are ~16 - 20% lower
than the corresponding ferrocytochrome c oxidizing activities (Table 5.1), unlike
oxidized yeast CCP where both activities were found to be the same.' Ferrocyanide
and ferrocytochrome c are oxidized at different sites on CCP. The small molecule
diffuses up the peroxide-access channel and is oxidized at the 8-meso heme edge.””
Reconstitution of CCP with §-meso-substituted heme groups blocks ferrocyanide
oxidation and selectively inhibits the ferrocyanide oxidizing activity of the enzyme.”
Retardation of ferrocyanide oxidation would thus be possible by diminishing access to
the heme in the decay products by a mechanism such as radical-mediated
intramolecular cross-linking in the neighborhood of the substrate channel.

Oxidation of ferrocytochrome ¢ involves complex formation between the
proteins. A putative electron transfer path via Trp191 has been proposed based on the
X-ray structure of the CCP—<cyt ¢ complex,'®* in which the heme edges are separated
by at least 17 A.® It has been demonstrated that formation of an indolyl radical at
Trp191 is necessary for the efficient ferrocytochrome c¢ oxidizing activity of
CCPMI)."® Since Trp loss is observed for the three CCP(MI) decay products (Table
5.1), it is possible that Trp191 is not 100% irreversibly oxidized in the fractions with

ferrocytochrome ¢ oxidizing activity. However, it is also possible that new
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ferrocytochrome ¢ oxidation sites open up in the decay products, which do not require
that Trp191 remains unaltered.

A comparison of Figs. 5.1, 5.2, and 5.3 indicates that the time course of
activity loss is similar to that for fluorescence loss. Both change rapidly over the first
10 - 20 min, and then slowly over the next 24 h. Hence, fluorescence is a good probe
of the time course of other changes, in addition to Trp loss, induced in CCP(MI) and
its mutants following reaction with peroxide.

Table 5.2 summarizes the radical-mediated infermolecular cross-linking in
CCP(MI) and its mutants. The percent dimer observed in the oxidized W191F
samples falls within the range of 20 - 40% at all time intervals, irrespective of the
extent of H,0, turnover. ApproximatclyA 30% dimerization of W191F-I has been
reported previously,'® which is roughly the average of the values listed for this mutant
in Table 5.2. CCPMI) exhibits a similar amount of dimerization as W191F, and also
a small fraction of polymerization to higher molecular weight species, following the
loss of 2 or more Trps (exposure to 6 equivalents of H,O, for 2 5 min). The reaction
of metmyoglobin with H,0, also produces protein-based radicals, and a Tyrl51-
Tyr151 intermolecular cross-link has been established in sperm whale myoglobin.*!
Tyrosine radicals readily dimerize, so the dityrosine bond in myoglobin is assumed to
arise from radical formation at Tyr151, which is 12 A from the heme. Peptide
mapping of the dimer formed in H,0,-oxidized yeast CCP indicated that an
intermolecular cross-link is localized between residues 32 and 48,”° a sequence that

includes Tyr36, Tyr39, and Tyr42. These three Tyr residues are highly solvent
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exposed and are within § - 14 A from the heme (Fig. 1.10); hence, cross-linking in
W191F and CCP(MI) is likely to involve dityrosine formation between these Tyr-rich
regions. It is of note that < 40% of oxidized CCP(MI) and W191F undergo cross-
linking (Table 5.2). This suggests that the radical migration pathway(s) leading to
cross-linking are shut down once alternate pathways are chosen, or that the proteins
are heterogeneous. Variation in the extent of post-translational processing of the N-
terminal Met*®> in CCP(MI) and its mutants has been detected by electrospray MS (G.
Tsaprailis, unpublished results), and the effects of such heterogeneity are under
investigation. WS51F-I exhibits similar cross-linking behavior to W191F-I (Table 5.2),
but on exposure to 6 equivalents of H,0,, extensive conversion to higher molecular
weight species is observed.

The fluorescence, activity, and cross-linking data presented here on oxidized
CCPMI) and its Trp mutants underscore the important role played by Trp residues in
the redox chemistry of the enzyme. Previously, we had suggested that a ring of
aromatic residues on the proximal side of the heme of yeast CCP act as donors to
peroxide'®; these residues include the 3 proximal Trps (191, 211, 223) and 3 Tyr
residues (187, 229, 236) (Fig. 1.10). The fluorescence results obtained here support
the loss of the 3 proximal Trps in recombinant CCP(MI), and the distal TrpS1 appears
to be also oxidized on addition of more than 2 equivalents of H,0O, to CCP(MI), as
discussed previously. At least 4 Tyr residues are oxidized in CCP(MI) and these
could include three from the proximal side, and one from sequence 32 - 48, which is

likely to be involved in intramolecular cross-linking.
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Mutation of Trp191 — Phe results in immediate cross-linking on W191F-I
formation. Thus, electron transfer from a Tyr residue in sequence 32 - 48 to the
porphyrin is likely to occur in W191F-L Since Trp loss is observed following addition
of > 2 equivalents of H,0, to W191F, oxidation of Trp51 may follow that of the
initial Tyr. It is difficult to speculate on the identity of the remaining Tyr and Trp
residues oxidized in W191F; however, their oxidation does not lead to further cross-
linking of the protein.

Mutation of Trp51 — Phe gives rise to a protein that undergoes extensive cross-
linking following addition of > 2 equivalents of H,0,. Loss of 1 Trp on denaturation
of W31F-I suggests than Trp191 is the first protein-based radical formed, but
formation and dissipation of additional protein radicals in this mutant results in over
70% polymerization of the protein.

The ability of CCP to reduce more than 2 equivalents of H,O, in the absence
of its donor substrate may be important under conditions of oxidative stress in yeast.*
Another of CCP’s proposed functions is the regulation of mitochondrial respiration
rates by controlling the flow of reducing equivalents to cytochrome ¢ oxidase, which
CCP does by competing for the same reducing substrate, ferrocytochrome ¢.* To
carry out both of these functions, the presence of Trp51 and Trp191 is critical.
Mutation of the former results in an enzyme that undergoes extensive cross-linking,
presumably due to radical migration to its surface. Exposed radicals in vivo would
lead to damage of other cellular components. Removal of Trp191 leads to a "well-

behaved” mutant, but one with negligible ferrocytochrome ¢ oxidizing activity.
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CHAPTER 6

MECHANISTIC INSIGHTS FROM MASS SPECTRAL ANALYSIS INTO THE

ANTIOXIDANT PROPERTIES OF YEAST CYTOCHROME ¢ PEROXIDASE
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All aerobic organisms produce hazardous reactive oxygen species such as
hydrogen peroxide (H,0,).! Catalase and glutathione peroxidase (GPx) are generally
recognized as the major enzymes involved in the enzymatic detoxification of H,0,.
However, not all aerobes possess catalase activity nor can all utilize glutathione for the
enzymatic catabolism of H,0,, suggesting that other enzymes must play a role in
protecting specific organisms against H,0, cytotoxicity. Cytochrome ¢ peroxidase
(CcP), which was first reported in yeast,' is one such enzyme. Recently, it has been
proposed that CcP may represent a major antioxidant enzyme in certain parasites such
as the trematode Schistosoma mansoni® and the nematode Brugia malayi.*> The
reported resistance of adult S. mansoni worms to H,0,-mediated killing in vitro, and
presumably also in vivo, is attributed to the presence of CcP and GPx in the worms’

since catalase is absent.’

The catalysis of two-electron redox chemistry such as H,O, + 2H' +2¢" —

2H,0 by Fe™ heme centres necessitates the generation of radical species. Binding of
H,0, to ferric heme peroxidases (Fe™,P) results in heterolytic cleavage of the O-O
bond, and formation of a two-electron oxidized intermediate (Fe™V=0,P™), termed

compound I (eq 1). Reduction of the latter in one-electron steps (eqs 2 & 3) back to

' This Chapter has been formatted to comply with the guidelines outlined in Science.
The structure of this Chapter is therefore different from that of Chapters 2 to 3.
Furthermore, the experimental procedures in this chapter appear in the body of the figure

captions rather than as a separate subsection.
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the resting enzyme occurs via formation of the one-electron oxidized intermediate

(Fe™=0,P), termed compound II.

Fe™P + H,0, - FeV=0,F" + H,0 (1)
FeV=0P" + le¢ — FeV=0P 2
FeV=0P + le¢ + 2H" — FeUP + H,0 3)

In most heme peroxidases P™ is a porphyrin n-cation radical,%’ but a protein-
based radical on Trpl191, which is in van der Waals contact with the heme, is observed
for yeast CcP (YCcP) compound I.%° This was the first instance that a Trp residue
was shown to play a redox-active role in an enzyme,'* and the X-ray structure of the
complex between recombinant YCcP [CcP(MI)] and cytochrome ¢ reveals that the
latter is bound at the surface of CcP(MI) to maximize electron transfer to the Trp191
radical following reduction of H,0,.!! To date, YCcP is the only known monoheme
peroxidase with ferrocytochrome ¢ oxidizing ability.

Over 20 years ago it was reported that YCcP can reduce up to 20 equivalents
of H,0O, in the absence of a reducing substrate by using endogenous donors on its
polypeptide.’> No evolution of O, was detected which eliminated the possibility of
catalatic activity (2H,0, — O, + 2H,0) and, since apoYCcP does not reduce H,0,
under the same conditions, reduction must be mediated via the heme. A mechanism

consistent with the reduction of 2 equivalents of H,0O, by compound I is the following:
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FeV=0P™* + 2H* — FeoP* P, +H,0 @)

Fe.P*P, + H,0, - Fe“=0F™"P, P, + H,O (5)

Electron transfer to the Fe™=0 heme results in formation of P,” in eq (4), and reaction
of H,0, with the newly-formed Fe™ heme leads to the generation of an additional
protein-based radical (P,) as shown in eq 5. YCcP can undergo reactions 4 and 5
until ~20 equivalents of H,0, are reduced before destruction of the heme becomes
apparent.'?

Figure 6.1 reveals that a number of readily oxidizable residues (Tyr, Trp, Met)
surround the heme in YCcP. Previously, we have shown by protein fluorescence and
amino acid analysis that multiple Tyr and Trp residues are lost in H,0,-oxidized
YCcP,”? in CcP(MI) and in mutants (W51F and W191F) where the Trp residues
closest to the heme (Figure 6.1) are singly mutated to Phe."* The affect of oxidation
on the residual activity and the extent of radical-mediated intermolecular crosslinking

in CcP(MI) and its mutants was reported.

H,0,-MEDIATED CROSSLINKING

Table 6.1 summarizes the radical-mediated infermolecular dimerization of
CcPMI) and its mutants. No dimerization of oxidized CcP(MI) is observed within 1
h unless the enzyme is exposed to >2 equivalents of H,0,, which results in ~30%

homodimer formation. The percent homodimer observed in the oxidized W191F
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Figure 6.1 The C, backbone of CcP(MI) showing the location of the 7 Trp (W)
and 14 Tyr (Y) residues relative to the heme. The solvent-exposed surfaces of the
most exposed Tyr residues are shown as dots and were calculated using the Conolly
algorithm available with the Insight II software package (v. 95.0; BIOSYM

Technologies Inc., San Diego). The CcP(MI) coordinates are from Ref. 26.
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samples within 1 h is 30-35% irrespective of the extent of H,O, turnover, and these
values are in agreement with the ~30% dimerization in W191F compound I reported
previously.' Since the extent of homodimer formation in oxidized CcP(MI) and
WI19I1F is relatively constant (Table 6.1), the radical migration pathway(s) leading to
crosslinking must be shutdown once alternate migration pathways are chcsen. The
WS51F mutant exhibits extensive crosslinking on H,0,-oxidation and formation of
higher molecular weight polymeric species is also observed.

Peptide mapping of the dimer formed in H,0,-oxidized YCcP at pH 4.5
indicated that an intermolecular crosslink is localized between residues 32 and 48,'¢"
a sequence that includes Tyr36, Tyr39 and Tyr42. These three Tyr residues are
solvent exposed and are within § - 14 A of the heme (Figure 6.1); hence, crosslinking
in YCcP is likely to involve dityrosine formation between these tyrosine-rich regions.

To determine the site(s) of the crosslinking in CcP(MI) and W191F at neutral
pH, the homodimers were separated from the monomeric forms by gel-permeation
FPLC (Figure 6.2). Tryptic digestion of both the monomer and dimer peaks was
carried out and the digests were analyzed by HPLC with electrospray mass spectral
detection (LC-MS). The results of peptide mass mapping of the monomeric and
dimeric forms of W191F oxidized with 2 equivalents of H,O, are shown in Figure 6.3.
Changes were observed in the chromatograms above scan number 600; additional
peaks resulting from T¢—T¢ and T¢—T,4 crosslinking were observed in the dimer map
but not in that of the monomer. As expected, the crosslinked peptides contain solvent-

exposed Tyr36, 39, 42 (T,) and Tyr229, 236 (T,) (Figure 6.1); the T—T, crosslinked
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Table 6.1 Crosslinking in H,0,-Oxidized CcP(MI), WS1F and W191F within 60 min*

% dimer
Sample 2 equiv H,0, 6 equiv H,0, 20 equiv H,0,
CcPMI)° 0 28 33
+ oyt c* 4 Ve 4
WI9IF 35 30 35
+ oyt c© 4 7/ 4
WS51F° 40 74 72
+ cyt c* X X X

The indicated equivalents of H,0, were added to 5 pM protein in 0.1 M phosphate
buffer (pH 7.0) and the samples were left standing for 60 min at room temperature.
Crosslinking of the proteins on H,0, oxidation was investigated by SDS PAGE."
Percent homodimer (CcP-CcP; MW 70 kDa) formation is relative to that in unoxidized
samples as estimated by integration of the densitometer tracings of the gels on a
Fisher-Biotech transmission densitometer.

Check mark () indicates the formation of a CcP-cyt ¢ heterodimer (MW 47 kDa) as
determined by SDS PAGE on H,0,-oxidation of 5 pM CcP in the presence of 25 pM

ferricytochrome ¢ in 0.1 M phosphate buffer, pH 7.0.
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Figure 6.2  Gel Permeation Chromatography of the H,0,-Oxidized W191F Mutant.
WI191F (5 pM) was reacted in 75 mL of 0.1 M NaPi buffer (pH 7.0) with 2
equivalents of H,0O, to form compound I, and allowed to stand at room temperature
overnight. The W191F compound I decay product was concentrated to ~ 250 uM in a
Amicon stirred ultrafiltration cell with a YM-10 membrane (10000 MW cut off). Gel
permeation chromatography was carried out on a Pharmacia Superose 12 FPLC
column equilibrated with 50 mM NaPi/0.2 M KClI (pH 7.0). The sample (25 - 130
nmol per run) was eluted in the same buffer at a flow rate of 0.3 mL/min. The
fractions eluting at the same volume on multiple runs were pooled. SDS-PAGE on a
10% gel confirmed that peaks A and B were the dimeric and monomeric forms of
H,0,-oxidized W191F, respectively. The concentration of the pooled fractions (A and

B) was determined using the Bradford protein assay.?’
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peptide is in higher abundance, presumably because Tyr39 is the most exposed
tyrosine in CcP(MI). Interestingly, no T,c—T,, crosslink was observed, indicating that
radical formation on T, is necessary for dimer formation.

Since no dimerization is detectable in CcP(MI) oxidized with 2 equivalents of
H,0, (Table 6.1), enzyme treated with 20 equivalents of H,O, was used for gel
permeation and LC-MS analysis. The gel permeation results on H,0,-oxidized
CcPMI) were the same as those for W191F (Figure 6.2). The CcP(MI) dimer mass
map, although poor in quality due to MS technical problems, revealed that a number
of peptides were missing including T,s (Tyr229,236), T, (Trp191, Tyr187,203), T,
(Tyr16), and T, which had the initial Met processed. It is of note that all these
missing peptides, with the exception of T;, contained oxidizable aromatic residues

which are likely endogenous donors to the heme '

ANALYSIS OF CcP SPIN ADDUCTS BY LC-MS

Previously, we have shown that LC-MS can be used to identify the adducts
formed by trapping the protein-based radicals formed in H,0,-oxidized horse heart
metmyoglobin with the spin trap, 2-methyl-2-nitrosopropane (MNP).® Reduction of
the spin adducts with ascorbate resulted in derivatives that were stable under the
conditions used to carry out peptide mass mapping by LC-MS.'* Addition of MNP to
the reactions between 20 pM W191F with 2 and 20 equivalents of H,0, resulted in no

detectable changes in the mass of the mutant. This indicates that saturated MNP
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Figure 6.3  Peptide Mass Mapping of (A) Monomeric and (B) Dimeric Forms of
H,0,-Oxidized W191F Mutant. Peaks A and B (3 and 6 nmol, respectively) from the
gel permeation chromatograph (Figure 6.2) were loaded onto a Vydac reversed phase
C18 4.6- x 250-mm HPLC column, and the heme-free forms were eluted with a 10 -
50% CH,CN gradient in 0.05% TFA at 1 mL/min over 20 min. The apoproteins (~ 200
pg) were lyophilized and resuspended in 0.1 M NaPi/10% CH,CN at pH 7.0.
Sequencing-grade trypsin (Boehringer Mannheim) was added at a sample:trypsin ratio
of 50:1 (w/w) and digestion was carried out at 37 °C for 4 h, and terminated by
freezing in Liq. N,- The tryptic peptides (3-4 pg) were separated on a Vydac reversed
phase C18 1- x 250-mm column with a 0 - 60% CH,CN gradient in 0.05% TFA at 40
pL/min over 100 min. The LC-MS system consisted of a Hewlett Packard 1090
HPLC and a Finnigan SSQ 7000 single quadrupole mass spectrometer fitted with an
electrospray ionization source. The needle spray voltage was 4.5 kV and on-line
acquisition of mass spectra was performed a rate of 5 s/scan. Native tryptic peptides
T, , Ts; » T and T, are labelled as well as the crosslinked peptides, T¢—T¢ and

Te—T, in the reconstituted ion chromatograms (RIC) in A and B.
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cannot compete with dimerization in 20 pM W191F.

When MNP is added to CcP(MI)/H,0, reactions, mass changes are observed in
the undigested proiein (data not shown) and in a number of Tyr-containing tryptic
peptides. Figure 6.4A shows that T, is extensively modified in CcP(MI) oxidized
with 20 equivalents of H,0, in the presence of MNP. Sequencing of this peptide by
MS (Figure 6.4B) reveals that spin-adduct formation occurs on Tyr236, which has an
increased mass of 72 as observed previously for the Tyr-MNP spin adduct in
myoglobin."* Mass changes of +72 Da are also observed for ~ 50% T,, which contains
Tyr153, and for a small fraction of T, which contains Tyr36, 39 and 42. Hence, spin
adduct formation can clearly compete with dityrosine formation in oxidized CcP(MI).
This is presumably due to the fact that the Tyr236 radical is less reactive than the
radical(s) in Tg (Tyr36, 39 and/or 42) in dityrosine formation, which is considered a
possible marker of organismal oxidative stress.!” Hence, radical translocation in
CcP(MI) should result in less cellular damage compared to radical translocation in
WI191F or in W51F, which in the latter mutant leads to extensive dimerization and
polymerization indicative of highly reactive surface radicals. It is also noteworthy that
25 pM ferricytochrome ¢ can compete with homodimer formation in H,0,-oxidized
CcP(MI) and W191F, but not in the W51F mutant (Table 6.1). Since cytochrome ¢
docks to CcP(MI)"! between Tyr229 and Tyr39 (Figure 6.1), the lack of heterodimer
formation in the W51F/cytochrome ¢ complex suggests that radical formation on

Tyr39 may not be extensive in W5IF.
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Figure 6.4  Mass Spectral Analysis of MNP Spin Adducts Formed in H,0,-Oxidized
CcP(MI). A stock (23 mM) 2-methyl-2-nitrosopropane (MNP; Aldrich) solution was
prepared from the MNP dimer in 50 mM NaPi buffer (pH 7.4) pre-treated with Chelex
resin (BioRad) which also contained 50 pM diethylenetriamine-N,N.N' N'’ N’'’-pentaacetic
acid (DETPA). Stock (50 pl) CcP(MI) in 0.1 M NaPi buffer (pH 7.0) was added to the
MNP-containing buffer to yield final CcP(MI) and MNP monomer® concentrations of 20
BM and 11 mM, respectively. Oxidation of CcP(MI) was initiated by the addition of 2 or
20 equivalents of H,0,. At 10 min following the addition of H,0,, ascorbate and HCI
were added and the reaction mixture (~ 340 pg of protein) was injected onto a reversed
phase C18 4.6- x 250-nm column (Vydac) and the protein separated from its heme and
buffer salts with a 10-50% CH,CN gradient in 0.05% TFA at 1 mL/min over 20 min.
ApoCcP(MI) was lyophilized and resuspended in 0.1 M NaPi (pH 7.0) and ~50 pg was
digested with 20:1 (w/w) trypsin at 37 °C for 2 h. Digestion was stopped by freezing in
Lig. N,, and 2-4 pg was separated on a Vydac microbore C18 1- x 250-nm column with a
0-60% CH,CN gradient in 0.05% TFA at 40 pL/min over 100 min. On-line LC-MS of the
digests (A) was carried out as described in Figure 6.3. MNP spin adduct formation was
observed in peptide T,, which coeluted with native T,, (scan 381-386; not shown), in T,
and in T,s. On-line CID sequencing of modified T,s (B) was performed in the
capillary/skimmer region of the SSQ with the capillary at 67 mV and the tube lens at 120
mV. The +1, +2 and +3 ions fragment in this region and were analyzed in Q1. The

fragment ions (b and y) are shown in panel (B) along with the sequence of T, and the

modified Tyr residue (Y").
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PROTECTION AGAINST OXIDATIVE DAMAGE IN YEAST

Heme-free apoYCcP is rapidly converted to holoYCcP during the adaptation of
yeast to oxygen.” Heme insertion is oxygen induced, and the levels of apoYCcP in
anaerobically growing yeast are similar to those of the holoenzyme found under
aerobic conditions.” Although the adaptive formation of CcP in yeast is a striking
example of how a cell can rapidly manufacture an active hemoprotein in response to
oxygen, little attention has been given to the antioxidant role of YCcP. CcP activity
has also been identified in a number of bacteria with the diheme enzyme from
Pseudomonas aeruginosa being the best characterized,? but again little attention has
been paid to the function of CcP in bacteria.

The ability of YCcP to reduce more than 2 equivalents of H,0, in the absence
of its donor substrate, ferrocytochrome ¢, may be important in the rapid adaptation of
yeast to aerobic conditions. Expression of most of the heme proteins in
Saccharomyces cerevisiae is regulated by oxygen.® However, unlike YCcP, de novo
synthesis of catalase and cytochrome c is cycloheximide sensitive, indicating that
expression of these proteins is transcriptionally controlled.? Thus, accumulation of
YCcP under aerobic growth is likely to occur before its reducing substrate,
ferrocytochrome c. Hence, the demonstrated ability of CcP(MI) to store a number of
oxidizing equivalents on its polypeptide with minimal crosslinking could be very
important at this juncture. It is also relevant that H,0,-oxidized CcP(MI) retains ~20%

activity' even after reducing 20 equivalents of peroxide. Thus, YCcP likely plays a
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key role in enzymatic detoxification of H,0O, before catalase accumulates in the cell.

Clearly, Trp51 and Trp191 are key residues in CcP(MI). The MS data
presented here on oxidized CcP(MI) and its W191F mutant underscore the important
role played by these residues in the redox chemistry the enzyme. Mutation of Trp191
— Phe results in immediate crosslinking on compound I formation, and the high yield
of Te—T, peptide indicates that this likely arises from rapid Tyr — porphyrin electron
transfer in WI191F compound I. Bound ferricytochrome ¢ can compete with the rapid
dityrosine formation (Table 6.1) but not freely-diffusing MNP. It is difficult to
speculate on the identity of the residues oxidized in the monomeric form(s) of W191F
but their oxidation obviously does not lead to further crosslinking of the protein.
However, reoxidation of the FPLC-collected monomer (Peak B; Figure 6.2) should be
carried out to verify this.

Mutation of Trp51 — Phe gives rise to a protein that undergoes extensive
crosslinking following addition of > 2 equivalents of H,0,. Loss of 1 Trp on
denaturation of W51F-I suggests than Trp191 is the first protein-based radical
formed," but formation and dissipation of additional protein radicals in this mutant
results in over 70% polymerization of the protein.

Another of YCcP’s proposed functions is the regulation of mitochondrial
respiration rates by controlling the flow of reducing equivalents to cytochrome ¢
oxidase by competing for the same reducing substrate, ferrocytochrome ¢.#* For this
function as well as H,0, detoxification, the presence of both Trp51 and Trp191 is

critical. Mutation of the former results in an enzyme that undergoes extensive
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crosslinking, presumably due radical migration to its surface. Exposed radicals in vivo
would lead to damage of other cellular components. For example, oxidation of
metmyoglobin with H,0, also produces highly reactive protein-based radicals,'®* which
may play a role in cell damage during reperfusion of the heart*® Removal of Trp191
in CcP(MI) results in less extensive crosslinking but this mutant exhibits negligible

ferrocytochrome ¢ oxidizing activity.!®
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Addendum 2

In order to apply LC-MS methodology to future investigations of H,O,-
oxidized HRP, peptide mass mapping of the native protein was carried out. Grade I
lyophilized HRP from Boehringer Mannheim was used to prepare 200 pM stock
protein in 0.1 M sodium phosphate buffer (pH 7.0). ApoHRP (~ 140 pg) was formed
by heme removal on a reversed phase C18 4.6- x 250-nm HPLC column (Vydac) with
a 10 - 50% CH,CN gradient in 0.05% TFA at 1 mL/min over 20 min. The apoHRP
was lyophilized and resuspended in 0.1 M sodium phosphate buffer at pH 7.0.
Sequencing-grade trypsin from Boehringer Mannheim was added at a sample:trypsin
ratio of 10:1 (w/w) and digestion was carried out at ambient temperature for 16 - 24 h.
Digestion was quenched by freezing in Lig. N, and ~ 3 pg was separated on a Vydac
microbore phenyl 1- x 250-nm column with a § - 95% CH,CN/isopropanol (70/30;
v/v) gradient in 0.1% acetic acid/0.05% TFA at 40 pl/min over 120 min. On-line
mass spectrometric detection (LC-MS) of the peptides was carried out as they were
eluted from the column. The LC-MS system was the same as that described in
Chapter 6. A spray voltage of 4.4 kV was used and data acquisition was performed at
a rate of 5 s/scan.

The LC-MS RIC map of the tryptic peptides of HRP is shown in Figure A2.1.
A total of 23 peaks with an ion current above 10% are labeled. The individual mass
spectra at the scan numbers corresponding the to peaks in the RIC were analyzed.

Based on the sequence of HRP (Figure A2.2) and the predicted masses of its tryptic

207



‘1°TV 9JqeL Ul umoys sI sassew nay) uo paseq sapndad oy jo wdwugisse

QUL ‘(bZ-1) Pailaqe] aue Juljaseq Yy 9A0qe %[ syead YL, ‘dYH Jo 15381p ondAn o) Jo DY SIN-DT 1°TV dandig

I_quny uedg
0001 008 009 00V 002
...._...._._.._....__...__..._.__._._..___.__,.___.o
N RINRIRT AT I
91 e il be Y1
- 02
Al
81 ¢l i
- P
@ S0 &
[
Iz . - F
81\ - 09 8
ot | 9 <
0¢ o, ”
Cl L 08
61 o, ”
¢C ..2:

Ll

208



U Qe sB ‘paxrews ase (607-LLY PUR ‘10€-L6 ‘6b-¥b ‘16-11) SSPYINSIP p 9y ul parjoaut (J) sauish) ‘[g8y ‘06 ‘wayiolg

uawyoeie AeIPAYoqred Jo (N) saNs §

' ang (6L61) "D "N ‘Ipulfjop] sa1pms aousnbos pioe outure ayy uo paseq JyH Jo 2ouanbas pioe ounuy 7'zy aandy

NTIIOD0LOL
130asOI1oN
LLN'LLdAd1D
@ITOdLLd:4d
TAVOSALIID

AOONAADAHA

TALINDIWIAW
OFAINAAKIN
LNSANATIAN
VdINVNVIAT

VSHAVVINIG

HTITSVVIY

VIAJVNLLLO
Q4LLdLI1ad
LTIOONNDAL
dVOT1Sauun1
IAdIDYVSNY

dASATINALL

LSNVAS¥ATd
AATVSINONT
HODSTVATIAS
dAYMSIDOVT
NOAVANALY

A@IAINSANDD

SNSNAAYD
LLALVYNJSSA
dOTOUTLOTIX
SUNTOANYAS
LASOOVVIL1
SLLNATUSV

SNAA4I4ALTE

10¢

16¢

10¢

161

101

16

209



Table A2.1 Assignment of HRP Tryptic Peptides

Peak* Observed [MH]*®  Predicted [MH]"© Residues*?

1 1842.6 1842.8 154-159°

2 541.3 5414 119-123

3 1022.6 1022.5 66-75

4 1381.6 1380.7 63-75

5 681.1 681.3 179-183

6 935.3 935.5 225-232

7 11854 1185.6 233-241

8 743.3 743.5 32-38

9 2612.6 — 40-62, 116-138,
266-288°

10 959.3 959.5 20-27

11 803.3 803.4 76-82

12 1587.1 1586.8 284-298

13 14754 1475.8 160-174

14 42224 4239.8 1-19...85-93"%¢

15 3400.3 ' -— -—

15 3254.8 - 274-302°

16 5064.7 — 78-125¢

17 3671.8 3671.7 242-264°

17 3893.0 3893.6 39-62°f

18 2850.4 - 100-126,101-126,
130-154,177-201,
187-212¢

19 3047.6 3047.5 94-118...299-302f

20 10674.0 - 26-123,65-164,
121-217,122-218°

21 33534 33534 265-283°

22 25340 - 84-108,89-114°

23 27440 2744.5 125-149

24 — - -—

* Peak labels from Figure A2.1. ® Calculated from the mass spectra. © Predicted
from the sequence of HRP. ¢ Residues are listed in Figure A2.2. ¢ Unassigned
peptides. { Disulfide-linked peptide(s). * Tentatively assigned glycosylated/disulfide-
linked T,—T,,, but since HRP is known to contain a modified N-terminus, the mass of

the carbohydrate may differ from 1170.4 Da. * Glycosylated peptides.
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peptides, all but 3 peptides (1 of which is disulfide linked) were identified. Seven
peptides were not assigned, and some of these may contain different degrees of
glycosylation which would prevent exact mass determination. The assignment of the
peptides is shown in Table A2.1.

HRP (MW ~ 34 kDa) has 308 amino acid residues, contains 2 bound Ca*" ions,
and 4 disulfide bridges. It is made up of a single polypeptide chain that carries 8
neutral N-linked carbohydrate side-chains, which have the average composition of (N-
acetylglucosamine), (mannose); (fucose) (xylose) [Wellinder, K. G. (1979) Eur. J.
Biochem. 96, 483]. Based on this average, the masses of the glycosylated peptides are
expected to increase by 1170.4 Da . Trypsin cleaves specifically at Lys and Arg
residues [Darbre, A. (1986) in Practical Protein Chemistry- A Handbook, Wiley &
Sons: Chichester, England] and ideally 28 HRP tryptic peptides, 7 of which are linked
by disulfide bridges, are expected based on the sequence in Figure A2.2. The peptide
mass mapping analysis (Table A2.1) shows that 5 peptides were identified with a
carbohydrate moiety of mass 1170.4 Da. The unidentified glycopeptides likely
contain carbohydrates of mass < 1170.4 Da and may give rise to a number of the
unidentified peptides. Furthermore, S disulfide-linked peptides are easily identifiable
and these contain the predicted oxidized cross-linked cysteines.

The results in Table A2.1 underscore the advantages of LC-MS in peptide
mapping. LC-MS has the clear advantage of mass resolving power even when the
peptide maps suffer from low chromatographic resolution. In conclusion, the LC-MS

results in Table A2.1 reveal that peptide mass mapping of H,0,-oxidized HRP and/or
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otherwise modified HRP is highly feasible.
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CHAPTER 7

GENERAL CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
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The plant peroxidase superfamily consists of evolutionary-related peroxidases
from bacteria, fungi, and plants. The two most widely studied peroxidases are CCP
and HRP Both peroxidases unfold in denaturants in two distinct steps as monitored
by fluorescence but loss of their secondary structure as monitored by UV/CD occurs in
a single step (Chapter 2). The N «/ fluorescence-sensitive transition in CCP(MI)
involves the heme cavity indicating flexibility of the heme. Such flexibility may be
important in heme uptake by the apoprotein, which is the dominant form in vivo when
yeast are grown under anaerobic conditions. Furthermore, since CCP is able to store
many oxidizing equivalent on its polypeptide (Chapters 4 and 5), its enhanced
conformational flexibility over that of HRP might be of importance in the generation
and translocation of radicals. The conformational change involving the Trp117-
containing loop, which is responsible for the fluorescence-detectable / « U transition
of HRP has no obvious functional role but is likely a consequence of the structural
elements (2 bound Ca* ions and 4 disulfide bridges) present in HRP. These structural
elements are also responsible for the greater kinetic stability of HRP compared to
CCP(MI). Cations would be counterproductive in radical stabilization in CCP since it
has been observed that a region of negative electrostatic potential has been built into
this peroxidase to stabilize the Trp191 radical [Miller, M. A., Han, G. W., & Kraut, J.
(1994) Proc. Natl. Acad. Sci. USA. 91, 11118].

The effects of cyanide ligation on the conformational states of CCP(MI)
(Chapter 3), provide additional evidence for conformational flexibility in CCP since a

N =] transition also occurs in CCP-CN and resembles its acid = alkaline transition. It
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is likely that the N =/ transition of both unligated and CN™-ligated CCP(MI) arises
from partial tertiary structure collapse. An / « U transition above 4 M GdHCI is not
observed in HRP-CN, presumably because excess free CN' causes disulfide cleavage.
The higher unfolding cooperativity as well as the decreased kinetic stability of HRP-
CN compared to HRP, support such speculation.

Protein steady-state fluorescence in 8 M urea at pH 1.5 results in 100% relative
fluorescence for yeast CCP and this allows fluorescence loss to be equated with Trp
loss (Chapter 4). The role of Trp residues as endogenous electron donors in CCP
compound I and in H,0,-oxidized CCP was examined. Loss of fluorescence is
observed in denatured compound I equal to the loss of ~ 1 Trp, supporting the
assignment of Trp191 as the amino acid radical in CCP. Further H,0,-oxidation of
the polypeptide in the absence of ferrocyt ¢ results in the total loss of ~ 3 Trps in the
20:1 decay product and amino acid analysis also reveals the loss of ~ 3 Tyrs. Charge
migration must occur in the polypeptide of CCP since further activity and fluorescence
loss occurs over 24 h. The residual ferrocyt ¢ (16 - 73%) and ferrocyanide oxidizing
activities (13 - 76%) of the H,0,-oxidized CCP decay products correlate with their
H,0, titers (18 - 74%), indicating that activity loss is due to the reduced capacity of
the enzyme to react with H,0,. Charge migration to the surface also occurs and
results in intermolecular crosslinking such that 7 - 33% of the H,0,-oxidized protein
forms dimers. Nonetheless, CCP exhibits a remarkable ability to store oxidizing
equivalents while maintaining some activity and this may be related to its proposed

role as an antioxidant enzyme in yeast (Chapter 6).
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The redox activity of Trp residues in CCP(MI) and its W51F and W191F
mutants was investigated (Chapter 5) by the same methodologies used for yeast CCP
(Chapter 4). Loss of 1 Trp in compound I of CCP(MI) and W51F but ~ 0 Trps in
W191F compound I strongly suggests that P is located on Trp191 (eq 1.3).
Reoxidation of the compound I decay products of CCP(MI), W51F and W191F results
in immediate loss of 1.3, 0.5 and 0.7 extra Trps, respectively, implying that Trp51 is a
possible electron donor in the decay product. Addition of 6 equivalents of H,O,
results in loss of ~ 2 Trps in CCP(MI) but only ~ 1 in W51F and W191F, suggesting
that TrpS1 becomes redox active in CCP(MI) when > 2 equivalents of H,0, are
reduced. An additional Trp is oxidized in the decay product of CCP(MI) following
addition of 6 equivalents of H,O, but not in W51F or W191F, indicating that both
Trp—Phe mutations shut down pathways of endogenous electron transfer. Further
oxidation of Trps on reaction with 20 equivalents of H,O, results in a total loss of ~ 4,
2.5 and 2 Trps in CCP(MI), W51F and W191F, respectively. Amino acid analysis of
the 20:1 decay products also shows loss of up to 4.4 Tyrs and 0.8 Met in CCP(MI)
and 3.8 Tyrs in W191F. The residual activities of CCP(MI) and W51F exposed to 20
equivalents of H,0, are 5 to 19% while W191F retains ~ 50% ferrocyanide oxidizing
activity after 24 h. The high activity of H,0,-oxidized W191F is not surprising
considering the lower overall loss of Trp and Tyr residues compared to that of
CCPMI). It is possible that W191F may use catalatic activity in turning over 20
equivalents of H,0,, which would be consistent with its constant degree of

dimerization (~ 30%). Charge migration to the surface in CCP(MI) requires treatment
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with > 2 equivalents of H,O, but, like W191F, results in only ~ 33 % dimer formation.
Radical migration is greatly facilitated by the TrpS1—Phe mutation since over 70% of
the H,0,-oxidized W51F undergoes polymerization.

Mass spectral analysis was used to gain insight into the antioxidant properties
of CCP (Chapter 6). Two sites of intermolecular crosslinking in the decay product of
W191F compound I were found by peptide mass mapping (LC-MS). A comparison of
the tryptic peptides of the monomer and dimer forms of W191F shows that residues
30-48 and 227-243 are involved in crosslinking and that radical formation on residues
30-48 is necessary for dimer formation. The addition of a spin trap (MNP) to W191F
prior to reaction with H,0,, followed by tryptic digestion and LC-MS analysis, reveals
that no surface radicals are trapped in W191F indicating that the spin trap cannot
compete with dimerization. However, following oxidation of CcP(MI) with 20
equivalents of H,0, in the presence of MNP the tryptic bepddes that contain Tyr36,
39, 42 (Ty), Tyr153 (T,,), and Tyr229, 236 (T,,) are modified. Sequencing of
modified T, by on-line CID reveals that spin-adduct formation occurs on Tyr236.
Since T, is less reactive than T in dityrosine formation in W191F [and presumably
also in CCP(MTI)], radical formation of Tyr236 should result in less cellular damage in

vivo.
Future Work

The present studies (Chapters 2 to 6) on CCP and HRP reveal some very
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interesting insights into structure-function relationships in heme peroxidases. Equally
important, this work raises new questions and highlights opportunities for future work.

The following studies are proposed:

1 Examine the conformational state(s) of APX in denaturants. It would be of
interest to compare the results with those of CCP(MI) and HRP in Chapters 2 and 3
since APX contains a single proximal cation so the stabilizing effects of cation binding
could be evaluated. Interestingly, APX has a Trp residue in an analogous position to

that of CCP(MI) but forms a porphyrin cation radical in compound 1.

2) Follow up on the speculation that excess free CN- modifies the disulfides of
HRP, leading to the observed effects on its conformational state in denaturants as well
as to its kinetic instability relative to unligated HRP. On-line LC-MS analysis of

proteolytic digests (Addendum 2) of HRP-CN should be of value towards this goal.

A3) Complement the denaturant-induced denaturation studies of CCP-CN and HRP-

CN with a thermally-induced denaturation study using FTIR.

(4) Investigate whether steady-state fluorescence is a useful probe in determining if

redox-active Trp residues exist in APX and HRP on their reaction with excess H,O, in

the absence of exogenous electron donors.
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%) While yeast CCP does not evolve O, in reducing 20 equivalents of H,0,,
W191F is more likely to demonstrate "catalase-like” activity based on its Trp loss and
crosslinking pattern. Therefore, possible O, evolution during the reaction of W191F

with > 2 equivalents of H,0, should be investigated using a Clark oxygen electrode.

(6) Mutation of the distal TrpS1 results in extensive translocation of radicals to the
surface of CCP on its reaction with H,0, as evidenced by extensive crosslinking of
WS51F. During the present study, insufficient WS51F was available to separate the
polymeric forms of H,0,-oxidized WS51F. Separation of some of these forms and
peptide mass mapping, similar to that performed for CCP(MI) and W191F, should be

carried out to locate the crosslinking sites.

(7)  The crosslinking and the spin trapping experiments performed on CCP(MI) and
W191F revealed that certain surface-exposed Tyr residues are redox-active and transfer
electrons to the Fe™=0. These Tyrs should be singly-modified with NO, and purified

to homogeneity since it would be of interest tc measure the electron transfer rates

from pulse-radiolytically generated Tyr-NO,™™ to the Fe™=0 heme.

(8) Tyr—Phe mutants (Y36F, Y39F, Y42F, Y236F, etc.) should be used to
specifically shutdown radical migration pathways to reactive Tyrs in CCP. The effects

of these mutations on endogenous donation to H,0, should be examined.
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