STEREOCHEMISTRY IN CATALYTIC OXIDATION
BY HEME ENZYMES

Hui-Jun Yang

DOCTOR OF PHILOSOPHY

Department of Structural Molecular Science
School of Mathematical and Physical Science

The Graduate University for Advanced Studies

2000




CONTENTS

Part | GENERAL INTRODUCTION

Part [ CONSTRUCTION OF HIGH ACTIVE ENZYMES BY USE OF
MYOGLOBIN AS A MODEL

Chapter 1.

The Role of Val68 (E11) on Oxidation Activity and Enantioselectivity
of Sperm Whale Myoglobin

Chapter 2.
Conversion of Sperm Whale Myoglobin into a Catalase-like Enzyme

Part Il CATALYTIC OXIDATION BY DISTAL HISTIDINE RELOCATION
MYOGLOBIN MUTANTS

Chapter 1.

Asymmetric Oxidation Catalyzed by Sperm Whale Myoglobin Mutants

Chapter 2.
Characterization of [HOTH/H64L Myoglobin Mutant

Parte IV SUMMARY AND CONCLUSION

ACKNOWLEDGMENT

LIST OF PUBLICATIONS




PARTI

GENERAL INTRODUCTION



As is well known to all, hemoproteins are of great tmportance in physiological
systems in that they play very versatile roles.'  For instance, cytochromes are involved in
electron transter processes in the mitochondrial electron transport chain® and hemoglobin
and myoglobin function as a carrier of molecular oxygen (O,)."  Also very often briefed in
literatures are hemoenzymes such as cytochrome P450s, peroxidases. catalases, nitric oxide
synthases and cytochrome P450nor which arc responsible for monooxygenations, electron
abstract processes, the dismutation of hydrogen peroxide, nitric oxide synthesis, and the
reduction of NO. respectively.*”  In spite of these diverse functions. all hemoproteins have
a common prosthetic group composed of an iron-protoporphyrin 1X complex (heme) in the
active site (Figure 1). The different functions therefore stem from the differences in the
manner that the heme interacts with amino acid residues and small molecules (e.g.

substrates) in the active site.

HOOC COOH

Figure L. Protoporphyrin IX (remed

In addition, proteins that contain the heme prosthetic group are responsible for
many ditferent types of catalytic reactions. A good example is cytochromes P450 which
are known to cuatalyze hydroxylations, sultoxidations, epoxidations. N-, §- and O-
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dealkylutions. and other reactions (Table 11" The reactions catalyzed by heme enzymes

have been  challenged  and  itrigued by chemists  for more than  two  decades.



Enantioselective oxidations such as sulfoxidation, epoxidation by hemoenzymes have been
studied intensively to pursue practical upplications for large-scale asymmetric organic
syntheses as well as to understand the mechanistic details of oxygen activation.  In
planning the asymmetric synthesis, orgamic chemists would sclect a chemical procedure
from the wide range of classic methods. However, biochemical methods or
biotransformations, give us alternatives for organic synthesis. At present, biotransform-

ations can provide two methods, whole-cell and isolated-enzyme system.  For example.

Table 1. Typical reactions catalyzed by cytochrome P450s.
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chloroperoxidase (a heme enzyme) isolated from Cadariomyces fimago (CPO)Y 1s one of
the well studicd enzymes for enantiosclective oxidation of sulfides and olefins.'""
Recently, a vanadium-containing non-heme bromoperoxidase from the alga C. officinalis
(VBrPO)'"" has been shown to perform sulfoxidation of aromatic bicyclic sulfides in high
enantiomeric excess {% ee)."™ In order 1o extend the biocatalytic methodology, we have
constructed a series of sperm whale myoglobin (Mb) mutants and examined oxidation
activity as well as elucidated catalytic mechanism by them, which are obtained through the
rational protein engineering.

Myoglobin (Mb) functions as an oxygen storage and carrier protein in muscle.
This protein has been one of the most intensively investigated hemoproteins as evident

from the accumulated biochemical and spectroscopic data.™"

It has protoporphyrin [X as
a prosthetic group. and is the first protein siructure determined o high resolution by X-ray
crystallographic analyses.  Thus, myoglobin has ever been serving as a model system for
the study of structure-function relationships in heme proteins.  Once methods of DNA
sequencing become established,” ™ the determination of the genetic code of sperm whale
myoglobin paved the road to manipulate nucleic acids to make specific mutants.™
Theretore. only w desired amino acid residue can be altered while the rest of the protein
structure ideally remains intact.  The pioneering work by Springer & Sligar™ on the
construction of u synthetic gene for sperm whale Mb and the resultant high-level expression
of this gene as heme-containing protein in Excherichia coli have enabled us to genetically
engineer sperm whale Mb in vitro mutagenests techniques. The obvious advantage of
having myoglobin expressed in such a bacterial system 1s that chunges m the amine actd
sequence can now be casily.  So twr. many nvestigations on the stracture-function
relationships of hemoproteins have  abready  successtully - performed:  however. some
questions concerning the introduction of desired function to hemoproteins, the origin of
enantioselcuvity, as well as the exact nature of the reactive imtermediate remain to be
clarified.

Pact [I in this thesis focuses on construction of highly enantioselective and active

enzymes using myoglobin as a model.  Apart tfrom the physiological function. Mb cun



support & variety of H,O,-dependent oxidation reactions such as one-electron oxidation by

3.25.26

peroxidase, oxygenations by cytochrome P-450*7* and dismutation of H.O, by
catalase.™ but less efficiently than these enzymes.  Superposition of the active site
structures of Mb and other hemoproteins enables us to utilize Mb as a heme enzyme model
for the elucidation of structure-function relationships.  Oxidation reactions catalyzed by
heme enzymes are normally associated with a ferryl porphyrin cation radical (O=Few Por*"

called compound 1 which is formed by the reaction of the resting ferric enzymes with

3336

Chloroperoxidase from Caldariomydes fimagus affords compound

ﬁIV

—Fe—

compound Il

peroxide (Figure 2).

Fe= CPO. HRP. BLCase
ferric

compound |

CPO. BLCase
05+ H,0 ) H,0,

Figure 2. General Catalytic Cycles of Heme Enzymes. HRP: horseradish peroxiduse. CPO:

chloroperoxidase. BLCase: bovine liver catalase.

[ at the rate of 2.4 x 10" M's™" in the presence of H.O, (Scheme 1.7 which shows
versatile  oxidation  ability  including  onc-clectron  oxidation. H.O, dismutation, and
oxygenation i addition to its physiological chlorination.  More recently, Matsul er af.
have prepared the HO4D mutant of sperm whale myoglobin to mumice the active site of

chloroperoxidase.™  The H64D Mb mutant provides the first evidence tor the signiticant
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Scheme 1. Proposed mechanism of compound T formation tfor chloroperoxidase.

accumulation of the reactive intermediute. compound 1L in the reaction with H.O,. Also.
the mitant shows 30-70-tfold and 600-800-Told higher activity than the wild type n the
peroxidations and peroxygenations, respectively, and has been the best enzyme in terms of
cafalytic activity among myoglobins.  Despite of advantages of Ho41> Mb such as the high
reactivity of ferrtie Mb with H,O. and the improved stability of compound L. the origin of
stereospectficity of the myoglobin mutant has not been well clurificd yet.  Chapter |
discusses functions of Val-68 (ElD) on stereochemistry and activity of sperm whale
myoglobin. A series of Mb mutants (referred to as HO4D/VOIX mutants) have been
prepared by replacing Val-68 with Gly. Ala, Ser, Leu, He, and Phe in H64D Mb.  The
mutants were destgned to increase the lite-time of catalytic wntermediate as well as the
accessibility of substrates to the heme iron.  Thus the reactivity of catalytic intermediate.

compound [. especially for the two-clectron oxidations of the substrate thioanisole, has
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been determined from single-turnover Kinetics by means of a double-mixing rapid-scan
technique.  Morcover. the attempts to clucidate enantioselectivity of Mb were pertormed
through investigations of UV spectroscopy. EPR and  X-ray crystallography of
phenylethylamine binding complexes tor H64D/VO8X Mbs.

While the distal glutamic acid is suggested to be crucial for the rapid formation of
compound I in CPO (Scheme | & Figure 3d),* classical peroxidases and catalases react
with H,O, to afford the reactive intermediate equivalent to so called compound [ by
utilizing distal histidine as a general acid-base catalyst (Scheme 2 & Figure 3b, ¢).*'™*  The
function of the distal histidine in peroxidasce and catalase (Scheme 2) is believed as follows:
(1) the distal histidine first functions as a general base to abstract a proton from hydrogen
peroxide to allow the binding of the hydroperoxy anion to the heme iron, (2) the protonated
histidine then serves as a general acid to facilitate the helcro'lytic 0-0O bond cleavage

through release of a water molecule.  The resting ferric peroxidase and catalase react with

NH
/ NH /+ NH
H H —_
\ H\Mo/O C o o

# of T .

ferric compound |

Scheme 2. Proposed mechamsm of compound | formation for catalase and peroxidase

H.O, at the rate of ~10" M"'s" to form compound 1%

The peroxidase compound 1 is
reduced to the ferric stale by two sequential onc-clectron oxidation via a ferryl species
(Fe"V'=0 Por). known as compound 11 (Figure 2).* whereas the cataluse compound 1 oxidizes

another H.O. molecule by two-electron 1o yield dioxygen and water (Figure 2).%

Myoglobin similarly possesses distal histidine i the heme pocket (Figure 3a), however it



reacts with H,0, much slower (~10° M's") than peroxidase and catalase to afford ferryl Mb

(Mb II) paired with a transient protein radicat (Scheme 3).

Fo-H FeV=0 Por (Mb-1)
) H,0, ?{)9' + H,0 \
Fe" Por ———

ul FeV=0 Por-Mb-
Fe" Por

Fe"=0 Por (Mb-11)
+ -OH
Scheme 3. Reactions of ferric Mb with hydrogen peroxide.
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Figure 3. Active site of sperm whale myoglobin (Mb), horseradish peroxidase (HRP).
bovine liver catalase (BLcase). chloroperoxidase -(CPOY trom Caldariomyces fumago.

Heme. axial ligand, and some selected distal residues are presented in the tigure.



On the basis of comparison of the crystal structure of Mb with that of peroxidase
(CcP), which the distal histidine in Mb is more than | A closer to the heme iron than that in
peroxidase,™ Ozaki et al. hypothesized that the distal histidine in Mb is too close to the
heme iron to facilitatc compound [ formation and Mb's reactivity with H,O, s
consequently lower than that of the peroxidase. In order to examine this hypothesis, the
distal histidine relocation mutants (F43H/H64L and L29H/H64L) and the distal histidine
deletion mutants (His64 — Ala, Ser. Leu) were constructed in our rescarch  group
previously. ™" X-ray crystal structures of FA3H/H64L and L29H/H64L mutants solved at

1.8 A (Figure 4)* indicate that the distance between N ;of the distal histidine and the ferric
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L29H/H64L Mb F43H/H64L Mb

Figure 4. The X-ray crystal structures of F43H/HO4L and L2YH/HG4L myoglobin mutants
(resolution = 1.8 A).

heme iron is 5.7 A in F43H/H64L Mb, which is similar to those in peroxidases (5.5-6.0 A).
In contrast, the distal hstidine in L29H/H64L Mb 1s located tarther away from the heme
iron (6.6 A).  As the results, the F43H/H64L mutant reacts with H,0, much more
etficiently than L2OH/HO4L. and WT Mb.  In addition, the distal histidine deletion mutants

(H64A., H64S and HG4L) of sperm whale Mb react with orcanie peracids includimg m-
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chloroperbenzoic acid (mCPBA) to accumulate compound "' and Mb-I is capable of
performing two-clectron oxidation of H,O, (catalase activity). Based on the previous
results, FA3H/HO4A and F43H/H64N Mbs were prepared to mimic the active site of
catalase (Chapter 2 in part II).  We expected that His-43 in F43H/HO64A or FA3H/HO64N
Mb would cooperate with Ala-64 or Asn-64 in the activation of peroxide.  Unfortunately,
the substitution of Phe-43 in H64A and H64N Mbs with a histidine residue distorted in the
rate of compound [ formation with mCPBA although such a mutation increased the activity
with H,O, to somewhat extent.  To elucidate the reason for the malfunction ot His-43 in
the F43H/H64A and F43H/H64N mutant. we crystallized F43H/H64A Mb and have
attempted to solve the structure.

With desire to use Mb as a model system for the peroxygenation of a variety of
substrates, i.e. sulfoxidation, epoxidation, and so on, the substrate selectivity by Mbs was
investigated on a series of cyclic and acyclic sulfides as well as methyl styrene.  Chapter |
in part IIl illustrates enantioselective oxidation of sulfides and olefins catalyzed by
F43H/H64L and [L29H/H64L. Mb mutants.  Moreover, Chapter 2 ol part HI describes
charactenzation of 1107H/H64L Mb mutant that was constructed to mimic the active site of

horseradish peroxidase.

tH)



REFERENCE

(6)

(7)

(3)

)
(10)

(1

Lippard, S. J.; Berg, ). M. Principles of Bioinorganic Chemistry; University
Science Book: California, Chapter 1. 1994,

Moore, G. R.: Pettigrew, G. W. Cvtochromes C, Springer-Verlag, New York 1990,
Antonini, E.; Brunori, M. Hemoglobin and Myoglobin in Their Reactions with
Ligands; North-Holland Publishing Co.: Amsterdam 1971,

Ortiz de Montellano, P. R. Ed. Cytochrome P450, second ed, Plenum Press, New
York, 1995.

Everse, J.. Everse. K. E.: Grisham, M. B. Ed. Peroxiduse in Chenistry and
Biology, Vols. [ and I, CRC Press, Boca Raton, 1991.

Griffith, O. W.; Stuehr, D. }. Annu. Rev. Physiol. 1995, 57, 707-736.

Park, S.-Y.; Shimizu, H.; Adachi, S.; Nakagawa, A.; Tanaka, [.; Nakahara, K.;
Shoun. H.. Obayashi, E.; Nakamura, H.; lizuka, T.. Shiro, Y. Nat. Struct. Biol.
1997, 4, 278,

Watanabe, Y.: Groves, J. T. The Euzyvmes, Boyer, P. D. and Sigman, D. S.. Ed.;
Academic Press: New York, Chapter 9. Vol. 20, 1992,

Morris, D. R.; Hager, L. P. J. Biol. Chem. 1966, 241, 1763-1768.

Colonna, S.: Gaggero. N.: Manfredi, A.; Casella. L.: Gullotti. M.; Carrea, G.: Pusta.
P. Biochemistry 1990, 29, 10465-10468.

Colonna, S.: Gaggero, N.; Casella. Lo Carrea. G. Pasta. P Tetrahedron:
Axvounetry 1992, 395 100.

Colonna. S.0 Guggero. N Casella. L. Carrea. Goo Pusta. P Tetraliedron:
Asvimmetry 1993, 4. 1325-1330.

Allain. E. )2 Hager. L. P Deng. Lo Jacobsen. ECNUJ A Chem. Soc. 19930 115,
4415-4416.

Dexter, AL F Lakner. FoLo Campbell. RCA Hager Lo P Ame Chem. Soc. 1995,
H7,6412-6413.

Allenmark. 8. G.o Andersson, M. Tetrahedron: Asvimetry 1996, 7, 1089-1094.
Lakner. F. J.; Cain, K. P Hager, L. Po S A Chenr Soc. 1997, 119, 443-444.
Butler, A.; Walker, V. V. Chem. Rev. 1993, 93, 1937-1044,

Andersson. M.: Willetts. A Allenmark. S.J. Org. Chem. 1997, 62, 8455-8458.
Springer. B. A.: Sligar. S. G.: Olson. ). S.: Phillips. G, N, Jr. Chent Rev, 1994, 94,
699-714.




(38

(39)
(40)
(41)

Sanger. F.. Tuppy. H. Biochem. J. 1951, 49, 463-49(). _

Sanger, F.; Thompson, E. O. P. Biochem. J. 1953, 53, 353-374.

Brown. H.: Sanger, F.; Kitai, R. Biochen. J. 1955, 60. 556-565.

Edmundson. A. B. Narure 1965, 205, 883-887.

Springer, B. A.; Sligar, S. G. Proc. Natl. Acad. Sci. U.S.A. 1987, 84, 8961-8905.
Everse, J.: Johnson. M. C.; Marini. M. A. Methods in Enzymol 1994, 231, 547-
561.

Ortiz de Montellano, P. R; Catatano, C. E. J. Biol. Chem. 1988, 260, 9265-9271.
Catalano. C. E.; Ortiz de Montellano, P. R. Biochenistry 1987, 26, 8373-8380).
Choe, Y. S.; Rao, S. 1.; Ortiz de Montellano, P. R. Arch. Biochem. Biophvs. 1994,
314, 126-131.

Rao, S. [.; Wilks, A.; Ortiz de Montellano, P. R. J. Biof. Chem. 1993, 268, 803-
809.

Tschirret-Guth, R. A.; Ortiz de Montellano, P. R. Arch. Biochem. Biophys. 1996,
335,93-101.

Adachi. S.: Nagano, S.; Ishimori, K.; Watanabe, Y.: Morishima, L: Egawa. T.:
Kitagawa. T.: Makino, R. Biochemistry 1993, 32, 241-252.

Matsui, T.. Nugano. §.. Ishimori, K.: Watanabe, Y.: Morishima, 1. Biochenistry
1996, 35, 13118-13124.

Levinger. D. C.; Stevenson, J-A.. Wong, L.-L. . Chem. Soc.. Chem. Comnn,
1996. 2305-2306.

Yonetani. Tz Schlever. H L Biol, Chem. 1967, 242, 1974-1979.

Schonbaum. G. R.: Chance, B. In The Enzvmes: 3rd ed.; Boyer. P. Do Ed.:
Academic Press: New York. 1976, Vol 13 pp 363-408.

Thomas. J. Az Morris, DR Hager Lo Po L Biols Chen 1970, 245, 135-142
Sundaramoorthy, M. Terner, L: Poulos. T, L. Chenistry & Biology 1998, 5461
473.

Araiso. T.; Rutter. R.: Palete. M. M. Hager, L. P Dunford, H. B. Can. J. Biochenr.
1981, 59, 233-236.

Matsui. T.: Ozaki. S.. Watanabe, Y. J. Am. Chem. Soc. 1999, 121 9952-9957.
Sundaramoorthy, M. Terner, J.; Poulos, T. L. Stuctire 19950 3. 1367-1377.
Erman, J. E.. Vitello. L. B Miller. M. Al Shaw, AL Brown, K. AL Kraut, J.
Biochemistry 1993, 32, 9798-9800.



(42)

(43)

(44

(45)
(46)

(47)

(48)

Newmyer, S. L.: Ortiz de Montellano, P. R. J. Biol. Chem. 1995, 270, 19430-
19438.

Rodrigucz-Lopez. J. N.: Smith. A. T.: Thorneley, R.N. /. Biol. Chem. 1996. 271,
4023-4030.

Obinger, C.; Maj. M.: Nicholls, P.: Loewen, P. Arch. Biochem. Biophys. 1997, 342,
58-67.

Loo, S.; Erman, J. E. Biochemistry 1975, 14, 3467-3470.

Smith, A. T.. Sanders. S. A.; Thorneley, R. N.: Burke. J. F.. Bray, R. R. Ewr. J.
Biochem. 1992, 207, 507-519.

Chance, B.: Greenstein, D. S.; Roughton, E. J. Arch. Biochem. Biophys. 1952, 37,
301-321.

Poulos, T. L.; Freer, S. T.; Alden, R. A.; Edwards, S. L.; Skogland, U.; Tukio, K.;
Eriksson, B.; Xuong, N.; Yonetani, T.; Kraut, 1. J. Biol. Chem. 1980, 255, 575-
580.

Ozaki, S.: Matsui, T.: Watanabe, Y. J. Am. Chem. Soc. 1996, 118, 9784-9785.
Ozaki, S.; Matsui, T.; Watanabe, Y. J. Am. Chem. Soc. 1997, 119, 6666-6667.
Matsui, T.; Ozaki. S.: Watanabe. Y. J. Biol. Chem. 1997, 272, 32735-32738.
Matsui, T.. Ozaki. S Liong, E.: Phillips. G. N._ Jr.: Watanabe. Y. J. Biol. Chem.
1999, 247 2838-2844.




PART II

CONSTRUCTION OF HIGHLY ACTIVE ENZYMES BY USE OF
MYOGLOBIN AS A MODEL

Chapter 1.
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Conversion ol Sperm Whale Myoglobin into a Catalase-like Enzyme



CHAPTER 1

The Role of Val68 (E11) on Oxidation Activity and Enantioselectivity
of Sperm Whale Myoglobin

Abbreviations :

Mb. myoglobin:

CPO. chloroperoxidase from the marine fingus Caldariomyees fianagis.
compound 1. a ferryl porphyrin cation radtcal,

compound [, a terryl porphyrin:

Mb-I. myoglobin compound [

mCPBA. m-chioroperbenzoic acid,

ABTS. 2.2 -azmo-bisi 3-ethylbenzothiazoline-6-sultonic acidy.




ABSTRACT: To probe the role of the distal valine 68 (E11} in sperm whale myoglobin
(Mb) on the oxidation activity, site-directed mutagenesis was performed. A series of Mb
mutants, H64D/VO8X Mbs, have been prepared by replacing Val-68 with Gly, Ala. Ser.
Leu, lle, and Phe in H64D Mb.  All of the mutant proteins are stable enough to be purified
except for the H64D/V68G mutant. The oxidation of the substrate thioanisole by
H64D/V68X Mb-I besides H64D/V68S was monitored by stopped-flow spectrometer and
the sulfoxidation rate constants increase in the order of Phe < Val < Leu < Ala < lle.  The
results suggest that the volume of hydrophobic residue at the 68 position influences the
sulfoxidation activity. A similar pattern is observed for the catalytic sulfoxidation of
thioanisole by H64D/V68X Mbs and H,O.. The dominant product in the catalytic
sulfoxidation is the R isomer for the H64D/V68A and H64D/V68S mutants, with more than
84% enantiomeric cxcess (% ee). However. increasing the polarity of the distal pocket by
substituting Ala-68 with Ser in H64D Mb decelerates the catalytic sulfoxidation rate by 2-
fold. On the other hand, the H64D/V681 mutant affords dominantly the § isomer with the
highest turnover rate up to 413 turnover/min.  The substitution of Val-68 with Leu has
little effect on enantioselectivity in the catalytic sulfoxidation but increases the reactivity
with H.Q.. Both the value of % ee and rale in the catalytic sulfoxidation decrease for
H64D/VOSE Mb in comparison with Ho4D/VOSA Mb. implying a large benzyl side chain
of phenylalanine at the 68 position inhibits the access of substrate 1o the heme pockelt.
Furthermore. the crystal structure of the mutant. H64D/VO8A. hax confirmed the previous
report (J. Ane. Chenn. Soc. 121, 9952-9937 1999, Matsui ¢f al.) on catalytic mechantsm and
the spectroscopic studies on H64D/VOSX Mb phenylethylamine complexes which are
prepared to muimic the transition sate of thivanisole sulfoxidation, have provided some

information on enantioselectivity in the sullfoxidation.
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ABBREVIATIONS

Mb, myoglobin:

CPO. chloroperoxidase from the marine fungus Caldarionyces fumagis:
compound 1, a ferryl porphyrin cation radical;

compound II, a ferryl porphyrin:

Mb-1, myoglobin compound I;

mCPBA, ni-chloroperbenzoic acid;

ABTS, 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid).



INTRODUCTION

Over the past decades, site-directed mutagenesis techniques have been used
successfully to elucidate the functional roles of key amino acid residues in the active sites
of human as well as several mammalian myoglobins. It is now clear that the overall
polarity and the size of the distal pocket are key factors in controlling the rate and
equilibrium constants for ligand binding.!”  For instance, the mutagenesis studies of His-
64 (E7) suggest that for myoglobin the polarity of the residuc at the 64 position rather than

its size controls ligand entry into the heme pocket.* "

In addition. the replacement of the
distal valine, Val-68 (El1), is of interest (Figure 1) because it interacts with the bound
ligand and the His-64 (E7) side chain as well as the non-coordinated water molecule in
deoxymyoglobin. The mutation of Val-68 (El1) also causes remarkable changes in the

1-13

ligand binding properties in myoglobin. However, most of the work has focused on

the ligand binding studies rather than the reactivity of the mutants with H.O, and substrates.

His-64(E7) |

4 o
(J - e
\A\D I

.

Ty , - \)
= Val-68(E11)

Figure 1. Heme environmental structure of sperm whale myoglobin.

Heme and some selected restdues including Val-68 (E11) are presented.

IS




Recently, we proved that the distal histidine, His-64 (E7), of sperm whale
myoglobin is the critical residue in destabilizing reactive intermediate, compound [ (Mb-1),
by utilizing the distal histidine deletion mutants (His 64 — Ala, Ser, and Leu) which
afford an apparent Mb-I in the reaction with m-chloroperbenzoic acid (mCPBA)."” More
importantly, the substitution of His-64 (E7) with Asp (H64D Mb) prepared to mimic the
active site of chloroperoxidase from the marine fungus Caldariomyces fumagus, leads to
dramatic increases in the peroxidation and peroxygenation.'” The aspartate in the distal
side might increase the affinity of H,O, to the pocket or/and fix H,O, in a preferable
position through the hydrogen bonding interaction.

The distal pocket in sperm whale myoglobin, according to the structure by X-ray
diffraction,'”"® has no obvious pathway for a ligand to enter or leave due to the tightly

* on the basis of theoretical dynamics

packed globin structure. Case and Karplus,'
calculations, suggested that a major pathway for ligand entry into the distal pocket of
myoglobin lies between Val-68 and His-64.  This idea was supported latterly by Kottlam
and Case™ in molecular dynamics calculations. Thus, we assume that the characteristics
of the residue at the position 68 could affect access of substrates to the heme iron.  In an
attempt to examine the above assumption, we performed site-directed mutagenesis studies
on the distal valine (Val-68, EL1) in H64D myoglobin and synthesized a series of novel
mutants, so called HO4D/VOEX Mbs, by the use of the synthetic gene and expression
system of Springer and Sligar in 1987."' The mutants provide a series of proteins
containing polar and apolar residues ol increasing size at the E11 position: Ala, Ser. Val.
Leu, [le. and Phe corresponding to the side chain volumes of 26, 33, 75, 101, 102, 137 AL
respectively, The effects of these substitutions on oxidation activity and enantioselectivity
of Mb were assessed as follows.

A key intermediate in the catalytic cycles of heme-containing peroxidase and
peroxygenasc is a ferryl porphyrin cation radical (O=Fe" Por™") called compound I which

is formed by the reaction of the resting ferric enzymes with peroxide ™

As depicted in
Figure 2. compound I can perform two types of oxidations: two sequential one-electron

oxtdation of substrate hike 2,2-azino-bis{ 3-ethylbenzothiazoline-6-sultonic acid) (ABTS)
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Figure 2. General Catalytic Cycles of Heme Enzymes.

and a ferryl oxygen transfer reaction such as thioanisole oxidation.  In this study. we have
performed onc-clectron (peroxidasel as well as two-electron {peroxygenase) oxidations
catulyzed by the H64D/VOBX mutants o examine cllfects of residue-68 on oxidation
activity and enuntiosclectivity.  To invesugate the mechanisue details for the catalytic
sulloxidation. the rate constants of thioanisole oxidation by H64D/VOE8X Mb-I have been
detected under single turnover conditions by the use of double mixing stopped-tiow
spectroscopy.

On the way (o convert myoglobin into a peroxidase-like enzyme., we  have
successtully elucidated catalytic mechanism in details.  However, how substrates gain
access to the active sites of Mbs has not been understood completely.  Unlike CPO.” Mb
shows poor atfinity to the substrate thioanisole, even within molecular dynamics simulation
techniques.  Thus, we chose I-phenylethylamine to adentity and characterize the heme

active site including residue 64 and 68 because the coordination of [-phenylethylamine to
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ferric Mb may have a similar structure to the transition state in thioanisole sulfoxidation as
depicted in Figure 3. Although 1-phenylethylamine binding to myoglobin is a dynamic
process, the information on the binding should provide “snapshots™ that can serve 1o

elucidate the role of the distal residue-68 on enantioselctivity of myoglobin.

transition state 1-phenylethylamine
HaC\ /O Hsc\
._\\“‘i W

C

A
7 "
— o u— o —

Figure 3. The proposed binding model for thioanisole and 1-phenylethylamine.

Spectroscopic methods have also been the principle tools employed here in
clucidating the nature of binding between substrates and the heme iron.  We have
confirmed the spin state of the heme iron for the 1-phenylethylimine-Mb binding complex
by UV-visible spectroscopy  as well as EPR  (electron  paramagnetic  resonance)
spectroscopy at 14 Ko Finally, we have attempted to solve the crystal structures of the
mutants in the presence or absence of 1-phenylethylamine o understand the catalytic

mechanism and the substrate binding mode.

EXPURIMENTAL PROCEDURES

Materials.  All the chemicals were obtained from Wako and Nakalai Tesque. and
used without further purification.  The buffers used lor the reactions were 30 mM sodium
phosphate (pH 7.0) and 50 mM sodium acetate (pH 5.0). as well as 20 mM Tris-HCI (pH
9.0y

Preparation of the Myoglobin Mutants. The HO4D/VO8X (X represents AL S, V.

[. L. F residucs) sperm whale myoglobin mutants were constructed by the cussctte




mutagenesis.  The expression vector for wild type sperm whale Mb was a gift from Dr. J.
S. Olson (Rice University, Houston, TX). The cassette including the desired His-64 and
Val-68 substitutions and a new silent Hpal restriction site was inserted between the B/l
and Hpal sites.  Expression in Escherichic coli strain TB-1 and purification of the mutants
were performed following the previous reports.”  To ensure that the proteins used in the
experiments were all in the ferric form, the sample was oxidized by the addition of a small
excess of potassium ferricyanide. Excess oxidant was subsequently removed by gel
filtration on a column packed with Sephadex G-25 equilibrated with the reaction bufter.
The final purified protein was stored at -80 °C until used.

Catalytic Sulfoxidation of Thioanisole. To a solution of either wild type Mb (5
uM) or Mb mutants (0.1 — 0.5 gM) in 0.5 mL of 50 mM sodium phosphate buffer (pH 7.0),
the substrate of thioanisole (1 mM) was added and then H,O, (1 mM) as the oxidant to start
the sulfoxidation. After the incubation at 25 °C, the mixture was extracted with
dichloromethane for HPLC analysis on a Daicel OD chiral-sensitive column installed on a
Shimadzu SPD-10A  spectrophotometer equipped with a Shimadzu LC-10AD pump
system.™ Standard curve prepared with comumercial phenyl methyl sulfoxide was used for
quantitative analysis. The absolute stercochemistry was deternuned based on a retentton
time. A linear relationship between time versus product formation was observed for at
least 3 min for all except for HO4D and HO4D/VOSL Mbs. but the incubations were stopped
at 2 min in determination of turnover rates for all of the mutants.  The sulfoxide formed in
control incubations without enzyme was subtracted when necessary.

Catalytic Oxidation of ABTS.  Acuvity for one-electron oxidation of ABTS was
measured at 20 °C in 50 mM sodium phosphate buffer (pH 7.00 ona Shimadzu UV-2400
spectrophotometer. At least two experiments were performed for cuch experimental point.
The formation rate of the ABTS cation radical was monitored at 730 nm (&,,, = 1.4 x 10° M’

|Cn]-l)lh

where the absorption of Mb was negligible.  The reaction mixture contained |
mM ABTS uand variable amounts of H.O, (0.2 — [.O mM).  Final concentrations for

H64D/VOEX Mbs were in the range of 0.05 — 0.5 uM.
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Reaction with mCPBA or Hydrogen Peroxide. 'A!I the spectral changes were
monitored on a Hi-Tech SF-43 stopped-tlow apparatus equipped with a MG6000 diode
array spectrophotometer.  An optical filter (360 nm) was used to avoid possible
photoreduction of compound I by UV light.  The reactions with mCPBA were carried out
at pH 5.0 for obscrving a complete accumulation of compound L'*  Rate constant of
thioanisole oxidation by Mb compound | was determined by means of a double-mixing
rapid scan technique at 5.0 °C and pH 5.0. The first mixing of ferric Mb with a shight
excess of mCPBA (1.3 — 2 mol equivalents) resulted in more than 70% accumulation of
compound [, which was subsequently mixed with at least 10-fold excess of thioanisole.
The bimolecular rate constants were calculated from observed rates at the least four
defferent concentrations of the substrate thioanisole. The reaction for H64D/V6SL Mb
with H.O, was performed at 20 °C and pH 7.0 because the compound | intermediate was
best observed at pH 7.0 when H,O, as an oxidant.  The reduction of H64D/V6SL Mb-1 in
the presence of thioanisole was performed at 5.0 °C (pH 5.0).

Spectroscopic Binding Studies.  All UV-visible measurements were done at 20
°C on a Shimadzu UV-24000 spectrophotometer. Electronic absorption spectra for
H64D/VOEX Mbs were recorded in 20 mM Tris-HCL buiter (pH 9.0).  Spin shift by -
phenylethylumine on the mutant was induced as tollows: 10 gl of a | M solution of (R}- or
(S)-1-phenylethylanne was added into o 3 mL solution of ~4.0 M mutants, cach time.
Then UV-visible spectral changes were monitored until Soret band did not shuft.

EPR spectra were recorded on a Bruker ES00 X-band CW-EPR spectrometer fitted
with an Oxtord Liquid heliom flow-cryostat ESR-910 at a 100 kHz ficld modulation and 14
K. Highly concentrated ferric HO4L/VOSA. HOAD/VOSY and HO4D/VOST Mbs were
dialyzed overnight against 20 mM Tris-HCI butfer (pH 9.0y for the background EPR
spectrum. To obtain the amine binding complex sample. the mutants were dialyzed
overnight against the same butfer containing 5 — 20 mM of (R)- or (5)-1-phenylethylumine,
respectively.  Color of the Mb-amine-complex solution changed tfrom brown to red during
the dialysis.

X-ray Crystallography. Crystals were grown i the PO space group using



hanging drop method. 10 uL of 65 mg/mL HPLC cation ion column-purified protein was
mixed with a solution of 3.2 M ammonium sulfate, 20 mM Tris-HCI, and 1 mM EDTA (pH
9.0) to give a final concentration of 2.4 — 2.6 M ammonium sulfate.  The hanging drops
were set up at room temperature and incubated at 4.0 °C. The crystal was mounted and

the diffraction data were collected at room temperature.

RESULTS

Spectroscopic Features of H64D/V68X Mbs. The Soret absorption band is
known to be sensitive to the coordination structure of hemoproteins.””™  Ferric
H64D/V68X Mbs except for H64D/V6SI exhibit similar absorption spectra to that of the
wild type including the Soret maximum, centered around 408 nm (Table 1), which are

17,18

typical of hexa-coordinated ferric high-spin heme. The sixth ligand in the wild type is
a water molecule stabilized by His-64 through a hydrogen-bonding.”' However, ferric
H64D/V6S8I Mb exhibits a blue-shified Soret maximum at 396 nm (Table 1) which suggests

that the mutant loses the water ligation and shows a typical penta-coordinated protein.™

Table 1. Coordination Geometry of Wild Type Mb and Its Mutants

Coordination

Soret peak structure Proteins

wild type
HO64D/VOEA
~408nm He-HS* Ho4D/VOSS
Ho4D/VOSY
H64D/VOSL
Ho4D/VosE
396nm S¢-HS* H64D/VOSI]

#*¢-HS indicates coordination heme structure.

Catalytic Sulfoxidation of Thioanisole. The catalytic sultoxidation (peroxy-
genation) of thioanisole was examined at 25 "C and pH 7.0.  The results are shown in

Table 2. Myoglobin catalyzes the sulfoxidation of thioanisole with the incorporation of an



oxygen atom from the peroxide into the sulfoxide via a ferryl oxygen transter

4

mechanism."""  The H64D/V68X mutants retain the sulfoxidation activity, but they show

ditterent enantiospecificity and turnover rate from the distal histidine relocation or deletion

myoglobin mutants.™

Table 2. Catalytic Sulfoxidation of Thioanisole by Mbs and H,O,.

%\ O e
©/S\ O/S\ ©/S\
—_—

H64D/  H64D/ H64D/ H64D/  H64D/  H64D/

W Vesa  vess  vesv  V6SL  Vesl  V6SF
ce% 25 84 88 60t 32 25S) 46
aeh 025 121 64 145% 261 413 48

* The absolute stereochemistry of the dominant isomer is R except where indicated.

P The unit for rate is turnover per minute.  *Data refer to ref 16.

The HOAD/VOSA and HH4D/VOES mutants show almost the same enantioselectivity.
in that both give R 1somer as a major product with an enantiomeric excess ol 84% and 88%.
respectively.  In contrast. H64D Mb yields almost racemie product (only 6% ce R-isomer
sultoxidey. The trnover rate in the sultfoxidation decelerates 2-fold for the HO4D/VOSS
than HO4D/VOBA mutant. It appears that hydroxyl group on Ser-68 has un effect on the
reactivity but not on the cnantioselectivity of Mbs, When the residue at position 68 s
substituted by phenylalanine in H64D/VOSE Mb. both turnover rate and enantiosclectivity
i the  sulfoxidation  decrease 20— 3 umes  compared  with - H64D/VOSA - Mb.
Instead. % cc value in the reaction by HO4D/VOSF Mb increases 8-told  against
H64D/VOSV  Mb  (1.c. HO4D). Interestingly. HO64D/VORI Mb  shows  diiterent
cnantiosclectivity and reactivity from other H64D/VOEX Mbs in the reaction.  The
dominant 1somer 15 (S)-sulfoxide (Tuable 2) with the value of 23% ee in the sulfoxidation.
In addition. H64D/V68E Mb shows 3-told higher reactivity thun H64D Mb. which has been

the best enzyme in terms of the sullfoxidation rate.  However, H64D/VORL Mb in which

I
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Leu-68 has the similar volume to Ile (the volume of Leu and Ile 15 101 and 102 /D\':,
respectively), does not exhibit different enantioselectivity compared to that of H64D Mb
and it performs the sulfoxidation reaction by 2-fold faster than the H64D mutant.

Oxidation of Thioanisole by H64D/V68X Mb Compound 1. In the case of
peroxidase such as native HRP, compound 1, a ferryl porphyrin radical cation has been well
characterized as a catalytic species equivalent to the proposed active intermediate of P450.
Recently, a ferryl porphyrin radical cation species (O=Fe¢' Por™) of myoglobin, equivalent
to compound 1 of peroxidase, has been confirmed as the catalytic species of a two-electron
oxidation process by the His-64 deletion Mb mutants.'™'" [n this study, we have found that
H64D/V68X Mbs show much different reactivity in the catalytic sulfoxidation of
thioanisole (Table 2). In order to elucidate the catalytic mechanism by H64D/V68X Mbs
and examine the roles of residue at the position 68 on catalytic species reactivities in the
oxidation of thicanisole, we have performed double mixing stopped-flow experiments at
5.0 °C and pH 5.0. An oxidant, m-chloroperbenzoic acid (mCPBA), was used to generite
compound [ in the first mixing, and sulfide was added to compound 1 in the second mixing.
UV-visible spectra began to be collected just after the second mixing to monitor the
spectral changes.

Figure 4 (A} shows absorption spectral changes in the reaction of ferric Ho41D/VOSL
Mb with mCPBA.  The decrease in the absorbance ot the Soret and the increase i the
absorbance around 650 nm are indicative of the compound T formation from the ferric state.
The HO4D/VOEX mutants except tor H64D/VESS attord more than 70% accumulation of
Mb-I based on the Soret intensity i the reaction with 1.3 — 2 equivalents of mCPBA.  In
the case of HOAD/VOES Mb, no compound T but compound 11 accumulation is observed
under the same reaction condition (spectra not shown).

Upon the mixing with thioanisole, H64D/V68L Mb-I species reduces directly buck
to the ferric form with complete recovery of the Soret intensity (Figure 4 (B)).  Essentially

the similar spectral changes were observed for other H64D/V68X Mbs besides Ho4D/VORS
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Figure 4. Rapid-scan ubsorption spectra of formation (A) and reduction (B) of HO4 D/
V6SL Mb-I (thick liney in 50 mM sodium acetate bufter at 5.0 °C and pH 5.0. Directions
of the spectral change were indicated in the figure by wrrows.
(A) the reaction with mCPBA: final concentrations, 4.5 ¢M Mb, 100 uM mCPBA.
(B) final concentrations: 4.3 uM Mb, 7.5 uM mCPBA, 30 M thioanisole. The spectra

were recorded for 24-360 ms after mixing with a 1.2 5 miterval,

in the reactions.  Since compound 11 {O=Fe" Por). bearing one oxidation equivalent with
respect to the ferric state. is not observed. the sutfoxidation catalyzed by HO4D/VOEX Mbs
appears clearly to proceed with a direct two-electron oxidation of thioanisole.  The time
course of Mb-I reductions using the absorbance increase at 406 nm obeyed pscudo-first-

order kinetics and fit well o single exponential expressions.  The rate constants are




summarized in Table 3. The rcactivity for Ho4D/V68X Mb-1 increases in the order of Phe
<Vual <Leu< Ala<lle.

Catalytic Oxidation of ABTS. [n order to estimate the reactivity with H.O. tor
ferric H64D/68X Mbs, we performed the one-electron oxidation (peroxidation) of ABTS
supported by H,O, at 20 °C and pH 7.0.  The results are shown in Figure 5.

Among H64D/V68X double mutants, only the H64D/V68L mutant shows

approximately 2-told higher reactivity than the H64D mutant in the ABTS oxtdation, und

Table 3. Rate Constants of Thioanisole Oxidation by H64D/V68X Mb-I
in 50 mM Sodium Acetate Butter (pH 5.0) at 5.0 °C.

H64D/ H64D/ H64D/  H64D/  Ho64D/ Ho4D/
V68A V68S Vo8V V6SL Vosl V68F

k 445 ND 220* 386 642 219

The unit for k is mM™'s”".  *Datum is taken from ref 16.

ND: compound [ was not observed in the reaction with mCPBA.

6000 5998

5000

4000

3050%

3000+

(min". mM)

2000

1066
1000 1013 842

238

39

1
WwT 'H64D/'H64D/ 'H64D/ ‘'H64D/ 'H64D/ 'H64D/
V68BA V68S V68V V68L Ve8l V6SF

Figure 5. Rate constants (or catalytic oxidation ol ABTS and H,O» by wild type Mb
and the H64D/VOSX mutants at 20 °C in 50 mM sodium phosphate buffer (pH 7.0).
" Datum reters to ref 6.
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the reactivity of others decreases in comparison with H64D Mb.  On the one hand. the rate
constant in the oxidation of ABTS by the H64D/V68A mutant is over 4-fold greater than
that by H64D/V6ES Mb.  Interestingly, when the residue-68 is replaced by a larger one
like lle or Phe. H64D/VO8I and H64D/VO6SEF Mbs show the reactivity similar to
H64D/V68A Mb in the oxidation. On the other, H64D und H64D/V6SL Mbs show
extraordinarily high reactivity in the ABTS oxidation, 70- and 150-fold greater than the
wild type respectively.

Reactions of Ferric Myoglobin with Hydrogen Peroxide. Ferric wild type Mb
reacts with H,0, to yield a ferryl heme (O=Fe" Por), equivalent to compound II of

13317 the instability of Mb-1 could be resulted from its

peroxidase. As reported previously,
rapid reduction by the distal histidine which is located very close to the heme center in wild
type Mb.  More recently, H64D> Mb prepared by our research group, showed the formation
of compound I in the reaction with H,O,."" In this study among H64D/V68X doubie
mutants, only H64D/VOSL Mb yields a detectable amount of compound [ with H,O,.

In the reaction with H,O,, ferric H64D/V6SL Mb affords 90% compound I
accumulation (based on Soret intensity).  To our knowledge | this is the first example in
Mb mutants which produces almost pure compound 1 by H.O, (Figure 6).  As shown in
Figure 6, the spectral changes clearly indicate the accumulation of an mtermediate species
prior to the compound 1l formation, which has characteristics of compound I formation:
Soret absorption decreasing to almost the hait and a broud visible band having a peak
around 630 nm appeared.  Upon the addition of thioanisole into the reaction of ferric
HO4D/VosL Mb and H,O,. the compound [-like species goes direetly back to the Terric
state. The observation can be rationalized by the rapid reduction of compound | 1o the
ferric state by thioanisole.

To determine the rate of compound 1 formation with H,O, tor H64D and
HOAD/VOSL Mbs, we next performed single mixing stopped-tflow experiments at 20 °C and
pH 7.0. In Figure 7 is shown experimental trace of absorbance at 415 nm versus time in
the reaction of 1 mM H,O, with H64D and H64D/VOEL Mbs, respectively.  The amount

ol compound I formation for H64D/V6ESL Mb is greater than that for H64D Mb,  Since the
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accumulation of compound ! for both mutants with 1 mM H,O, is evident, the observed rate
of compound [ formation are determined to be 55.2 "' (standard error 1.4) and 106 s
(standard error 2.2) for H64D and H64D/V6SL. Mbs, respectively.  Herein, the reactivity
with H,O, by H64D/V6SL. Mb 1s about 2-fold higher than that by H64D Mb.  The results
might suggest that Lue-68 cooperates with Asp-64 in the distal pocket of Mb to fix H,0,
more efficiently, probably through a hydrogen-bonding, although the detailed mechanism

of H,0, activation by both H64D/V6BL and H64D Mbs remains to be clarifted.

absorbance

I I I I |
400 450 500 550 600 650 700

wavelength / nm

Figure 6. Absorption spectral chuanges of Ho4D/VOEL Mb upon mixing with 1 mM H.O, at
200 °C in 50mM sodium phosphute butfer. pH 7.0, The spectra were recorded betore
mixing (broken line) and at 6. 12, 200 24 ms (solid line). 0.2.0.40 0.6 see (dotted liney atter
mixing. (Insct) The reduction of H6AD/VOSL Mb-I {thick solid line) in the presence
of 100 uM thioanisole.  The spectra recorded betore mixing and 100 300 60, 90, 160 ms

(thin solid and dotted fine) atter mixing.
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Figure 7. Experimental trace of absorbance at 415 nm vs. time resulting from the reaction

of | mM H,O, and 5 uM Mbs at 20 °C and pH 7.0.

Spectroscopic Study on the Substrate Binding. In order to obtain the inform-
ation on the transition state of thioanisole oxidation by H64D/VEEX Mb-1. we performed
the spectral utration ol the enzyme with (8- and (R)-1-phenylethylamine (called amine as
follows).  The amine binding complex lis expected (o be a transition state analogue of the
sultoxidation.

H64D/VO6SA Mb has Soret maximum at 408 nm of UV spectrum (Figure 8).
indicating the heme state of hexa-coordinated high spin.'”  In the presence of 10 mM of §-
amine. the Soret bund shatts to 413 nm with the decrease nthe absorbance.  In the visible
region. the 632 nm absorption band of the lerric state disappears by the addition of the §-
amine.  The absorption spectrum of H64D/VOSA Mb-amine-complex. having a -band at
332 nm and an o-band shoulder around 560 nm, is typical low-spin ferric hemoprotein.™
More importantly, H64D/V6SA Mb exhibits difterent enantio-preterences in binding with
R- and S-isomer of amine based on Soret band change in the amine titration (Figure 9).
Basically, other H64D/VORX mutants can also distinguish R- and S-isomer of amine in UV-

visible spectral changes (see the discussion below).
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Figure 8. Absorption spectral change for H64D/V6BA Mb in the presence of (5)-1-phenyl-

ethylamine in 20 mM Tris-HCI buffer (pH 9.0).  The concentration of Mb is 10 yM., and

(S)-1-phenylethy-lamine is [0 mM. Inset: Expand of Q-band.
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Figure 9. Ditlerent preference of Ho4D/VOSA Mb on (§) and (R)-1-phenytethylamine.



Figure 10 presents the electron paramagnetic resonance (EPR) spectra at 14 K and

pH 9.0 of the ferric H64D/V6OBA Mb and its S-amine complex.

“ H64D/V68A Mb

\jj
v}
il
[ §]
]

g=32
FY
10 mM S-amine
g=2.1 g=14
B Y f
g=32
Y

20 mM S-amine

0 100 200 300 400 500 600 700
Magnetic Field {mT)

Figure 10. EPR spectra of ferric H64D/VOSA Mb and its (5)-1-phenylethylamine complex

as curve AL B. C, respectively. Measurements were carried out at 14 K in 20 mM of Tris-

HCI bufter (pH 9.0).



The spectra of ferric H64D/V68A Mb i1s analogous to that of the wild type,
indicating the high-spin protein with rhombically split signals in the g = 6.0 and g = 2.0
region. In the presence of S-amine (10 mM), the amplitude of the high spin EPR signal of
ferric H64D/VO8A Mb reduces and three new EPR signals appear at low spin field with g,
=32,g =21 and g, = 1.4 When the concentration of S-amine increases to 20 mM,
almost all of high spin signal for ferric H64D/V68A Mb turns into the low spin. To
examine the heme iron spin state of H64D/V68X Mb-amine-complexes extensively, we
have performed EPR measurement with the three typical mutants (H64D/V68A, H64D and
H64D/V6SI) in 10 mM of R- and S-amine isomers, except for H64D Mb in 5 mM of R-

amine (Figure 11).

S-amine R-amine

H64D/ b L
A M”’
H64D/ oL P

vesl b LK/W

Figure 11. Preferences of (8 or R)-1-phenylethylamine binding on three Mbs in the
development of EPR signals, respectively.  Amine concentration was 10 mM except
where indicated. EPR measurements were carried out at [4 K in 20 mM of Tris-HCI

bufler (pH 9.0).




H64D/V68A Mb prefers S-amine much to R-amine, that 1s high spin signal of ferric
H64D/V68A by S-amine reduces greater, giving distinct low spin signals, than by R-amine.
However in case of HOo4D/V6OE] Mb, there is smaller difference between R and S-amine
binding complexes than that in H64D/VOSA.  Interestingly, H64D can not endure 10 mM
of R-amine in which the mutant denatures (spectrum not shown). although the mutant
prefers R-amine to S-amine (i.e almost same spectral changes in 10 mM of S-amine and 5
mM of R-amine). Therefore, the EPR study is in support of the UV-visible results: (1)
Amine can coordinate to the heme iron of H64D/VEEX Mbs.  (2) H64D/VESX Mbs can
discriminate between R- and S-amine isomers.

Crystal Structure of Ferric H64D/V68A Mb. The H64D/V68X mutations (X
represents A, S, V. 1. L. F residues) to change size and polarity of residue at the 68 position
affect the oxidation activity and enantioselectivity in catalytic sulfoxidation of thioanisole.
In an attempt to interpret roles of the residue-68 of Mb on the catalytic oxidation, the
crystal structures of the H64D/V68X mutants with and without [-phenylethylamine in the
active site are being under determination.  Among them, the structure of H64D/V68A Mb
has been solved.  The mutant exhibits few structural changes upon the double mutations
outside the immediate vicinity of the substituted residues. The carboxyl group side chain
ol Asp-64 in the mutant 15 directed away from the heme center and towards the adjacent
asparagine in g weak hydrogen-bond (3.71 A. Figure 121 The additional water molecule,
compared with the wild type structure, is found in the active site of H64D/VOSA Mb.™
The coordination structure of the feeric heme iron (agquo-hexacoordimationt of HO4D/VOSA
Mb s consistent with its absorption spectrum (Table Dy, in which the coordinated water
maolecule might be stabihized by a hydrogen-bond with the distal Asp-64 through the
additional water mwolecule v the active site. The distunce between O, ot the distul
asparatate and the ferric heme iron is 7.71 A, which is located farther from the heme center

than that of the distal glutamate in CPO (5.06 A).
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Figure 12. Top view of HO64D/VOSA Mb crystal structure. Residues 68, 64, 45 are shown.

DISCUSSION

Effects of Residue-68 on Catalvtic Activity,  The HO4D/VOSA mutation. by
comparison with the H64D mutant, involves the substitution of the sopropyl side chain of
vatine with a smaller side chain of alanine.  Such o replacement seems o alter the
stercochemistry of the distal heme pocket m myoglobin,  For example, the (R)-methyl
phenyl sulfoxide 1s formed by H64D/VOBA Mb with 849% c¢c while the HO4D mutant
attords only 6% cc.

It is known that pobtir imteractions in the distal pocket are important for a ligand
binding process. A good example 1s that the Val-68 — Thr mutation in pig myoglobin

- - - . .. . b
resulted in a 5-fold decrease in CO affinity."™"

The cffect has been interpreted in terms off
stabilization of the noncovalently bound water molecule in the distal pocket, which inhibits

replacement of the water molecule by other ligands through hydrogen bonding cither to



His-64 or to Thr-68. In order to examine the effects of polarity of the residuc-68 on
catalytic activities in sperm whale myoglobin, we have constructed the mutant in which the
distal Ala-68 of H64D/VOBA Mb is replaced with a serine residue.  Since the side chains
of serine and alanine are similar, the influence of polarity may be examined without
significant alteration of the volume of the distal pocket. The Ala-68 — Ser mutation
decreases about 2-fold in the sulfoxidation rate and 4-fold in ABTS oxidation activity. In
addition, only compound II (spectra not shown) is observed in the reaction with mCPBA by
spectral changes in stopped-flow experiments.  The results suggest that compound [
formation is depressed by the mutation.  However, the enantiospeciticity of the
H64D/V68S mutant retains almost same as that of H64D/V6SA Mb in the catalytic
sulfoxidation (Table 1). These observations demonstrate unambiguously that the Ala-68
— Ser substitution in H64D/V6BA Mb decreases both one- and two- electron oxidation
activity possibly due to the destabilization of compound [ as is known that polar residues in
the heme pocket remarkably decreased the overall stubility of apomyoglobin®
Alternatively. the hydroxy group of Ser-68 might be in a position to form hydrogen-bond
with the water molecule cither bound or unbound to the iron so that the stabtlized water
molcecule decelerates the rate of H.O, binding to the ferric form of the H64D/VOES mutant.
The size instead of polarity of the amino actd residue at position 68 contributes to the
cnantioselectivity of the catalyvtie sultoxidauon.

H64D/V68X Mbs, with the exception of the HO4D/VOES mutant, atford compound
[ in the reaction with mCPBA. The oxidation of thiouanisole by compound 1 is acceleraed
in the order of Phe-68 £ Val-08 < Leu-68 < Ala-68 < Ile-68. which indicates that the
residue-08 1s a part of the overall Kinetic barrier.  In Figure [3 is shown the plots of
activities for the catalvtic sultoxidation by H,O, and of rates tor thioanisole oxidation by
compound I versis substituted residues at the position 68 in Ho4D/VEIX Mbs.  The
reactivity of Mb mutants with H,O, is estimated by the catalytic oxidation ol ABTS (see
the discussion below).  The substitution cffect at the 68 position on the reactivity of the
Mb mutants and H,O, is somewhat ditferent from thioanisole oxidation by compound 1.

The overall catalytic activity of thicanisole oxidation by Mb mutants / H.O, is. thus. sum of



the tormation and reaction of compound [.

It should be noticed that H64D/V68] Mb shows the highest reactivities in
thioanisole oxidation by compound I and the catalytic sulfoxidation by H,0O, among
H64D/VO8X Mbs (Table 2, 3). More intriguingly, it is the first Mb mutant which
possesses different stereochemistry from others, giving S-1somer as a major product in the
catalytic sulfoxidation of thioanisole. However, an exact detailed interpretation for the
unique enantioselectvity of the H64D/VOS8I mutant requires the determination of high-

resolution structure of the protein.

H64D H64D H64D  H64D H64D
/VG6BA Ne6sv V6sL  /v68l /V68F

70000 | , , : - 70000
10000 |- - 10000
] =
T 1 E
£ :
S 1000 | - 1000 %
100 | 4 100
30 L 1 30

—8- rates (MM min™') of thivanisole oxidation by Mb compound 1

—e— catalytic oxidation rates (mM™L min™'y of ABTS by Mb mutants / H,O-

—a— catalytic sultoxidation rates (turnovers min™" )y of thioanisole by Mb mutants / H-0,
Figure 13. Dependence of catalyne acuvity and compound [ reactivity on the size ol the

residue 68 (END).

Apparently, ABTS oxidation was not alfected by (he residuc-68.  The results
imply that the oxidation could oceur either at the protein surfuce as in eytochrome ¢
peroxidase (CeP) or the heme edge as was proposed Tor horseradish peroxidase (HRP). '™

The observed rate of ferric wild type Mb with H.O, ¢ mM) could be determined to be 0.51
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s, where compound [ formation was kinetically negligible.””  However. compound 1
formation rates with 1 mM H,O, in this study are determined to be 55.2 s (standard error
1.4) and 106 s (standard error 2.2) for H64D and H64D/VOSL Mb, respectively.  As
shown in Figure 14, the parallel trends of ABTS oxidation activity and compound 1|
formation rate by H,O, suggest that the factors controlling peroxidation activity of Mb are

the formation rate and stability of compound L.

1000+ wildtype | H64D/V6SL | H64D

E 100-

PR

©

©

E 10+ —a—
' H,0,
. ——
] ABTS

Figure 14. Corrclation of ABTS oxidation acitvity and compound I tormation rate with

H.O, tor H64D and HO4AD/VGESL Mbs, respectively.

Catalytic Mechanism and Enantioselectivity,  Although all of H64D/VOSX MDb
X-ray crystallographic data we not available at this moment, the crystal structure off
HG4D/VOSA Mb has provided the framework in part for interpreting the tunctional roles of
residues at the 64 and 63 positions.

H64D Mb waus prepared to mimice the active site of CPO in which Glu-183 residue
has been proposcd to function as a general acid-base catalyst because the side chan ot Glu-
183 is positioned dircctly to the peroxide-binding site.™  Through close examination of the
crystal structure of H64D/VOSA Mb (Figure 12). we find that the carboxyl side chain of
Asp-64 is in a distance of 7.71 A away from the heme iron and lies towurds Arg-43. which

has a weak hydrogen-honding interaction (i.c. 3.7 Ay with Asp-64.  The carboxyl group ot

39




aspartate is farther away by 2.6 A from the heme iron than that in Glu-183 of CPO (Glu-
183 lics at 5.06 A from the heme iron.). Thus, it seems that the carboxyl group of Asp-64
in H64D/VOSA Mb is not capable of directly working in an acid-base catalytic mechanisim
required to cleave the peroxide O-O bond in the formation of compound [. This
conclusion is in good agreement with the previous report by Matsui, in that Asp-64 in
H64D Mb did not appear to function as a general acid-base catalyst in the activation of
H,0..'"" Obviously, the polarity of the distal pocket plays a major role in catalytic
mechanism through increasing the atfinity of H,O, to the pocket orfand fixing H,O, in a
preferable position.

In general, when a cavity in a protein is created by a “large-to-small™ substitution,
the surrounding residues relax somewhat to reduce the volume of the cavity.””  In the
casc of the Val-68 to Ala mutation of H64D Mb, the distal pocket is likely to be open and
readily accessible to solvent so that more than one water molecules are present near the
heme iron.™”  Thus, an extensive hydrogen-bonding network could engage in the catalytic
oxidation, leading to about 500-fold higher activity in the catalytic sulfoxidation for the
H64D/V6sA mutant than the wild type (Table 2).

By the comparison of the crystal structures of the HO64D/VOSA mutant and the wild
type (Figure 15} several tactors in the mutant manitest the increased cavity in the active
site. 1) The side chain of Asp-64 1 the mutant turns round about 100° relative 1o
imiduzole ring of the distal histidine which is almost vertical to the heme group in the wild
type. 20 Ala-08 ol the mutant has smaller volume than Val-68 in the wild tvpe. 3 The
rotation ot the side chain in residue-64 has forced Arg-45 to swing out of the way in the
active site. Such anrchitecture ol the active site in HO41/VOSA Mb resembles closely o
that oceurs in myoglobin with phenylhydrazine bound to the ron atom. i which the side
chaims of His-64 (E7). Arg-45 (CD3). and Val-68 (E11) have been forced aside to form an

N

open channel 1o the surface.™  Thus. the Val-68 — Ala of H64D mutation opens the distal
pockel, and the mutant  readily accommodate substrate  thioanisole  presumably
enantiospecitically.  On the other hund. the distal space in the wild type is filled with

cither un aliphatic or imidazole group, both of which direet towards to the heme iron.  As
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the result, H64D/VO68A Mb gives the enhanced rate as well as enantioselectivity (84% ee)

with respect to the wild type (25% ee).

residue-64

Figure 15. Superposition of the active site structures of wild type myoglobin and the

H64D/VOSA mutant.  Residucs 93, 68, 64, 45 are shown.

The substrute-binding site s formed by enlarging the space above the heme.
However. crvstallographic studies of myoglobin complex with the substrate are scriously
himited due to the poor affinity of thioanisole to the protein.  Therefore, we decided Lo
simulate the transition state 1in the sulfoxidation by the replacement of the substrate wiath [-
phenylethylamine.  The reaction between HO4D/VORX Mbs and  [-phenylethylimnne
produces a complex in which amine 1s coordinated o the heme iron (Figure 8. 100111 In
Table 4 is summarized the enantio-preterences ol HO4D/VOSX Mbs in amine binding and
the dominant enanttomers observed n the catalyuc sultoxidaton of thioanisole. 1t the
stubility of the transition state in the sultoxidation s responsible for enantioselcetivity of
Mb. the heme irons in both the transition state and the amine binding complex should favor
the same enantiomer. However, the enantio-preferences in amine binding and the

catalytic sultfoxidation are not always siome for all of H64D/VORX Mbs as shown in Table 4.
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Thus, it would seem that in the thioanisole sulfoxidation the stability of the transition state
does not play any specific role in controlling enantioselectivity, high enantioselectivity of
the Mb mutants might arise from the way of substrate access to the heme ron.

In order to better understand the origin of high enantioselectivity for the Mb
mutants, several approaches for solving amine complex structure, such as crystallographic

analysis, molecular dynamics and 2D proton NMR are underway or planned.

Table 4. Enantio-preferences of H64D/V68X Mbs in Thioanisole
Sulfoxidation and Amine Binding

H64D/ H64D/ H64D/  H64D/  Ho4D/  H64D/
V6BA V68S VOBV VoOEL Vo8l V68F

sulfoxide R R R R S R
amine
binding hY R R R S

In summary, we have prepared a series of H64D/VO68X mutants of sperm whale
myoglobin to investigate the function of residues at the position 68 on the oxidation activity.
The results presented here demonstrate that the size and polarity of residues 68 in sperm
whale  myoglobin  play absolutely important roles on  the oxidation activity and
enantioselectivity in peroxidation and peroxygenation.  The changes in the oxidation
activity would be rationalized by different reactivity of compound | for H64D/VOEX Mbs.
[t has been clearly that polarity of the active site instead ol a general acid-base catalyst of
residue Asp-64 is involved i catalytic mechanism. but we need to complete analysis of |-
phenylethylamine Mb complex crystal structure in order to elucidate the precise substiate
binding mode.  This type of information would provide a busis for the development of
myoglobin mutants designed (o catalyze enantioselective oxidation of interest, an umportant

goul in synthetic organic chemistry.
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CHAPTER 2

Conversion of Sperm Whale Myoglobin into a Catalase-like Enzyme
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ABSTRACT: Comparison of crystal structures of sperm whale Mb and bovine liver
catalase (BLCasc) suggests that the Phe-43 — His and His-64 — Asn double mutation
could create a heme pocket similar to the active site structure of BLCase.  Thus, we have
constructed FA3H/H64N Mb as well as the H64N, F43H/H64A. and HO64A mutant o
investigate the influence of the distal histidine and asparagine on the reactivity. The
F43H/H64N mutant exhibits better catalase (i.c. the dismutation of H,O,) and peroxidase
(i.e. the one-electron oxidation of 2,2’-amino-bis(3-cthylbenzthiazoline-6-sulfonic acid)
(ABTS)) activity than the wild type. The primary isotope effects observed in the
reaction of Mb with deuterated hydrogen peroxide indicate that the H-O bond cleavage is
involved in the rate-determining step for the dismutation of H,O,. Although the single
replacement of His-64 with an asparagine residue does not enhance the rate of ABTS
oxidation, F43H/H64N Mb has 3.4-fold better peroxidase activity than the F43H/H64A
Mb. Therefore, the distal histidine in the F43H/H64N mutant appears to work
cooperatively with Asn-64 to enhance the reactivity with H,0,.  Our results presented in
this communication infer that the distal asparagine (Asn-147) as well as the histidine

(His-74) in BLCase might adso play a role to facilitale compound | formation.

ABBREVIATIONS

Mb. myoglobin;

BL.Case, bovine liver catalase:

compound L. a ferryl porphyrin cation radical:
compound II, a ferryl porphyrin:

Mb-I. myoglobin compound I:

mCPBA, mi-chloroperbenzoic acid;

ABTS, 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid).
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INTRODUCTION

Myoglobin (Mb), normally functions as a carrier of molecular oxygen,'™ could
be converted into a hemoenzyme like peroxidases by either site-directed mutagenesis
based on rational design of the active site*’ or random mutagenesis by in vitro evolution.’
The extensively accumulated biochemical and biophysical data on Mb, including the X-
ray crystal structures of native, wild type, and various myoglobin mutants, provide us

> We report herein an attempt to convert Mb into a catalase-

with a good starting point.
like enzyme by the Phe-43 and His-64 double substitutions.
Catalase performs the dismutation of hydrogen peroxide (H,0,) into molecular

oxygen and water.'””

A ferryl porphyrin cation radical, so-called compound I, is
believed to be a common reactive species for both peroxidase and catalase activity
although the mechanistic details of compound I reduction remains to be clarified (Figure

1).**  The active site of catalase bears the distal histidine, functioning as a general acid-

H,0,
ﬁlv ;—u compound 1lI

o o S——
compound Il
ABTS 4o
ABTS
ABTS
HOH Peroxidase cycle ABTS
, HOOH HOH
1] \ / _ ﬁ .
—— e — o _Felv_+
ferric - ‘ compound |

0,+HOH  HOOH

Catalase cycle

Figure 1. Catalase and Peroxidase Cycle.
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buase catalyst, as observed in the heme crevice of peroxidase. Furthermore, Asn-147
appears to interact with hydrogen peroxide through hydrogen bonding interaction (Figure
2)."  Such an interaction presumably helps the polarization of the O-O bond of the
peroxide to facilitate compound 1 formation.  Comparison of crystal structures of sperm
whale Mb and bovine liver catalase (BLCuase) suggests that the Phe-43 — His and His-64
— Asn double mutation could create a heme pocket similar to the active site structure of
BLCase (Figure 3).'""** Thus, we have constructed F43H/H64N Mb as well as the H64N,
F43H/H64A. and HO64A mutant to investigate the influence of the distal histidine and

asparagine on the reactivity.,

His-74 \
+
F\ .H—Nsxy_-NH

-

AN 5

N
-
Tlll H Asn-147

I Fe—

Figure 2. A proposcd hydrogen bonding network in a precursor ot compound 1. The

heterolytic cleavuge of the O-O bond generates a ferryl porphyrin radicat cation,

His-93 /™ =%
(Mb) ]

Figure 3. Superimposition of sperm whale myoglobin (Mb) and bovine liver catalase

(BLCase). Heme in Mb and some selected residues in the active site are shown.
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EXPERIMENTAL PROCEDURES

Preparation of the Mpyoglobin Mutants. The F43H/H64N, H64N.
F43H/H64A and HO4A sperm whale myoglobin mutants were constructed by cassetie
mulug.cncsis. The expression vector for wild type sperm whale Mb was a gift from J. S.
Olson (Rice University, Houston, TX).  The cassette including the desired His-64 and
Phe-43 substitutions and a new silent Hpal restriction site was inserted between the Bglll
and Hpal sites.  Expression in Escherichia coli strain TB-1 and purification of the
mutants were described in papers previously reported.  To ensure that the proteins used
in the experiments were all in the ferric form, the sample was oxidized by the addition of
a small excess of potassium ferricyanide.  Excess oxidant was subsequently removed by
gel filtration on a column packed with Sephadex G-25 equilibrated with the reaction
buffer. The final purified protein was stored at -80 °C until used.

ABTS Oxidation (One-electron Oxidation). One-electron oxidation activities
were measured at 20 °C in 50 mM sodium phosphate buffer (pH 7.0) on a Shimadzu UV-
2400 spectrophotometer. At least two experiments were  performed  for each
experimental data point.  Steady-state kinctic constants for the oxidation of ABTS were
obtained by measuring the initial rates us varyving the H,0, concentration. The tormation
of ABTS cation radical was monitored at 730 nm where the absorption of Mb was
negligible,  The absorption coelficient ol the ABTS cation at 730 nm (g,,,= [.44 x 10
M'em™) was caiculated from that at 415 nm (g,,.= 3.6 x 10* M'cm™).  The reaction
mixture contained 1| mM ABTS and vanable amount of H.O, (0.1 - 2 mM). Final
concentrations of Mb were (05 gM for FASH/HO4A and FA3H/HO6AN Mbo 1 ¢M for wild
type. HO4A and HO64N Mb, respectively.

Compound 1 Formation and Reduction.  All the spectral changes were
monitored on a Hi-Tech SF-43 stopped-tlow apparatus equipped with & MG6000 diode
array spectrophotometer.  An optical filter (360 nm) was used lor avoiding possible
photoreduction of compound [ by UV lLight.  The reactions with mCPBA were carried out
at pH 5.0 to observe complete accumulation for compound I The reactivity of

compound 1 with hydrogen peroxide was determined by means of a double-mixing rapid
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scan technique at 5.0 °C and pH 5.0. The first mixing of the ferric Mb with a slight
excess of mCPBA (1.3 — 2.0 mol equivalents) resulted in more than 80% accumulation of
compound 1, which was subsequently mixed with at least 10-fold excess of substrate
hydrogen peroxide. The bimolecular rate constants were calculated from observed rates
at the least four deferent concentrations of hydrogen peroxide.

Measurement of Catalase Activity. Catalase activity of Mb was measured at
25 °C from amount of molecular oxygen formed with a Hansantech DWI1 oxygen

electrode. The reaction mixture contained 10 gM and | mM H.O..

RESULTS AND DISCUSSION

The Phe-43 — His mutation in H64N and H64A Mb accelerates the evolution of
molecular oxygen by 12- and 6-fold. respectively (Table 1).  Since the introduction of
His-43 in H64N Mb enhances the catalase activity greater than in H64A Mb, the distal
histidine appears to work cooperatively with Asn-64 as we hypothesized.

The one-clectron oxidation of 2.2"-aminobis(3-ethylbenzthiazoline-6-sulfonic
acid) (ABTS) (i. e. peroxidase activity) is a good probe to ¢xamine it the mutations

)

fucilitite compound 1 formation.”™  With increasing concentrations of H,O.. the mutants
exhibit a linear mcrease in ABTS oxidation (Figure 4); theretore, the rate-determining
step Tor the one-clectron process appears to be the reaction ot ferrie Mb with H.O.. The
rute ol ABTS oxidation would retlect the efficiency of compound I formation.  The 36()-
fold enhancement is observed for F43H/HO64N Mb with tespect to the HO64N mutant. but
F43H/HO64A Mb oxidizes ABTS 20-lold taster than HO4A Mb ¢'Table 1), In addition. the
HO4N mutant has only one (wenty thirds of one-clectron oxidanon activity by the wild
type: therefore, the distal asparagine alone does not facilitute compound T formation.
The results clearly indicate that Asn-64 improves the reactivity of terric Mb with H,O,
when His-43 is present in the active site.

However, the turnover numbers for molecular oxygen evolution by F43H/H64N

and F43H/H64A Mb are less than the values of ABTS oxidation by more than 10-fold.

Thus, compound I formation does not seem to be the only step controlling the catalase




activity.  We have next attempted (o examine the reaction of compound 1 with H,O,.

Table 1. Catalase and ABTS Oxidation Activity by Myoglobin Mutants.

Mba catalase activity ABTS oxidation activity
{(turnover/min) {turnover/min)
Wild type 1.7 20
H64N 0.72 1.7
F43H/H64N 8.7 510
H64A 2.0 7.4
FA3H/H64A 13 150

It is known that compound I of the distal histidine deletion mutants can be
generated with a stoichiometric amount of m-chloroperbenzoic acid (:nCPBA), and the
addition of H,O. to compound I cnables us to measure the reduction rate.””  The Kinetic
constants for the H64N and H64A mutants are determined to be 1.0 x 10* and 5.9 x 10/
M's', respectively.  The relatively fast reduction compared with the rate of molecular
oxygen evolution suggests that the low catalase activity of the His-64 deletion mutants is
due to the slow compound 1 formation.  On the contrary. F43H/HO4N and F43H/HO4A
Mb require more than 25 cquivalents of mCPBA with respect to the protein to form
compound 1. In addinon, the instability of compound [ of those double mutants does not
allow us to determine the exact rate of compound T reduction with H.O.. Although the
values similar to the rate constants for H64N and H64A Mb (= 10° M's'") are expecied.
such o fast reduction of compound 1 with H,O, does not explain the relatively slow
evolution ot oxygen molecule.  Since compound 1 ol F43H/HO4N and F43H/H64A MDb
is casily decay to compound [ which could further react with H.O. 1o form compound
11 the balance between the reduction and decay of compound 1 would control the
cutalase activily.

In order to study the reaction mechanism further. we have used deuterium
labeled hydrogen peroxide (D.O,) and measured the catalase activity in the bufter
prepared from deuterium oxide (D,0). The rate of O, evolution by F43H/H64N and

F43H/H64A Mb decreases to 1.7 and 3.0 turnover/min, respectively.  The approximately
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4-fold decrease in the rate in the deuterated reaction system suggests that the H-O bond
cleavage is involved in the rate-determining step. However, at this time, we have not
clarified if the bond breakage occurs via either the hydride (H-) transter or the proton (H')

abstraction by compound I.  Further studies are under way to solve the problem.

25+ | 500
H64N/F43H

20 - - 400
TE 15 . 300
E
2 10 | 200
o

5 L 100

. HE4A/FA3H |

T | I
00 05 1.0 15 20 0.0 0.5 1.0

[H20,] (mM)

Figure 4. The plots of ABTS oxiduation rates versus concentrations of H.O, at 20 °C in 50

mM sodium phosphate buffer (pH 7.0).

In summary, FA3H/HO64N Mb constructed to numie the active site of cataluse
exhibits better catalase and peroxidase activity.  The primary isotope effects observed in
the reaction of Mb with deuterated hydrogen peroxide indicate that the H-O bond
cleavage is involved in the rate-determining step tor the dismutation of H.O..  Although
the sigle replacement of His-64 with an asparagine residue does not enhance the e of
ABTS oxidation. F43H/HO64N Mb has 3.4-fold better peroxidase activity than the
F43H/H64A Mb.  Therelore. the distal histidine tn the FA3H/HO4AN mutant appears to
work cooperatively with Asn-64 to enhance the reactivity with H,O,.  Our results
presented in this communication infer that the distal asparagine (Asn-147) as well as

histidine (His-74) in BLCase might also play a role to tacilitate compound I formation.
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Asymmetric Oxidation Catalyzed by Sperm Whale Myoglobin Mutants*
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Asymmetric Oxidation Catalyzed by Myoglobin Mutants.
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ABSTRACT: The sperm whale myoglobin active sitc mutants (L29H/H64L and
F43H/H64L. Mb) have been shown to catalyze the asymmetric oxidation of sulfides and
olefins.  Thioanisole, ethyl phenyl sulfide, and cis-B-methylstyrene are oxidized by
L29H/H64L Mb with more than 95% cnantiomeric excess {% ce).  On the other hand, the
F43H/H64L. mutant transforms trans-B-methylstyrene into trans-epoxide with 96% ec.
The dominant sulfoxide product in the incubation of alkyl phenyl thioethers ts the R
isomer; however, the mutants afford dominantly the § isomer of aromatic bicyclic
sulfoxides. The results help us for the rationalization of the difference in the preferred
stereochemistry of the Mb mutants-catalyzed reactions. Furthermore, the Mb mutants

exhibit the improvement of the oxidation rate up to 300-fold with respect to wild type.

ABBREVIATIONS

Mb. myoglobin;

CPO. chloroperoxidase [rom the marine fimgus Caldariomyees fionagus:
compound L, a terryl porphynin cation radical:

compound I a ferryl porphyrin:
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INTRODUCTION

Asymmetric biotransformations have been applied to organic synthesis as excetlent
alternatives to chemical procedures.'  Chloroperoxidase from Caldariomyces fumago
(CPQ).” a heme enzyme, is one of the well studied enzymes for enantiosclective oxidation
of sulfides and olefins." Recently, a vanadium-containing non-heme bromoperoxidase
from the alga C. officinalis (VBrPO)' has been shown to perform sulfoxidation of aromatic
bicyclic sulfides in high enantiomeric excess (% ee).” The structural feature of active site
of native enzyme is successfully utilized to achieve high optical and chemical yields. In
order to extend the biocatalytic methodology, we have examined the oxygenation by sperm
whale myoglobin (Mb) mutants.

Mb has protoporphyrin IX as a prosthetic group, and its major physiological role is
the storage and transfer of molecular oxygen.® However, Mb can support the peroxide
dependent one and two electron oxidation of a variety of substrates at the very slow rate.’
Recently, we reported as communications that L2OH/H64L and F43H/H64L Mb exhibit
high catalytic turnover with high stereospecificity for the sulfoxidation of thioanisole and
the epoxidation of styrenc.®  More importantly, a ferryl porphyrin radical cation species
(O=Fc" Por**). equivalent to compound | of peroxidase. huas recently been confirmed as
the catalytic species of two clectron oxidation process by FAIH/H64L, HO64S. HO64A, and
Ho4L Mb.®  The mutants were designed (o increase the lite time of catalytic intermediate
as well as the accessibility of substrates. In this report. we have explored the scope of
asymmetric oxygenation by the use of aromatic bieycelic sulfides and methyl styrene. The
results help us understanding the substrite binding ortentation on the basis of the preferred
stereochemistry for L2O9H/HO64L and FA3H/HO4L Mb. Furthermore, we have contirmed
that compound | of L29H/H64L Mb is also & catalytic species for the oxidation of sulfides

and styrene.



EXPERIMENTAL PROCEDURES

Materials. All substrates except for sulfide 4. 5. and 6 are commercially available.

4, 5, and H,""0, were chemically synthesized as previously reported.™™  Sulfoxides and
epoxides were synthesized from the corresponding starting substrates by the oxidation with
m-chloroperbenzoic acid (mCPBA} or H,0, and used to make standard curves. The
L29H/H64L and F43H/H64L Mb were constructed utilizing polymerase chain reaction
based method.” The Mbs were expressed and purified as previously reported.'"” The

protein concentration was determined by spectrometrically at 408 nm (£ = [.8 x 10° M'¢m’

).

Synthesis of Sulfide 6 and Its Sulfoxide. A mixture of thiosalicylic acid (4.0 g),
methyl iodide (36 mL}, and 28% ammonium hydroxide {24 mL) were stirred at 25 °C for
48 hours. The products (a mixture of 6 and its free acid) were extracted with
dichloromethane, and purified by Sitica Gel 60 (2.1 cm x 8 ¢cm).  The column was washed
with dichloromethane to elute 6 and then with 20% isopropanol containing hexane to
recover the free acid. NMR: & (CDCl3) = 2.49 (3H. s), 3.95 (3H. s), 7.18 (1H, 1}, 7.30
{(IH. d), 7.50 (IH. t) 8.02 (IH.d). GC-MS: Calculated for CyH19pO>S 182.23 Found
182.05. The sulfoxide of 6 was synthesized in a water/methanol mixture (2.0 mlL)
containing 6 (10 mg) and H-0-(0.01 mol) at 25 °C for 4.5 hours.  The sulfoxide product
was puritied by Silica Gel 60 (2.1cm x 8 cm) with the cluent system of 20% isopropanol:
80% hexane. NMR: & (CDCl3) = 2.85 (3H. s). 3.96 (3H. ). 7.47 (1H. ). 7.72 (1H. 1.
.00 (FH. d) 8.32 (IH. d). GC-MS: Calculated tor CyHjp0:S 198.24  Found [98.10.
The § and R isomers were separated and collected by isocratic HPLC on Dicel chiral
column OD (0.46 ¢cm x 23 cmy at a flow rate of 0.5 mL/min (isopropanol/hexane = 20/80).
The CD spectra were obtained by JASCO J-40 spectropolarimeter. and the absolute
configuration was assigned by comparison of CD spectra of (R)-methyl phenyl sulfoxide
and synthetic sulfoxide ol 6 (Figure 1).

Enzymatic Sulfoxidation, 1 mM H,O- was added to a solution of ¢ither Mb or

the Mb mutants (5 gM) and 1 mM sulfide in 0.5 mL of 50 mM sodium phosphate bufter
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(pH 7.0) at 25 °C. A selected internal standard was added, the mixture was extracted with
dichloromethane. and analyzed by isocratic HPLC on Dicel chiral column OD (0.46 cm
X 25 c¢m) at a flow rate of 0.5 mL,"min.H The reaction time varies from 1 to 30 minutes,
and the rates were determined from the linear portion of the product vs time plot.  Since
the enzymes were inactivated during the reaction, we normally observed up to 2500
turnovers. Standard curves prepared using synthetic sulfoxides were used for quantitative
analysis, and the values of % enantiomeric excess were determined on a basis of peak area
of HPLC traces. It was previously reported that the § sulfoxides of 1 and 2 eluted from
the column.”  The absolute configuration for sulfoxides of 3 and 6 were confirmed by the
comparison of CD spectrum of (R)-methyl phenyl sulfoxide and those of sulfoxide isomers
for 3 and 6 collected from the chiral column. To deterimine the stereochemistry for
sulfoxides of 4 and 5, authentic R sulfoxides were synthesized by CPO as described
previously.“*' and the retention times were determined 21 (4) and 36 min (5), respectively.
The sulfoxide formed in control incubations without enzyme was subtracted when
necessary.

Reactions of Compound I with Sulfides or Styrene. Ruapid scan spectra were
collected on a Hi-Tech SF-43 stopped-flow apparatus equipped with a MG 6000 diode
array spectrometer. Single mixing ¢xperiments (i.e. mixing of ferric Mb and mCPBA)
were performed to determine the rate of compound [ formation.  mCPBA was used as an
oxidunt because it was better than H>O» to generate compound [ in a time scale of stopped-
flow experiments.  The reaction of L29H/HO4L Mb ¢ 10 My with mCPBA (250 M) was
performed i 50 mM sodium acctate bufter (pH 5.3) at 3 °C. Since the FAIH/HO4L
mutant (10 gM) does not require a large excess of mCPBA (o generate compound 1. the
mCPBA concentration was reduced to 100 uM.  Bused on the results of single mixing
experiments, the delay times, defined as the interval between the first and the second
mixing, were set as [0 and 0.3 sec. tor L29H/H64L and F43H/H64L Mb, respectively.
Sulfides (100 M) or styrene (100 pM) were added to compound [ by the second mixing

after the appropnate delay time to collect spectral changes.
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The rates of compound [ reduction for L29H/H64L Mb by thiocanisole, 2.3-
dihydrobenzothiophene. and styrene were 5.9 + (.1 ', 4.5 £0.1 s, and 0.92 £0.02s ",
respectively.  The values tor the F43H/H64L mutant were 66 & 3 s 44+ | s and 44 +2
s, respectively.

Enzymatic Epoxidation.  The wild type or mutants (10 gM) in 0.5 mL of 50
mM sodium phosphate buffer (pH 7.0) was incubated with 0.5 uL of neat styrene, cis-, or
trans--methylstyrene and | mM H»O; at 25 °C. A selected internal standard was added,
and the dichloromethane extracts were analyzed by GC equipped with Chiraldex G-TA
capillary column at 80 °C. The reaction time varies from 2 to 20 minutes, and the rates
were determined from the linear portion of the product vs time plot.  Since the enzymes
were inactivated during the reaction, we normally observed up to 100 turnovers. The
standard curve was prepared for quantitative analysis, and the absolute stereochemistry was

determined based on a retention time of the authentic epoxide.

RESULTS AND DISCUSSION

Asymmetric Sulfoxidation of Cyclic and Acyclic Sulfides.  Among the Mbs
studied here, L2OH/HG4L Mb is the best chiral catalyst {Tuble 1), The values of % ce for
the L2OH/HO64L mutant are greater than those of wild type and F43H/HO4L Mb for the
oxidation of sultides examined here. The largest improvement from 7.6% to 93% in
cnantiosclectivity is observed for the sulfoxidation of cthyl phenyl sulfide (2) by the
L29H/H64L mutant.  On the other hand. the F43H/HO64L mutant is the best catalyst in
terms of the sulfoxidation rate. The Phe-43 — His and His-04 — Leu mutation increases
the rate of thioanisole ¢ 1) oxidution by 190-fold with respect to the wild type, which s the

largest enhancement achieved herein.

[n order to clucidate the substrate recognition by the Mb mutants, we have
determined the enantioselectivity for 2-hydroxyethyl phenyl sulfide (3) oxidation.  The
absolute contiguration for the sultoxide isomers of 3 wus determined by comparison of

their CD spectra with that of R-methyl phenyl sulfoxide (Figure 1), In the reaction with
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Table 1. Enantiospecific sulfoxidation of cyclic and acyclic thioether”

wild type L29H/H64L FA43H/Ho64L
rateh Goee rateh foee rate” Goee

Se. 25¢ 97¢ 85
1 ().25¢ 3.5¢ 47+
(R) (R) (R)
S~ 7.6¢ 95¢
2 0.46¢ 6.5¢ 20
(R) (R) (R)
Se 0N 27 71 27
3 0.65 1.6 32
(R} (R) (Ry
S
S

L
N

)
)
)
=
o
N

(R} (5 ()

0.2 67 17
4

S 5.4 66 34

‘ 0.8 32 50
T (R} i.y) (5
SN 4.3 82 8.3

6 @ 0.4 24 75
i5) (R (R}

COOCH;3

th

() HPLC conditions: 20 % sopropanol @ 80 % hexane tor 110 % isopropanol © 90 7a hexane
for 2 and 6. 13 % 1sopropanol @ 83 % hexane for 30 and, 3 % sopropanol 1 93 % hexane for 4
and 5. Retention times of the sultoxide products: T L7 and 20 mine 2 17 and 21 min. 3 17 und
20 min. 4 36 and 38 nun. 3 64 and 68 min. and 6 19 and 21 min. Except for the sultoxide ol 6.
the § 1somers always clute from the column first.

) The unit for rate is mover/min.

{¢) The results are taken trom reference 8a and 8b.
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Figure 1. CD spectra of R-methyl] phenyl sulfoxide, R-sulfoxide of 3 (eluted at 20 min),
and 6 (eluted at 19 min).

L29H/H64L. and F43H/HG4L Mb. the hydroxy group of 3 decreases the value of % cc by
approximately 25% with respect to ethyl phenyl sulfide (2). but the R enantiomers are stll
the major sulfoxide products for 2 and 3 (Table ). Thus. the orientation of substrate
binding does not appear to be controlled by hydrophilic properties of alkyl group in the
cise of sulfoxidation catalyzed by L29H/HO64L and FA3H/HO4L Mb.  Interestingly. cyclic
sulfides give different stercospecificity from acyclic thioethers for the L29H/H64L mutant.
The values of % ec in the oxidation of 2. 3-dihydrobenzothiophene (4 and |-thiochroman
i5) by L29H/H64L Mb wre 67 and 66% ce. respectively. and the dommant isomers are
sulfoxides (Table 1), On the contrary, R is the major cnantiomer with 97% ce for
thioanisole (1) oxidation by the L29H/HO64L mutant.  Since sulfide 6 bearing an ortho
substituent is oxidized to the corresponding R sultoxide with 82% ee by L29H/HOo4L Mb.
the cyclic moiety but not ortho substituent of benzene ring appears to be important for the
formation of § isomer.  The similar changes in dominant isomers are also observed for

F43H/H64L Mb.
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In this study, hydrogen peroxide was added in one portion at the beginning of the
reaction to obtain the initial rate, and the values can not be directly compared with the
results from the continuous addition of oxidants to the reaction mixture with CPO™ or
VBrPO' as previously reported. However, the sulfoxidation system with F43H/H64L
appear to be comparable to that of CPQ in terms of the rate."”

Catalytic Species for the Sulfoxidation Reaction. In order to confirm that
compound I is the catalytic species for the oxidation of sulfides by the L29H/H64L and
F43H/H64L mutant, we have performed double mixing stopped-flow experiments.
Compound I was generated in the first mixing. and sulfides were added to compound 1 in
the second mixing. UV-visible spectra began to be collected just after the second mixing
to monitor the spectral changes.

The decrease in the absorbance of the Soret and the increase in the absorbance
around 650 nm are characteristic for the formation of ferryl porphyrin radical cation from
the ferric state (Figure 2). Compound | (O=Fe " Por**) of L29H/H64L Mb is reduced
back to the ferric state in the presence of an excess of thivanisole (1).  Since compound [}
(O=Few Por). bearing one oxidation equivalent with respect to the terric state, i1s not
obscrved, the sulloxidation appears o proceed with a direct two-clectron process.
Essenually  the same  spectral  changes  are observed  in the  presence of 2.3-
dihydrobenzothiophene ¢4y with L29H/H64L Mb.  Therctore, the bicyclic sultide does not
change the oxidation mechanism. Thicanisole and dihydrobenzothiophene also reduce
compound [ of the FAIH/HOG4L mutant directly to the ferric state.

The similar UV-visible spectral changes were observed in the ceaction ol compound
[ of both mutants with styrene (7). Thus, the results indicate that the ferryl porphyrin
rudical cation (O=FelY Port) is the reactive species ftor the peroxide dependent

monovoexygenation by the mutants.
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Figure 2. The UV-visible spectral changes from compound [ of L29H/H64L Mb to
the ferric state in the presence of thioanisole in 50 mM NuOAc butfer (pH 5.3y at 5 °C.

Asymmetric Epoxidation of Styrene and -Methylstyrene.  [n order 1o gain an
insight into the highly enantiospecific oxidation by the L29H/H64L and F43H/H64L
mutant. we have next studied epoxidation reactions.  The epoxidation rate for styrene (7).
trens- (8). and cis-B-methylstyrene (9) catalyzed by the L2OH/HO64L mutant is increased by
9-1old, 4-fold. and 46-fold, respectively. comparing with the rate of wild type Mb (Tuable 2).
The highest value of enantiomeric excess 1s 99% ec lor cis-B-methylstyrene epoxidation
catalyzed by L29H/H64L. Mb.  On the other hand. F43H/H64L Mb oxidized trans-[3-
methylstyrene to (1R, 28)-trans-epoxide with 96% ee.  The F43H/HO64L mutant is the best
cnzyme in terms of epoxidation rate, and styrene, frans- and cis-B-methylstyrene are found
to be oxidized 300-, 210-, and 57-times faster by F43H/H64L than wild type Mb,

respectively.  Synthetic iron porphyrins. hemoprotein model compounds. oxidize the ¢is-
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. . 13 : . :
much faster than the trans-isomer, ~ but cis-B-methylstyrene is less reactive 1o Mbs than the
trans isomer (Table 2), presumably due to the limited accessibility for the ¢is isomer to the

active site.

Table 2. Enantioselective Epoxidation of Olefins.

sablvalon
7 IR 18
N~ (j/\?‘ ©\<?/

8 1R, 2R 18, 28
\ \\\".d;
-
9 [R. 25 15, 2R
wild tvpe Mb L29H/Ho4L MDb F43H/H64L Mb
rateh cel G} rateh cel G0 rateh ee( %)
T styrene 0013 UNEV/ S 0. 14 S0 (R 4.5 O8 (1)
trans-3- 5 ) N
{ L 9
8 methylstyrenc (L076 JO(IR,ZRY 0.29 SI(IR.2ZRY 16 06 (IR, 2R)
cis-p- 2 ) 2) l 3
b ' - LR XN 5 B ) :
9 methylstyrene (.0026 3(IR. 25y 0.12 YO OTR. 28y O 1534 A5 IR 1Y

{a) Retention times: styrene oxide 8.5 min (18 and 10.6 mun (I1R). rrans-methylstivrene
oxide 13,5 min (LS, 25 and 1534 nun (IR, 2R). cis-methylstyrene oxide 12,1 min (1S,
2Ryand 17. 1 min (IR, 25).

(P} The unit for rate is turnover/min.

{¢) The results arce taken (rom reference 8a and 8b.

(d) Phenylacetone was also formed 1n the reaction. The ratio ol cis-epoxide @ phenylacetone

was | 3,
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No more than a trace of trans-B-methylstyrene oxide is detected as a side product in
cis-B-methylstyrene oxidation.  Thus, the epoxidation proceeds with the retention of olefin
stereochemistry.  Since rrans-epoxide was generated in the oxidation of cis-p-
methylstyrene by sterically unhindered Mn porphyrin, the active site of the mutants might
prevent the rotation of the two vinyl carbons of cis-B-methylstyrene by the steric reasons
(Figure 3).”

Only a trace of side product is observed in the oxidation of styrene and frans-p-
methylstyrene; however, a significant amount of phenylacetone is generated in the
incubation of cis-B-methylstyrene with F43H/H64L Mb. Compound [, an oxo-ferryl
porphyrin m—cation radical species (O=Fe[V Port®), is responsible for the epoxide
production, but phenylacetone seems to be generated by the 1.2-hydrogen rearrangement of
the cationic species as previously proposed for the cytochrome ¢ peroxidase-catalyzed
oxidation of olefin (Figure 3. Since B-methylstyrene oxide is not transformed into
phenylacetone in the presence of FA3H/HO64L Mb and hydrogen peroxide, the carbocation
at the benzylic position would be formed from the reaction of compound I with -
methylstyrene.

Substrate Binding Orientation. The dominant isomers observed in the oxidation
of thioanisole. dihvdrobenzo-thiophene, and styrene by L2OH/H641 Mb are summarized 1n
Figure 4. We previously Tound that para substituents of thivanisole (1) did not change the
Mbs' preference in enantiosclectivity.™ In addition. a bulky substituent at the ortho-
posiion of 1 did not chunge the enantioselectivity (Table ). Thus. the origin of
cnantioselectivity could be rationalized by the conformataonal difference of sullur or
benzylic carbon in the putative reaction intermediates.  [F we assume the aromatic group is
bound in a fixed position. dihvdrobenzothiophene (4) und styrenc scem to share 4 common
binding orientation (Figure 4, 5).  The vinyl group of styrene could be on the same plane
of benzene ring to form a flat molecule like dihydrobenzothiophene (Figure 5). On the

contrary, methyl phenyl sulfide approaches to the ferryl oxygen with S-CH3z bond
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approximately perpendicular to the plane of benzenc ring.  The similar substrate binding

mode can be proposed for the F43H/H64L mutant (Figure 5).
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Figure 3. Proposed mechunism for the oxidation of ¢is-b-methylstyrene by Mbs.
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Figure 4. The dominant isomers observed for sultoxidation and epoxidation.
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Figure 5. Proposed conformational rationalization for the asymmetric oxidation by the Mb

mutants.

In order to elucidate the origin of enantioselectivity for L29H/H64L Mb, we have
crystallized the mutant and performed the X-ray crystal structure analysis.”” Energy
minimization followed by docking either the substrates or products in the active site of
L29H/H64L. Mb did not immediately provide an obvious rationale for the difference in

16

enantiospecificity. ©  The effort to soak the substrate into the crystals are underway to

elucidate the reason for high stereospecificity of the Mb mutants.
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ABSTRACT: Since the alignment of the distal histidine is important for the reactivity
with hydrogen peroxide as well as the prolonged life time of Mb-1 [Ozaki er. al. J. Am.
Chem. Soc. 1997, 119, 6666], 1107H/H64L Mb was constructed with an objective of
obtaining highly active Mb in the reaction with H,O,.  However, the increased activities
in peroxidation and peroxygenation arc not observed for the 1107H/H64L mutant in
comparison with H64L and WT Mbs.  The finding indicates that not only the distance of
distal histidine to the heme iron but also its conformation might be crucial in the
activation of H,O, for Mb. In addition, attempts are made to define the mechanism of
influence of the distal histidine on regioselectivity in the coupled oxidation of several
distal histidine relocation Mbs including 1107H/H64L. HPLC analysis of biliverdin
isomers shows that relocation of the distal histidine at the 107 position (I107H/H64L
Mb) affords the amount of y-isomer to 22%, while L29H/HG64L Mb almost exclusively

gives y-isomer compared with H64L and WT Mb which mainly atford a-isomer.

ABBREVIATIONS

Mb. mvoglobin:

HRP. horseradish peroxidase:

compound L. a fervyl porphyrin cation radical:
compound I1. a ferryl porphyrin:

mCPBA. m-chloroperbenzoic acid:

ABTS,. 2.2-azino-bis(3-cthylbenzothinzoline-6-sultfonic acidy.
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INTRODUCTION
Catalytic turnover of classical peroxidases with a histidine as the ligand to

the heme iron involves the reaction with H,0, to give a ferryl porphyrin radical cation
known as compound [.'* HRP is the prototype for peroxidases as depicted in the
reaction scheme below, in which compound I contains two oxidizing equivalents
comparing to the native enzyme and compound II one equivalent. The two sequential
single-clectron transfers from substrate molecules reduce compound I, first to compound
IT and then to the resting state.

HRP + H,0, — compound [

compound [ + AH, — compound IT + AH*

compound II + AH, — HRP + AH*

Many reports, including the high resolution crystal structure of HRP, indicate
that the histidine (His-52) in the distal pocket is a critical residue in the activation of
H.,O,. and its replacement by aliphatic residues retards compound I formation by 5~6
orders of magnitude.” As shown in Scheme 1, the distal histidine is believed to function
as {1) a general base to accelerate binding of H,0, to the ferric heme iron by
deprotonating the peroxide and (ii) a general acid to facilitate the heterolyuc cleavage ol

the O-O bond of a plausible Fe' QOH complex by protonating the (erminal oxygen
P P ¥ I £ ye

atom.”
; His5 His5
His5
NH NH
NH
/ /) 4 +/) / N/) /H
H
bi‘ >O QKH\ H O—H
\\/
"o Arg/+ CT(:O Arg/+ Arg/*"
n ﬁ)w "
—— o m— _ —_— o e— — » o s

compound |

Scheme 1. Proposed roles of the distal histidin and arginine in the compound I formation

for peroxidases.



Myoglobin (Mb}, a carrier of molecular oxygen, similarly possesses a distal
histidine (His-64) in the heme pocket (Figure 1) and can catalyze various oxidation
reactions using H.0,.'  However, Mb reacts with H,O, much slower (~10°M™'s™") than
HRP (~10" M™'s™") to afford ferryl myoglobin (Mb-I1) but not a ferryl porphyrin radical

cation (Mb-1) which is considered to decay to Mb-1I immediately (Scheme 2).

Figure 1. Heme environmental structure of myogobin. Heme and some selected residues

are shown: (a) side view: (b} tope view.

Fe=0 Por (Mb-1)
H,0, (g / + H;0 \
Fe" Por ——— ?“)—)
Pt Por \ /
Fe'Y=0 Por (Mb-It)

+ -OH
Scheme 2. Reuactions of ferric Mb with hydrogen peroxide.

FeV=0 Por-Mb*

By comparing crystal structures of sperm whale myoglobin and horseradish
peroxidase, Ozaki ef af. have hypothesized that the distal histidine in Mb is too close o

the heme iron to facihitate compound 1 formation, and Mb™s reactivity with H.O, s
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"' The distances between N, of the

consequently lower than that of the peroxidase.
distal histidine and the heme iron are normally 4.1~4.6 A for globin (4.3 A for sperm
whale Mb) and 5.5~6.0 A for peroxidases (6.0 A and 5.6 A for horseradish peroxidase
and cytochrome ¢ peroxidase, respectively).  In order to examine the above hypothesis,
distal histidine relocation mutants (F43H/H64L and L29H/H64L) were prepared in our
research group previously and the crystal structures solved at 1.8 A show the iron-distal
histidine distances are 5.7 A and 6.6 A for F43H/H64L and L29H/HG4L Mb.'"
respectively.  The F43H/H64L mutation caused |1-fold increase in the activation of
H,O. versus WT Mb presumably because the distance between distal histidine and the
heme iron is similar to that of peroxidases. With a similar strategy, we, in this study,
have prepared a [107H/H64L Mb mutant because the estimated iron-histidine distance in
the [107H/H64L mutant is 5.6 A similar to that in peroxidase.’

[n the coupled oxidation, heme is degraded into biliverdin IX, and CO as
normally performed by heme oxygenase (Scheme 3)."*  The initial step is the formation
of an oxy complex,' followed by the hydroxylation of the ot-meso-carbon presumably

1 The release of carbon monoxide from

via a ferric hydroperoxide intermediate.
hydroxyheme and subsequent ring opening affords biliverdin.'™  Therefore, o-nmieso-
hydroxyheme formation from the oxy complex is a Key step for the regiospecific opening
of the terrapyrrole macrocycle.  Recently, Torpey and co-workers reported that the
regiochemistry of the reaction is primarily controlled by the clectronie etfect ol the

M)

heme ™ However, resonance Ramuan studies suggested that an oxygen molecule ot the

O.-bound heme oxygenase complex had a bent structure and that the terminal oxveen

. ) X . . . . o - ‘3|
atom was inovan der Waals contact with the ¢-nmieso-carbon ol the porphyrin ring.
These results might mmply that orientation of the bound oxygen also aftects the
regloselective heme degradation by heme oxygenase.

o

In the presence of ascorbate under the aerobic condition, heme in myoglobin is
transformed into biliverdin [X,.7""  Although the coupled oxidation of Mb is much
slower than the heme degradation catalyzed by heme oxygenase, Mb oand heme

. : : . NTET
oxygenase both have a histidine restdue as a ligand of the heme ron. Furthermore,
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the crystal structure of oxy-Mb indicates that the molecular oxygen bound to the heme is
restricted by the distal histidine (His-64) toward the o-meso-position, and the oxy
complex is stabilized by a hydrogen bond with His-64 (Figure la, b). In order to
examine if the reorientation of the bound oxygen molecule caused by the removal or
relocation of the distal histidine affects the regiospecific degradation of heme in Mb, the
coupled oxidation of wild type, H64L, L29H/H64L, F43H/H64L Mbs were examined,”
previously.  To extend the examination, we studied the coupled oxidation by

[107H/H64L Mb in this study.

biliverdin verdoheme u-meso-hydroxyheme

Scheme 3. Probable reaction sequence of intermediates in the heme oxygenase-catalyzed

conversion of heme to biliverdin.

EXPERIMENTAL PROCEDURES

Materials.  All the chemicals were obtained from Wako and Nakalai Tesque
and used without further purification.  The buffers used for the reactions were 50 mM
sodium phosphate (pH 6.0-9.0). 50 mM sodium acetate (pH 3.0y and 50 mM borate
buffer (pH 1.

Site-Directed Mutagenesis, Expression and Purification of Mb.  The express-
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ion vector for wild type and H64L mutant of sperm whale myoglobin are gifts from
Olson (Springer, 1987)." Site-directed mutagenesis of lle-107 in recombinant sperm
whale myoglobin was carried out by using the polymerase chain reaction (PCR)
according to a method previously reported by Springer ef al., 1989,”" and then confirmed
by DNA sequence analysis on a ABI Prim 373 DNA Sequencer (Applied Biosystems).
The expression and purification of the mutant were performed according to methods
previously described.”

Assay of One-electron Oxidation Activity. Al] UV-Visible measurements
were done on a Shimadzu UV-24000 spectrophotometer. One-electron oxidation
activities of guaiacol and ABTS were measured at 20 °C in 50 mM sodium phosphate
buffer (pH 7.0). The formation rate of the guaiacol oxidation product was determined
from the increase in the absorbance at 470 nm (g,5,= 2.6 X 10" M'cm).*® The | ml
final assay volume contained 2 mM guaiacol, variable amounts of H,O, (0.2 - 5 mM),
and the concentrations were 1.0 uM for wild type and 10 uM for 1107H/H64L Mb., The
formation of ABTS cation radical was monitored at 730 nm (g,,,= 1.44 x 10 M'em™") as
noted in Chapter I of part Il The reaction mixture contained | mM ABTS and variable
amounts of H.O, (0.1 — 2 mM). and the concentrations were 1.0 uM tor the wild type and
[0 uM tor the mutant.

Assay of Two-electron Oxidation Activity. Enzvmatic sulloxidation and
cpoxidation were performed with the same procedures as described in Chapter 1 of part
[t except for 1O M ot the mutant.

Reaction of 1107H/H64L. Mb with m-Chloroperbenzoic Acid.  The rcactions
between terric Mb and mCPBA were performed at 5.0 "C tn dilferent pH value buffers
{30 mMy. Al the spectral changes was monitored on a Hi-Tech SF-43 stopped-flow
apparatus equipped with a MG6000 diode array spectrophotometer.  An optical filter
(360 nm) was used to avoid possible photoreduction of compound I by UV light.

Biliverdin Extraction and HPL.C Analysis. To a 250 gL solution of the ferric
complexes of wild-type and mutant Mb in 50 mM sodium phosphate bulter (pH 7.0y was

added sodium ascorbate (2 mg), and the resulting solution was incubated at 37 °C for 3
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hours.  Extraction of biliverdin regioisomers was performed as previously reported.”
The products dissolved in methanol were loaded on a high-pressure liquid chromatograph
(Waters 600) equipped with Waters 741 data module and TOSOH CO-8020 column oven.
A reverse phase HPLC column (Whatman Partisil 5 ODS-3) was employed at 40 °C at a
flow rate of 0.7 ml/min with 75:25 (v/v) methanol-25 mM ammonium phosphate bufter
(pH 3.5) and detected at 380 nm. A mixture of four biliverdin regioisomers was

prepared from protoheme IX according to the method reported."”

RESULTS AND DISCUSSION
Spectroscopic Features of [107TH/H64L. Mb.  The ferric state of wild type Mb
exhibits the absorption spectrum with the Soret band at 408 nm, which is typical of hexa-

’ The sixth ligand in the wild type is a water

coordinated ferric high-spin heme.”
molecule stabilized by His-64 through hydrogen bonding.”'  On the other hand, ferric
TTO7TH/H64L Mb exhibits absorption spectrum similar to that of the ferric H64L mutant,

which loses the water ligation to cause a blue-shift of the Soret to 395 nm (Figure 2).

i A — ftermnc
157 f ferric-CN
i |" e terrous
1 i) ---- terrous-CO
e 5
e 107 I
g ] ok
) i
*
2 i
© 0.5
0.0

—|IIIlIIlll]lIIIIIIII|IIII|I]II|IIIII

400 500 600 700
wavelength / nm

Figure 2. Absorption spectra of terric and ferrous of [TO7H/H64L Mb in 50 mM sodium

phosphate bufter (pH 7.0).



Although the crystal structure of [107H/H64L Mb is not available at present, it 18
likely that N, of His-107 is too far from the heme iron to stabilize the water molecule
bound te the heme iron through direct or indirect hydrogen bonding interaction.  The

A for the ferric, ferric-CN, ferrous, and ferrous-CO forms of the [HO7H/H64L mutant

[MHEY

are summarized in Table 1, essentially identical to those of the corresponding forms of

the wild type and H64L Mb.

Table 1. Wavelength of the absorption maximum of [107H/H64L Mb in 50 mM sodium

phosphate buffer (pH 7.0).

Soret / nm visible / nm
[107H/H64L ferric 395 508 / 645
ferric-CN 425 543
terrous 435 560
terrous-CO 426 545/ 578

One- and Two-electron Oxidation Activities. In order to estimate the reaction
rate between the ferric Mb and H,O,. the oxidation of guaiacol and ABTS are examined
at pH 7.0 and 20 °C by using H,O, as an oxidant.  The TTO7H/H64L mutant cxhibits
much less reactivity than the wild type in both guaacol and ABTS oxtdation, and the
values for TTO7H/H64L Mb are similar to those of the HO4L mutant.'  That is to say.
any considerable activities are not found tor both H64L and [TO7TH/H64L Mbs compared
to the wild type (Figure 3).

In the measurement ol peroxygenase activity of the TTO7H/HG64L mutant. the
increase in the rate and the value of % ec are not observed 1n thivanisole sulfoxidation

and styrene epoxidation with respect to the wild type Mb (Table 2).
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Figure 3. The dependence of initial oxidation rates in one-electron oxidation on the

concentration of H,0, at 20 °C in 50 mM sodium phosphate buffer (pH 7.0).

Table 2. H,O,-dependent peroxygenations catalyzed by Mb mutants at 20 °C in 50 mM

sodium phosphate (pH 7.0).

thicanisole sulfoxidation styrene epoxidation
rate 7 min” ee % rate / min’ ee Y
wild type .25 25 0.015 9
H64L 0.072 27 0.020 34
HO7H/HO4L 0.063 19 ND#* ND#*

R 1s the dominant isomer and ND means not determinable

Compound 1 and Il Formation for the 1HO7H/H64L. Mutant.  Along wiath
increasing pH. the rates in the reaction of THO7H/HO4L Mb with mCPBA decrease
lincarly (Figure 4).  The results imply the presence of 1wonizable groups affecting the
reactivities with mCPBA. At pH 8 or higher. the [HO7H/H64L mutant is oxidized
directly to compound If (Mb-11) without the accumulation of Mb-1 because the decay rate

of Mb-1 to I appears to be greater at higher pHs.
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Figure 4. pH profiles of the reaction rates of [107H/H64L Mb with mCPBA at 5.0 °C in
50 mM buffers. The open and close circles correspond to the formation rates of Mb-I

and Mb-II, respectively.

Figure 5 shows yields of Mb-I in the reactions of I107H/H64L Mb with a varied
amount of mCPBA at pH 5.3, Atleast 20 equivalents of mCPBA are required to observe
compound I in which only 67% of 1HO07H/H64L. Mb could be converted into Mb-I. The
double mutant does not show accumulation of Mb-I with less than 20 cquivalents of
mCPBA due o lower formation rate of compound I (k = 2.4 x [0° M's”").  Figure 6
shows the spectral changes in the compound [ formation of THO7H/H64L Mb with 50
equivalents of mCPBA.  The decrease in the absorbance of the Soret and the increase in
the absorbance around 650 nm are churacteristic for the formation of compound | from
the ferric state.  The following Sorct shift is due to the decay ol compound | (Por”
Fe!V=0) 1o It (Por FelV=0) as observed tor other heme containing peroxidase.  While
50 cquivalents of mCPBA was used to generate enough compound [ (> 80%), thioanisole
is able to reduce in part of compound [ of the mutant back (o the ferric slate.
Therefore, the exact value of Cpd [ reduction rate is ditticult 1o be determined under the

condition.
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Figure 5. Yields of Mb-I in the rcactions of 1107H/H64L. Mb with varied amount of
mCPBA at 5.0 °C in 50 mM sodium acetate buffer (pH 5.3).
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Figure 6. Absorption spectral chunges of 1107H/H64L Mb in the reaction with mCPBA
at 5.0 °C in 50 mM sodium acetate bulter. pH 5.3, Final concentrations: 5.0 uM
[TO7TH/HG64L Mb, 250 pM mCPBA.  The spectra were recorded before mixing (broken

line) and at 20. 80. 160 ms (solid ling) and 320-800 ms (dotted line),

84




Effects of the Distal Histidine on Regioselectivity in the Coupled Oxidation.
The regiospecificity of the coupled oxidation of [107H/H64L mutant has been examined
with the same procedure in reference.”  Since Fe'-bliverdin is known to be formed
instcad of a free form of biliverdin™ in the coupled oxidation with ascorbate, we have
converted Fe'*-biliverdin- Mb complex (o biliverdin by the treatment with acetic acid and
HCl.  The HPLC system separates the four biliverdin regioisomers derivgd from heme.

Figure 7 shows a HPLC trace for the products of the coupled oxidation of hemin
and the distal histidine relocation myoglobin mutants.™  Peuks at the retention times of
8.4, 9.8, 10.4, and 13.6 min correspond to the four biliverdin isomers (Figure 7a, c).
The major product in coupled oxidation for [107H/H64L 1s determined in the same
method as described for H64L and L29H/H64L as well as FA3H/H64L Mbs.**

We have observed the difference in the regioselectivty of the coupled oxidation
for the 1107H/H64L mutant from other distal histidine relocation Mbs (Table 3). Ho64L
Mb might be a good starting point. giving only 6% y-isomer product, to elucidate eftects
of the distal histidine on the coupled oxidation.  The introduction of a histidine residue
at the 29, 43, 107 positions of H64L Mb increases the ratio of y-biliverdin to 97, 44, and
22%. respectively.  The polarized water molecule in L2YH/H64L Mb might be the
reason for the unexpectedly high y-specificity for the mutant.” However, THO7TH/H64L
Mb which shows the lack of water-coordination heme iron in UV-spectrum, yields only
22% biliverdin 1X, in the coupled oxidation.  The results suggest that polar or charged
residues in the heme pocket. except for the distal hisudine of the wild type (His-64).
somehow fuctlitate the formation of y-biliverdin, but His-04 i wild type Mb sterically
blocks the y-meso position giving only a trace amount ol y-isomer product (Figure 1.
table 3).

In summary. the distal His-107 in the active site of [HO7H/H64L Mb does not
function efficiently as a general acid-base catalyst to facilitate the formation of
compound I We suppose that His-107 is too far from the heme iron or the imidazole
ring has adapted the conformation in which it is directed away from the heme center. In

addition, our observation in regiospecificity for the coupled oxidation of TIO7H/HG4L



Mb, combining with previous results,” would be summarized as follows: (1) The
introduction of a charged residue such as histidine in the heme pocket of H64L Mb
increases the y-specificity due to the polar effect. (2) Amino acid restdues like histidine

could also regulate the regiospectficity by hydrogen bond interaction.

Table 3. Ratio of four biliverdin o [35 Y
isomers produced by the coupled
oxidation of Mbs"
(a) Hemin
a B 0
(b) k Wild Type
WT 95 5 (race trace A o
Ho4L 94 trace 6 trace (c) Hb
F43H
) 40 16 43  trace
/HO4L (d) H64L
- “A—— e~
.29H e e
HOIL 3 trace 97 trace
(e) f\ FA3H/HE4L
— N
LIO7TH o, 73 s
THO4L 726 22 trace
(f) L29H/H64L
“Ratio of the peuk area. T e e e
Figure.7 HPLC analysis of product isolated (9) 1107/H64L
- . . . ——— e ,/\____/\ .
from the coupled oxidation of Mbs. Y T T e
a 5 10 15
Retention Time / min
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Part IV

SUMMARY AND CONCLUSION

s9



In the present thesis, the author aimed to clarify enantioselectivity of oxidation
reactions catalyzed by hemeproteins.  Sperm whale myoglobin (Mb) is employed as a
model hemoprotein for the purpose. and some Mb mutants have been prepared by site-
directed mutagenesis.

Heme as a common prosthetic group performs surprisingly diverse tasks such as
oxygen transport and storage, electron transfer, monooxygenation, dismutation of hydrogen
peroxide, efc. by virtue of surrounding protein matrix.  However, molecular mechanisms
of the enantiospecific regulation by hemoprotein are complicated. and the elucidation of
them has been the subject of extensive studies.

In this thesis, following General Introduction. the author commences the study on
construction of high enantioselective and active enzymes using myoglobin as a model.  In
chapter 1 of part II. a series of Mb mutants (H64D/V68X Mb) have been prepared by
replacing Val-68 with Gly, Ala. Ser, Leu, lle, and Phe in H64D Mb. which showed the
highest oxidation activity but lower enantioselectivity among Mbs in previous studies.  As
the results, substituted amino acid residues at position 68  give rise to  higher
enantiosclective and active Mb mutants.  The rates of thioanisole oxidation by compound
[ of H64D/VEEX Mbs were found to exhibit a nearly parallel trend o the catalytic
sulfoxidation activity by the mutants with H.O..  Such a relationship suggests that the
sulfoxidation rate night partly be controlled by the compound 1 reactivity ot HO4D/VOSX
Mbs.  The varicd reactivity of the mutants with H,O. were estimated by the one-electron
oxidation activity of ABTS. because the rate determining step at the ABTS oxidation was
revealed to be the formation of compound by H,O,.  Interestingly, apolar residues in the
HO64D/VORX mmutants appeared to regulate the enatiosclecuvity of thioanisole oxidation. f.e..
enhancement of the the enantioselectivity from 23% ec (5) for H64D/VOSS to 84% ce (R)
for HO4D/VO8A Mb.  In an cifort to shed light on the origin of high enantioselectivity for
the HO4D/VOEX mutants, the investigation of UV-visible spectroscopy, EPR and X-ray
crystallography  on  phenylethylamine  complexes  for HO4D/VGEX Mbs  have  been
performed.

In chapter 2 of part T, F43H/H64N Mb constructed to numic the active site of

i)



catalase exhibits better catalase and peroxidase activity.  Although the single replucement
of His-64 with an asparagine residue does not enhance the rate of ABTS oxidation,
F43H/H64N Mb has 3.4-fold better peroxidase activity than the F43H/H64A Mb.
Therefore, the distal histidine in the FA3H/H64N mutant appears to work cooperatively
with Asn-64 to enhance the reactivity with H,O,. The results presented in this study infer
that the distal asparagine (Asn-147) as well as histidine (His-74) in BLCase might also play
a role to facilitate compound [ formation.

In addition, substrate specificity is also important in controlling enatioselectivity
of enzymatic oxidation. Previously, L29H/H64L and F43H/H64L. Mb were reported to
exhibit catalytic turnover with high enantiospecificity for the sulfoxidation of thioanisole
and the epoxidation of styrene. To determine how substrate structures influence on the
enantioselective oxidations by Mb, in chapter 1 of part Ill, the scope of asymmetric
oxygenation by the use of various sulfides and styrene were explored for L29H/H64L. and
F43H/H64L Mb. On the basis of changes in enantioselectivity, the substrate binding
mode for Mb mutant-catalyzed reactions was rationalized.  Furthermore, compound 1 of
L29H/H64L Mb was confirmed to be a catalytic species for the oxidation of sultides and
styrene.

The location of distal histidine in Mb is not only critical tor catalytic oxidation as
studied in previous work., but also atfects regiospecifenty in heme degradation. The results
on [107TH/H64L Mb were described in Chapter 2 of part HIL

Significant progress has been made in the elucidation of catalytic mechanism for
the enantioselective oxidation by sperm whale myoglobin mutunts. The Mb mutanes the

author prepared in this thesis works would be usetul as asymmetric synthetic tools,
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