Characterization of katE and its product, catalase HPII,
from Escherichia coli by

sequence analysis and site-directed mutagenesis

by

Ingemar Eric von Ossowski

A thesis
submitted to the Faculty of Graduate Studies
in partial fulfillment of the
requirements for the degree of

Doctor of Philosophy

Department of Microbiology
University of Manitoba
Winnipeg, Manitoba

(c) October, 1993



Nalional Library
of Canada

Acquisitions and

Bibliothéque nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Wellington Street
Ottawa, Onlario
K1A ON4 K1A ON4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395, rue Weliington
QOttawa (Ontario)

Your fite  Vplre rdlérence

Qur lile  Notre rélérence

L’auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliothéque
nationale du Canada de

reproduire, préter, distribuer ou

“vendre des copies de sa thése

de quelque maniére et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thése a la disposition des
personnes intéressées.

L’auteur conserve la propriété du
droit d'auteur qui protége sa
thése. Ni la thése ni des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-315-86063-4

A+l

Canada



:i:l;\(}!( Lty Vo O “Ya gy L{,:

Name

Dissertation Abstrat# Infernational is arranged by broad, general subject categories. Please select the one subject which most
nearly describes the content of your dissertation. Enter the corresponding four-digit code in the spaces provided.

Mg Lol Bu a\@% Y

<oH UMI

SUBJECT TERM SUBJECT CODE
Subject Categories
THE HUMANITIES AND SOCIAL SCIENECES
COMMUNICATIONS AND THE ARTS Psychology .....ccoovoivirinnn 0525 PHILOSOPHY, RELIGION AND Ancient i, 0579
Archilecture ......cocoee ... 0729 Reading .. ....0535 THECLOGY Medieval . ...0581
Art Hislory . ..0377 Refigious .. ..0527 hilosonh Modern .. ...0582
gg-nemc .. 8%(7)8 gciencgs 8;]3‘35 Ee§i°?§,§’ Voo 0422 B!gck ..0328
nee .... econdary ... . Alrican ..o, 0331
Fipe Ads” 0357 Socd Sc?t;nfces 0234 el gals ésig,u.guslrolia and Gceania 0332
nformation Science ... ciology of . : ) {151 SR 0334
Journalism ......... ... 0391 Special........, 0529 ﬁf_e{gy of 8%;8 Elj]r':)%eg? ........
Library Science ..... ..0399 Teacher Training .. ..0530 Pﬁo'}' Oh N 0322 Latin American
Mass Communications .. ..0708 Techrology ................. ..0710 Theol flosophy © ‘0455 Middle Easlern
Music 0413 Tesls qn? easurements ............0288 BOIOGY et United States ...
'?Eee:;:e}; COI?mUI:}.If(.J.l.iO.I:I“ gjgg Vocational .......c.ooecvvviviirien 0747 SOCIAL SCIENCES ;I:({jiiory of Science .
LANGUAGE, LITERATURE AND Ao e 0323 pofiical ciance
EDUCATIIOEE LINGUISTICS ArchaoOIOGY oo 0324 General ...........cccccccinnn.., 0615
Egngrg s 82;3 Lan%mge Culiural .~ fnler?cjxonal law and
gministiafion ... 0214 eneral ..., 0679 ysical ... o 0327 ppEotions . 0816
Agricultural g T0517 .ﬁnme_nli...“ gggg Business Adminisiration 0310 Recrelé:ﬁ:fn ministration .. 83};
""""""" - inguistics eneral ..., ! -
Blﬂngucian TR gggg i Mrg%e;n .............................. 0291 .aAccE_unhng 8%7% ggg;g!lg’gyork """"""""""""""" 0452
Business ......oo.co.o..... 0688 rerglure anKing -........ A G |
; General ..o 0401 Management . 0454 B T R 0624
Eom.mumly Codllleg? o 83;;5' Classical 0994 Marke?ing ...... 0338 Criminology and Penclogy ... 0427
Eé’:{"cg}gﬂhcg’ nstruchion ......... 0518 Comparalive ...0295 Canadian Studies ... 0385 Eimpgrccpj Ry|5d """"" 0938
f!en')l,enlu """""" ‘0524 Medieva ..0297 Economics | 'df"%ﬂnl (ac? rij ies ... 0631
Firaren! iy o 0277 Modern ..0298 General ........ccocoorvveen 050 nsmd_uu and Family
Guidance and Eaegic 0510 African 0316 Agricultural ... ....0503 | dm [esl o T 0628
i g - 0880 ﬁn}encan . 838_]‘, Eommerce-Business gggg aR:?éT%gnEn aber 0629
i I I - SION v - iNance ................ ations ... TP A
gk - O ConodonEndags iy 9809 Gl ond Sociol Welore . 0630
""" o ' anadian |French} . .. 035 abor .. ..0510
IH?Jm? Economics 8%;? English ... 0593 Theo "05H) Development ................... 0700
Longuage and Lieravre 0950 Germaric .. -0 Foldore . 038 g pend Methods ... 0344
A ' . cofin American . . eography ... ...0366
Mathemafics ............ 9280 Middie Eastern | "0315 Geroniology T 0388 Unban and Regional Blaning 0999
?ﬁqlsolg e 005 Romance History Women's Studies ..c.......o.co........ 0453
Ph)l.'sic%’i’. )' 0523 Slavic and East European Generdl ........ccococooeeee..... 0578
THE SCIENCES AND ENGCINEERING
BIOLOGICAL SCIENCES Geodesy .o, 0370 Speech Pothology ............. 0460 Engineerin
Agricalture Geology ...... .0372 Toxicology .......... ..0383 General ..o 0537
genercf .............................. 842152 ﬁegp?ysucs . gggg Home Economics ...................... 0386 Aemsplccel.. ....0538
GrONOMY ..o, rology ... . Agricultural . ..0539
Animal Collure and  Mierolagy . 0411 PHYSICAL SCIENCES Adfomofive | 0540
NUHON .., 0475 Palecbotany ... .0345 . Biomedical ..0541
?g{i@gl Pa?ho!og§ ................ 0476 Eu eoecoI!ogy ,8426 Eﬁ;ﬁ,s%ences h ..0542
cience an alecntology ... P o ¥ ... 054
Technology ..o 0359 Pa eozoofo%); .0985 Eeqercld s Electrical ...... 8243
Forestry and Wildlile ........... 0478 Pa ynolo%y ............. 0427 Agrz'cu_luzflo - - Heat and Thermodynamics ... 0348
Plont Culture .......... ..0479 Physical Geography . ... .0368 B_ncg’hcq Hydraulic........h....... 0545
Plant Pathclogy .. ...0480 Physicol Oceancgraphy ... 0415 1ochemistry industrial . ...0546
Plant Physiology ... 0817 frorganic . Marine ... 0547
53;195 ‘.;_\Ao}r]mg'emem . ggiz HEALTH AND ENVIROKMENTAL Onl'}gC;r?iE Malerials Science ...0794
. Wood Technology ............... SCIENCES oh o Mechenical ... ..0548
biology 0306  Ervironmental Scences ........ 0768 veical o el .. 0743
Anatorny . - 0287 el e 0566 Rodmees ) Nuclear ... ~0352
Bioslatislics 0308 B Packag 0549
sty e 0200 éﬁdm;?f?y 8388 h?\ui?]emalics Pelro Sunmg_:“ 0785
Celt .—.... ..0379 De:?!in;? empy 0567 P ys(ISCesneraI Sanitary and Municipaf .......0554
Ecology ... ..0329 Educolgn _____________ 0350 Acovstics System Science .......... ..07%0
gn?on;_o!ogy.. . gggg Hospital Management 0769 Astronomy nd T Geotechnology ......... .0428
Senelics ... . Human Develeoment 0758& Astrophiysics ... Operctions Research . 0796
I.ujmolqu' 0793 Immunology 008> Almosphene Sciomes Plastics Technology .. 0795
mg:';il;igrogy 8%&(7) Medicine and Surgery 0564 AOMIC 1 R Textile Technology ...~ 0994
Nevroscaanea™ 0317 Mental Health ....0, 0347 Electronics and Elecfricig' ..... 0607 PSYCHOLOGY
Ocearography . ..0416 ﬁu;s-'i?ga """ gg?g E ﬁpe}z:fgry Parficles an 0798 General 0621
. Jdiriticn 20570 High Erergy - oone Al
Physiology ... "043‘? Obstefrics and Gynecol .0380 F!uii cndng{gfma ....075% Behavioral .. -0
Radiation .0821 : 4 Cliricol
Veterinary Science . ..0778 Occ{;ﬁg"oml Health and’ 0354 mo!?ca ar e "86?9 Developmental
Bio l;‘oc;!g?y cevrerrcrenesnnnnenann. Q472 Ophihum:ﬁlz)é}m 6387 O;?afscr 'O%g F):ferim?nral .
pGgraercvl 0786 Palhology ... 0571 Radiation .. 0756 l;qer?csfrragjlli .....
General s ares g}}:crmucologr 8?;; s ?So!id State .. gg})] Physiol Dg?’c;}'}'
armacy ... HAHSHES oo .
EARTH SClEHCES Ph sicolc{herep 0382 G Is.ics . 3 Psychcblo!qu
. . pubfic Healih .. 0573  Applied Sciences Psychomeirics . :
Blogeocﬁgmaslry ........................ 0425 Rudio!ogy 0574 App“ed Mechanics . Sociol w.veese
Geochemistry ........................... 0996 Recreation ... 0575 Computer Science ...




Nom

Dissertation Abstracts Infernational est organisé en catégories de sujets. Veuillez s.v.p. choisir le sujet qui décrit le mieux votre

thése et inscrivez le code numérique approprié dans |'espace réservé ci-dessous.

| 1|

UMI

SUJET

Catégories par sujets
HUMANITES ET SCIENCES SOCIALE

$

COMMUNICATIONS ET LES ARTS Lecture ...cocorvirenicricncciereias 0535 PHILOSOPHIE, RELIGION ET

Architecture ....o.ocoerrerrrrree e 0729 Mathematiques ..0280 THEOLOGIE

Bequx-arts ....... 0357 MUSIQUE .oever ..0522 Philosophie .......ccoovvirrciri

Bibliothéconomie . 0399 Orientalion et consultation .........051¢ Religion

Lo 0900 Philosophie de I'education .........0998 %:énéroli?és

Communication verbale .. 0459 Physique .....o.cocvoieiviennn. 0523 Clergé .........

Communications ......... 0708 Programmes d'éludes el Etudes bibliques .. .

Donse ..o 0378 enseignement ................0727 Histoire des religions .

Histoire de l'art . 0377 Psychologie ... .0525 Philosophie de [a religion .....0322

Journalisme .. 0391 Iences ....... 0714 Théologie ..ovovveecee . 0469

Musique ... 0413 Sciences sociales ........ 0534

Sciences de l'informatien 0723 Sociologie de 'éducation........... 0340 SCIENCES SOCIALES

TheaHe ....ocerrcrerrec s 0465 Technologie ...t ieneeee. 0710 Anthropologie

. s Archéologie .........ocerenn..... 0324

éDU(A'{iOﬂ 515 LANGUE, LITTERATURE ET E}L.,"WEHE 8%%?
ENEralites c.veovvreri v ysique ..

Administration .. 0514 igNnG:JJSSHQUE DO oo 0398

At e ..0273 0479 Economie

. énéralités ...
gggg Anciennes .

Collages communautaires 0289 GEnEralités .....c.covevveveerennan 0501

COMMETCE ,.eveiverrieeen. Pliateeied Commerce-Affaires. 0505
Egonemie domestiquge . gg"{g j'il\r;gd"g?ng ? %3? Economie 3gr'icole i . 82(])8
EdUCG?OH Pefl'ﬂﬁi‘ﬁ%ﬂ e. T Littérature F_conomle v fravail 0310
Education préscolaire .. Ganéralitas 0401 iNANCes ...o.c.oen...

Education sanitaire ..... 0294 Histoire ...

Enseignement agricole............... : Théorie ........... 051
Enseignemenr bigfin e et Comparée 295 Etudes américaines ... ..0323

! | g Medigvale . 297 10 & 0285
e multicy turei R R Moderne 798 Etuées f‘ung _|a!mnes ~0285
Crgnenel i A R ——
Enseignement professionnel ﬁnme!gicscgne gg:lg Géographie ..0366
Enseignement religieux ....... Asi%h' ve 305 Gérontologie ......c.cocrirmrncrnnnnne 0351

352 Gestion des affaires
355 Générolilés ... 0310
3 Adminisiration .

312 Banques .........

Enseignement secondaire
Enseignement spécial ......
Enseignement supérieur ...
Evaluation ........c......

Cana ieﬂne{
Canadienne {Francaise}
Germanique ...........

Letino-américain

FinQnges .....c..ccovveeevevnens P Complabilité 0272
;qrmptioél ci'e'sdense;_ignunts y ﬂ%ﬁﬂ:ﬁ'éﬁ?le g}g i !Mcrkeﬁng ........................... 0338
istoire ae 'écucation ... Slave ef est-eu 314 Istoire L.
Langues et liHéroture .......cc........ Histoire générale ................ 0578
SCIENCES ET INGENIERIE
SClEN({ES BIOLOGIQUES géo!oI?ie .................................. 8%;% SCIENCES PHYSIQUES
Agriculiure éophysique . .
O G onerolEs oo 0473 Wdi}l%gg } 0388 Sciences Pures
AGronomie. ..o inéralogie ............. .04 T
Alimentation et lechnclogie Océanogrophie physigue ..........0415 (B':'_enﬁ_rcl_lfes """"""""""""" Ojgg
Cul imentaire ........o.ooveeeen. (O)igg go {aol?olc!xmgue.............. gggg C’ﬁ;g;"%}'i‘c‘;g 0749
ulture ... aléoéceiogie .. . B SN -
Elevage el alimentation ........0475 Pa éonto!c?g'[e 0418 g:fmle C"?Gl,w?ue - gjgg
Exploilation des péturages ...0777 Paléozoclogie .. 0985 ChEm'[e m'"f’:m. B . " 07598
Polhoiogie onimole 821;8 Palynologie .......ccocoerrrieeernrcenens 0427 Chimie cn)lrjé::r?i:iew 0490
Pathologie végétale ... . : :ml -
Ph?fsio?c?gie vEsetale 770817 SCIENCES DE LA SANTE ET DE Chimie pharmacedfique ...... 049
Sy\gcvihﬂ_e el Yaune... --0478 L'ENVIRONNERENT Polymires 1 ;
Bi ITeg NOXOGI GU DOIS ..covenee 0746 Ecenomie domestique ................0386 Rediation ...
10 %9,'8, lite 0306 Sciences de I'environnement ...... 0748 Mathématiques
A:;gfor;ilees o 030 Scie&ces de‘ o santé osss Physique l
. AR T Enédralilds ..o Genéralités ... 0805
%!050938 [Slcll!ishqqes) - 838? Administration des hipitaux .. 0769 Acoustique ... 0986
Blc; OQI MOIECVIAe oo 0309 Alimentation et nutrition ....... 0570 Astronomie e
Ol(ljlillque 0379 Audiologie ........... ) Qs?rophysique DA06
%e IU B e 0399 Chimiothérapie . Electronique et élec 0607
£C? 09"!5 0353 Denfisierie....coove..... Fluides et plasma . 0759
G”.O'.“P ogte 0380 Daveloppement humain Météoralogie .. 0608
y enei!lqu_e 0793 Enseignement ........... Optique ... 0752
N'\f!mt?g;e 0410 Immunclogie . Particules |
N'C“’ T ogie 0317 LOISIFS ..o nucléoire) . ..0798
Oi't'ro ogle s 0416 Médecine du fravail et Physique alomig 0748
Bh eOn!ogﬂ]p 1e.. 0433 Ehéropie ........................... P}]ysique de I’&lat sol Q611
& )éS_IO'.OgIE 082] Médecine et chirurgie .......... Pi ysique moléculaire .. 0409
Sg. 1a Ion."’."'.""." 0778 Obsiélriqae et gynecclogie ...0380 Ph}tsique nucléaire 0510
7 ‘EI"':": velerinaire " 0479 Ophtalmolagie ....0381 Radicticn 0756
. hoalog[e ............................. Oriho!phonie _____ 0460 Stafistiques .. 0483
IOPGYS'.qU?- . 0786 Pathologie ... 0571 Sci Aol E
Meggmli'es R 2 ) Phormacie ........ Q572 ciences Appiiques t
edicale ..o gEurmahco!ogie - ggég ;I'?clanofl.og:e 0984
siothérapie .. . NIOMMONGUE .o,
SCIENCES DE LA TERRE 0425 Rodictogio ... 0574 Ingénierie
d?gei?_c imie Santé mentale ... 0347 Generalitds ....c..ovvrvecrrriienes 0537
G‘?“ imie-... Santé publique .. 0573 Agricole _..... ..0539
BOUCSIE s Soins infirmiers . 0549 Automobile ... 0540

Géographie physique............... Toxicologie .....oeevrirerennn... 0383

CODE DE SUJET

ANcienng ....ccoooveeeeenreenn 0579
Médiévale .. 0581
Moderne........ 0582
Histoire des noirs 0328
Alricaine .......... 0331
Canadienne 0334
Etats-Unis ... 0337
Européenne ... 0335

Moyen-crientale

Latino-américaine ................ 0336
Asie, Australie et Océanie.... 0332
Histoire des sciences.................. 0585
LOISITS wvverrieriseee e e ve e 0814
Planification urbaine et
régionale ... 0999
Science politique
Geénerahites ...........cvvvevveinen 0615

Administration publique .......0617
Droit et relafions

infernaticnales .................0616
Sociclogie
Genéralités ......oooeeeieir 0626

Aide et bien-afre social ........ 0630
Criminologie et

établissements

pénitentiaires .................. 0627
Deémographie ..o, 0938
ttudes de I individu et
 delafamille ...l 0628

Etudes des relalions

interethnigues et

des refations racicles ........ 0631
Structure et développement

s0Cial .o, 0700
Théorie et méthodes. ............ 0344
Travail ef relations

industriefles ..................... 0629

Transports .......

Travail social

Biomédicale
Chaleur et ther

MOdYNOMIQUE .....o..eeee..

Condifionnement

{Emballage} ..oovooviii

Génte aérospatiol ..
Génie chimique .....
Géniecivil ........

Génie électronique et

électrique
Génie industriel ...
Geénie mécanique ..
Génie nucléaire.........
Ingénierie des sysldmes .
Mecanique navale ...

Métallurgie

Science des matériqux ..
Technique du péfrole .

Technique miniére ..............
Techniques sanitaires el
municipales....... .0 0554

Technologie hydraulique ......
Mécanique appliquée
Géolechnologie
Maltigres plastiues

(Technologie] .......ccco.o.c....

Recherche opérationnelle ...

Textiles et tissus {Technc|ogie) 0794

PSYCHOLOGIE

Généralités ...

Personnalité ...
Psychobiclogie

Psycholegie clinique

Psychologie du comportement ..0184
Psychologie du développement .. 0620
Psychologie expérimentale ......... 0623

Psychologie industrielle ...
Psychologie physiolegique ..
Psychologie socidle ...
Psychométrie ...




CHARACTERIZATION OF katE AND ITS PRODUCT, CATALASE HPII, FROM

Escherichia coli BY SEQUENCE ANALYSIS AND SITE-DIRECTED MUTAGENESIS

BY

INGEMAR ERIC VON OSSOWSKI

A Thesis submitted to the Faculty of Graduate Studies of the University of Manitoba
in partial fulfillment of the requirements of the degree of

DOCTOR OF PHILOSOPHY

®© 1993

Permission has been granted to the LIBRARY OF THE UNIVERSITY OF MANITOBA
to lend or sell copies of this thesis, to the NATIONAL LIBRARY OF CANADA to
microfilm this thesis and to lend or sell copies of the film, and LIBRARY
MICROFILMS to publish an abstract of this thesis.

The author reserves other publication rights, and neither the thesis nor extensive
extracts from it may be printed or other-wise reproduced without the author's written

permission.



ABSTRACT

The complete nucleotide sequence of a 3,466 bp PstI-
Clal fragment containing the katk gene which encodes E. coli
HPII catalase has been determined. An open reading frame of
2,259 bp encoding an amino acid sequence of 753 residues
with a predicted N-terminal seqguence in agreement with the
results of direct amino acid sequencing was identified. A
potential ribosome binding site 9 bp upstream and a
transcriptional start site preceded by a putative promoter
region similar to seguences preceding the KatF controlled
xthA and bolA genes, 127 bp upstream of the initiation codon
were identified. A preliminary comparison between the
predicted sequence of HPIT and the sequences of other
catalases from various sources revealed significant sequence
similarity as well as the conservation of several individual
amino acids considered to play a role in the active site and
in the binding of the hene group in bovine liver catalase.

Twenty catalase amino acid sequences from sources that
include bacteria, fungi, animals, and plants, were compiled
and used to reconstruct an evolutionary history.
Phylogenetic reconstruction based on two different methods
of tree building (neighbor-joining and parsimony) showed
that animal and fungal catalases can be derived from a
common ancestor. Bacterial catalases did not form a

monophyletic group suggesting a polyphyletic origin. Plant



catalases apparently represent a distinct class of catalases
that arose independently of other eukaryotes.

An investigation of the structure-function relationship
of the catalase enzyme has been undertaken by testing the
predicted roles for three active site residues and one
proximal-side heme binding residue in HPIT catalase. Site-
directed mutagenesis was used to replace the active site
residues His128 with Ala, Asn, Glu, and Gln, Serl67 with
Ala, Thr, Cys, and Asn, and Asn201 with Ala, His, Asp, Gln,
and Arg, and the proximal-side heme binding residue Tyr41is
with Phe and His. Only the mutant enzymes H128A, H128N,
N201a, N201H, N201D, and N201Q accumulated in amounts
similar to the wild type enzyme. The Hisl28 mutant enzymes
were completely inactive and it was concluded that the
His128 residue in HPII is essential to the catalytic
mechanism. The Asn201 mutant enzymes were active, but at
significantly lower levels than the wild type enzyme. They
were used for activity based characterization and showed no
change in maximal activity over a broad PH range indicative
of the relatively pH independent nature of the catalytic
mechanism. The sensitivity of the mutant enzymes to 2-
mercaptoethanocl and 3-amino-1,2,4-triazole varied with the
residue substitution consistent with residue 201 sterically
affecting the site of inhibitor interaction. It was
concluded that the role of Asn201 in HPIT is to enhance

catalysis, but that the residue is not essential for

ii



catalytic activity. No other mutant HPII protein including
H128E, H128Q, S167A, S167T, S167C, S167N, N201R, Y415F, and
Y415H accumulated in amounts sufficient for recovery

indicating each replacement had in some way destabilized the

protein structure.

iii



to Debbie

you’ve been there with love and support
and made it worthwhile

iv



ACKNOWLEDGEMENTS

The financial support of Dr. P.C. Loewen of the Department
of Microbiology, University of Manitoba is gratefully
acknowledged.

The postgraduate fellowship funding from NSERC and the
University of Manitoba is also acknowledged.

Many thanks to my fellow graduate students for their
friendship.

And a special thanks to my parents, Siegfried and Renate,
for their never ending encouragement.



TABLE OF CONTENTS

ABSTRACT....... ch s et s e .o ce e e che e
DE DI AT ON. & vttt it ts s eoennossossnasenssennssannnenenns
ACKNOWLEDGEMENTS. ... vvv v S e e e s et e et
TABLE OF CONTENT S . . v vt v tieneernensonenensenensnnennns
LIST OF FIGURES........ et e e e st et e
LIST OF TABLES. .. ..t vvvenee e e e e ceeraiseans
LIST OF ABBREVIATIONS . ittt tvnenternneesenseneennennss
TN RODUCTION. t & vttt ittt sseensonennonnnecnnneneanennnns
Reactive OXygen Species.....uvveeeerenennnnennn. ceee
Catalase REACLIONS. . ittt ititnrnenriennennneenenenens
Eukaryotic and "Typlcal“ Catalases .................
Structure of "Typical" CatalaseS......eeeveeenennns
Other "Atypical" CatalaseS.........c... ceereeensans
Catalase HPI Of E. COLd it titieeeueenneennnnsnennnns
Catalase HPII of E. coli....... et e e e
EXPERIMENTAL PROCEDURES.......... e ettt e e
Bacterial Strains, Plasmids, and Bacteriophage.....
Growth Media. . viweeeeeennrenennns et i aa e
Culturing and Storage ConditionsS..........eeueueunn.
Restriction Nuclease DigestS.....vveueeeneennennnn.
Agarose Gel Electrophore51s ........................
DNA LigationsS............. Ceer e e et
Transformations ..... Cerrees et e ea et
Recombinant Selection....vviiieiiiirineennnenennnens
Isolation and Purification of DNA..... Ch e e a e
DNA SequUencing.....eceeessneens Gt e e s st e e s
Preparation and Isolatlon of Ollgonucleotlde
25 ol b 11 =3 o= S e e e e e
5’ end mRNA Mapplng ......... Sttt et aa ettt aaae
In vitro Mutagenesis. .. .iieeeenennnnnnneennnnnnnnns
Mutant HPII Protein Production and Purlflcatlon
B-Galactosidase and Catalase Assays..... et
Nucleic Acid and Protein Determinations. et s e rsan
Phylogenetic Analysis..... f e ettt et

COMPUE e PrOg amMS . o oot vttt sennesnnssenssnensnnnenns

vi



Table of Contents (continued)

RESULTES. ... s e et e e e s s e s e s 40
SECTION I: Determination of the Nucleotide
Sequence of katE......... e et s e s s e e e e e e 41
Seguencing Strategy....... e versesensaeas cr e 41
DNA Seguence of katkE. ce s s s et e e 41
Potential katE Control Sequences ..... ce et 47
5/ end Deletions Of KAtE. .. .uveueeeennnsnenannens 58
The Predicted HPII Amino A01d Sequence .......... 68
Comparison of the Predicted HPII Sequence with
other Catalase SeQUENCES....vet i rneenens ceeenae 69

SECTION II: A Phylogenetie Survey of HPII and

Related Catalases........... Cteca e Ceee e aeans 76
SECTION III: site-Directed Mutagenesis of HPII
Catalase. . ittt it it i ettt et e, 90
Construction and Productlon of Mutant HPII
Catalases....... T 90
Characterization of Mutant HPII Catalases....... 100
Steady~-State Kinetic Propertles of Asn201
Mutant CatalasesS..iuviiininenneeeneneencnnenenen 102
Spectral Propertles of the Mutant Catalases..... 107
Effect of pH and Temperature on Asn201 Mutant
CatalasesS..civeenenens ettt et s et a e ee. 116
Effect of 2—Mercaptoethanol on Asn201 Mutant
Catalases.......ovinu.n e s e s e e e e e e 121
Effect of Cyanide and A21de on Asn201 Mutant
Catalases....... Sttt ia et a e e 124
Effect of 3-Amino-1,2,4- Trlazole on Asn201
Mutant Catalases........ cr e Ces ettt aa st e 129
DI BCUSSION. & ittt st ittt taoonneesneennnencnnoeneennnnnns 135
FUTURE RESEARCH PERBPECTIVES. ... vvreneeennneensenss 147
REFERENCES.......... ta e st en e ta et e e an e e s s . 151

vii



Figure

10

11A&B

LIST OF FIGURES

Construction of pAMKAtE72. ... vveunnennnnns.

Restriction map of the katE-containing
PstI-Clal chromosomal insert (3.5 kb) and
the DNA sequencing strategy for katE.......

Nucleotide sequence of the katk gene
region and the deduced amino acid sequence
of HPII catalase......... et e e e

Determination of the katk transcriptional
start site by primer extension mapping.....

Comparison of putative promoter sequences
for katE, xthA, and bolA....uoveuueennnnn..

A general outline for the construction of
lacZ-fusion plasmids containing the katE
5/noncoding region........cvevenennn... e

PstI restriction nuclease digestion of
subclone pKS+6 and derivatives (pP1, pP2,
pP3, pP4, and pP5) containing one
additional PstI site within the katk

57 noncoding region.......iein ...

5/ end deletions of the katE noncoding
o= b e b o T

Comparison of the predicted amino acid
sequence of the HPII subunit with the
catalase sequences from rat and bovine
liver, human kidney, Saccharomyces
cerevisiae Type T, Candida tropicalis,

and maize....... ettt et cee e

The aligned amino acid sequences of twenty
catalases.....ovvnunn Cieeaa e e eee e e

Unrooted phylogenetic trees based on the
amino acid sequences of twenty catalases
generated by the neighbor-joining (A) and
parsimony (B) methodS.....veeeuerennnnnenn..

viii

Page

42

45

48

53

56

59

63

65

72

79

85



List of Figures (continued)

12

13A-E

14A-G

15

16

17

18

19

20

21

Autoradiograms of sequencing gels
revealing base changes in the codon sites
for Hisl128, Ser167, Asn201, and Tyr41l5 in
HPITI catalase....uiiieinninenenenennnnnnnnn.

The effect of hydrogen peroxide
concentrations on the initial velocity

of wild type and Asn201 mutant HPIT
catalases...... et ettt et ettt et

Absorption spectra of wild type, His128,
and Asn201 mutant HPII catalases...........

Activity of wild type and Asn201 mutant
HPII catalases as a function of pH.........

Determination of the activity of wild type
and Asn201 mutant HPII catalases during
incubation at 65°C....... C e e et s

Effect of 2-mercaptoethanol on the
activity of wild type and Asn201 mutant
HPII catalases....... C e r ettt et

Activity of wild type and Asn201 mutant
HPII catalases in the presence of sodium
cyanide...... St e ettt e e e et

Activity of wild type and Asn201 mutant
HPII catalases in the presence of sodium
azide. . .iien i T N

Effect of 3-amino-1,2,4-triazole on the
activities of wild type and Asn201 mutant
HPITI catalases......, et i e st et

Effect of 3-amino-1,2,4-triazole and

ascorbate on the activities of wild type
and Asn20l1 mutant HPII catalases...........

ix

104

108

117

119

122

125

132



Table

10

11

12

LIST OF TABLES

Bacterial strains, plasmids, and
bacteriophage............ et e asasaesenen

Subclones used for nucleotide sequencing
of katE....... e Cecesesaanea e

Synthetic oligonucleotide primers employed
in the construction of new PstI sites
within the 5’ noncoding region upstream

of katE.....cvvivuun. te et eee st

B-Galactosidase levels from fusion
plasmids containing deletions of various
lengths upstream Of KatE. . eeeusennenennn

Comparison of predicted and actual amino
acid compositions of HPII catalase.........

Amino acid distribution of the predicted
HPIT SeQUeNCe. .t ittt ittt senenneneenennnss

Abbreviations, organisms, and sources of
catalase amino acid sequences compiled for
phylogenetic reconstruction................

Percent amino acid sequence similarity for
the core segment of catalase sequence......

Amino acid substitutions of HPII catalase
and rationale for selectioN.........eooeu...

Synthetic oligonucleotide primers used to
Create base changes for the production of
amino acid substituted mutants of HPII
Catalase. ...ttt ittt i i e e

Summary of catalase activity and HPII-like
protein content in crude extracts from
strains transformed with plasmids
containing mutant katE genes........... e

Kinetic parameters of the wild type and
the Asn201 and His128 mutant HPII
catalases......... e e et e et nsee

Page

44

62

67

70

71

77

82

91

93

99



LIST OF ABBREVIATIONS

A Absorbance

Ampk Ampicillin resistant

ATP Adenosine 5’-triphosphate

AT 3-Amino=-1,2,4-triazole

bp Base pair(s)

BCIG 5-Bromo-4-chloro-3-indolyl-8-D-galactoside
Da Dalton |
dATP 2’ -Deoxyadenosine 5’-triphosphate
DEAE Diethylaminoethyl

DMSO Dimethylsulfoxide

DNA Deoxyribonucleic acid

DNasel DeoxyribonucleaseI

DTT Dithiothreitol

EDTA Ethylenediaminetetraacetic acid
HPLC High pressure liquid chromatography
IPTG Isopropyl g-D-thiogalactoside

kb Kilobase pair(s)

kDa Kilodalton

Klenow DNA polymerase I (Klenow fragment)

min Minute

mRNA Messenger ribonucleic acid

NADPH Nicotinamide adenine dinucleotide phosphate (reduced)
PEG Polyethylene glycol

RNA Ribonucleic acid

xi



SDS
TetR

Tris

WT

w/v

Sodium dodecyl sulfate
Tetracycline resistant
Tris(hydroxymethyl)aminomethane
Unit(s)

Wild type

Weight per volume

xii



INTRODUCTION



Reactive Oxygen Species

About two billion years ago the earth acguired an
oxygenated atmosphere largely as a photosynthetic product
resulting from the emergence of the first blue-green algae
(Fridovich, 1978). Because of its paramagnetic nature which
imposes a spin restriction with respect to molecular
orbitals, molecular oxygen is a relatively unreactive
molecule and does not display an overt toxicity (Demple,
1991; Farr and Kogoma, 1991). However, several active
oxXygen species of varying reactivity can be generated as by~
products of normal aerobic respiration, and it is these
reactive oxygen molecules that pose a threat to the
viability of an organism. These active forms of oxygen
include the superoxide anion radical, hydrogen peroxide, the
hydroxyl radical, the hydroperoxyl radical, and singlet
oxygen (Demple, 1991). As shown below, some of these oxygen
molecules can be obtained through the sequential univalent

reduction of molecular oxXygen to water (Farr and Kogoma,

1991).
e e, 2H?' e, H? e, HY
0, ====w-m > 0y =——e——=- > H)0, ===o=== > OH: —====—m > H,0
Oxygen Superoxide Hydrogen Hydroxyl Water

Anion Radical Peroxide Radical

This four electron reduction of oxygen to water can also

occur enzymatically, for example, when oxygen is employed as



the terminal electron acceptor in oxidative phosphorylation
for the production of ATP through the electron transport
chain (Farr and Kogoma, 1991). All of these active oxygen
species, both individually and collectively, can cause
specific damage to cellular macromolecules such as DNA, RNA,
protein, and lipids, and have alsoc been linked to several
diseases such as rheumatoid arthritis, inflammatory bowel
disorders, and atherosclerosis (Farr and Kogoma, 1991).
Moreover, these oxygen molecules also appear to play a part
in advancing mutagenesis, tumorigenesis, and aging (Farr and
Kogoma, 1991). Consequently, survival in an oxygen rich
environment meant that organisms had to rapidly evolve
protective mechanisms to tolerate the level of oxidative
stress brought on by the toxic oxygen species.

As described above, one of these toxic oxygen
intermediates is hydrogen peroxide, and although it is one
of the least potent of the reactive species of oxygen,
hydrogen peroxide is still a strong oxidant and can be
detrimental to the cell. For example, hydrogen peroxide can
serve as a weak oxidizing agent attacking thiol groups of
proteins and reduced glutathione. Hydrogen peroxide can
also react with keto acids (Halliwell and Gutteridge, 1990)
and can indirectly cause specific DNA strand breakage (Imlay
and Linn, 1986). However, the exact nature of the effect of
hydrogen peroxide on organic compounds remains poorly

understood since hydrogen peroxide is able to rapidly react



with contaminating metals (iron and copper} to produce other
more reactive forms of oxygen that then mask the actual role
of hydrogen peroxide (Farr and Kogoma, 1991). Hydrogen
peroxide can originate in the cell from numerous sources
including as a product of oxidases such as the amino acid
oxidases, as a photoproduct of near UV irradiation, and by
the spontaneous and enzyme-catalyzed dismutation of the
superoxide anion radical (Farr and Kogoma, 1991).

Therefore, an example of one protective mechanism that must
have developed early in evolution is a method to rid the
cell of hydrogen peroxide. This is accomplished through the
catalytic activity of the heme-enzyme, catalase. Catalase
is ubiquitous in nature being found in virtually all aerobic
organisms, from bacteria to man. However, it makes up only
a small portion of the relatively complex and intricate
defense system employed in the protection of organisms from

toxic oxygen molecules.

Catalase Reactions

The catalase enzyme catalyzes a dismutation reaction in
which hydrogen peroxide is decomposed and converted to the
relatively innocuocus products of molecular oxygen and water.
The catalase reaction mechanism involves a two-electron
oxidation-reduction of the heme prosthetic group by hydrogen
peroxide and is carried out in two stages as shown below

(Vainshtein et al., 1986).



H,0, + Fe~E ----> H,0 + O=Fe-E (Compound 1I)

H,0, + O=Fe-E =~==> H,0 + 0, + Fe-E
In the first stage of the reaction, the first hydrogen
peroxide reacts with the heme group forming a water molecule
and the intermediate structure, compound I. Compound I,
which contains an oxygen bound to the ferryl iron (0=Fe®)
in the heme group, is an unstable structure and difficult to
isolate. 1In the second stage of the reaction, compound I
reacts with the second molecule of hydrogen peroxide to
produce an oxygen molecule, a second water molecule, and the
resting state of the enzyme. In the reaction, one molecule
of hydrogen peroxide supplies hydrogen atoms while a second
molecule accepts hydrogen atoms. Catalases efficiently
carry out this reaction with a very high turnover number.
For example, at a one molar concentration of hydrogen
peroxide, one billion hydrogen peroxide molecules per active
site per second can be decomposed by a typical catalase
(Wang, 1955). As a result, catalases are very difficult to
saturate with hydrogen peroxide (Beyer and Fridovich, 1988).
Because hydrogen peroxide acts as the electron source, the
reaction is independent of an external reducing source, and
because the reaction is exothermic, ATP is not required
(Farr and Kogoma, 1991). This suggests that catalases will
protect the cell against hydrogen peroxide even during
energy-depleted conditions.

In addition to catalyzing the catalatic reaction, some



catalases are capable of facilitating the peroxidatic
reaction (i.e., H;0, + RH, =--> 2H,0 + R) with very low levels
of hydrogen peroxide, but with a slower reaction rate. In
this type of reaction, hydrogen peroxide is reduced to water
by employing various short chain organic compounds (e.qg.,
formate, methanol, ethanol, and rhenol) as the electron
donors (Beyer and Fridovich, 1988). This reaction is
typically carried out by peroxidases which represent another
enzyme employed in the detoxification of active oxygen

species.

Eukaryotic and "Typical" Catalases

The catalase enzyme was first isolated with a high
degree of purity from bovine liver extract and later
crystallized (Sumner and Dounce, 1937). At the time, this
also marked one of the first successful crystallizations of
an intracellular enzyme. Catalase has subsequently been
isolated and purified to homcgeneity from several animal,
plant, and microorganism sources. From physicochemical
studies that followed, a general structure for catalase has
emerged. Typically, catalases are structurally oligomeric
consisting of four tetrahedrally arranged identical 60 kDa
polypeptides such that the overall molecule has a molecular
weight of 240 kDa (Deisseroth and Dounce, 1970). Each of
the polypeptide subunits has bound a single protoheme IX

group (ferric protoporphyrin IX) and they appear to function



independently of each other, giving catalase four separate
active sites (Deisseroth and Dounce, 1970).

The heme prosthetic groups are not covalently bound to
the subunits and are readily extracted from the protein with
acidic acetone. 1In determining the three-dimensional
structure of crystalline bovine liver catalase, Murthy et
al. (1981) reported that the heme group is located 20 A
below the surface of the molecule in a hydrophobic pocket,
only accessible through a hydrophobic channel. Two
different subunits provide the residues that line this hene
cavity. The significance of the association between the
protein and the prosthetic group with respect to catalytic
activity is demonstrated by a comparison of the relative
rates for the enzymatic and non-enzymatic breakdown of
hydrogen peroxide. For example, an intact catalase enzyme
exhibits a turnover number (per sec) of 90,000 (in 10 mM
H,0,) , whereas turnover numbers for "prosthetic group
analogs" such as hemin phosphate, ferric salts, and the iron
chelate of triethylenetetramine are only 0.05, 1.0, and
22.7, respectively.

Some catalases, notably from bovine and human sources,
also contain four molecules of tightly bound NADPH (Kirkman
and Gaetani, 1984). The association of NADPH with catalase
is not essential for enzymic activity, but appears to
protect the enzyme from transformation into compound II by

hydrogen peroxide (Kirkman et al., 1987). Recently, a



mechanism for NADPH inhibition of catalase compound IT
formation has been proposed which involves NADPH blocking
the final formation of stable compound II by reacting as a
2-electron donor with a free radical generated during the
initial formation of compound II from compound I (Hillar and
Nicholls, 1992). Binding sites for NADPH on bovine liver
catalase have been established (Fita and Rossmann, 1985b).
Carbohydrate moieties have been found in certain mammalian
catalases, suggesting a glycoprotein nature (Pegyg et al.,
1986) .

The complex structural arrangement of catalase suggests
that the biosynthesis of catalase is likely to occur in
stages. For rat liver catalase, it has been proposed (de
Duve, 1974) that the synthesis of the enzyme occurs in the
following three steps: (i) the generation of the 60 kDa
apoenzyme subunits, (ii) the intercalation of the prosthetic
groups with the individual subunits, ang (iii) the assembly
of the subunits into the tetrameric structure. Murthy et
al. (1981) had concluded that the biosynthesis of bovine
liver catalase also involves a series of steps in which a
holo-monomer is first generated, followed by the formation
of a holo-dimer and a holo-tetramer in succeeding order.

The catalase enzyme is generally considered a stable
enzyme. The assembly of the subunits into the quaternary
structure is not dependent upon the presence of disulfide

linkages (Mdrikofer-Zwez et al., 1969) or covalent bonding



(Schonbaum and Chance, 1976), but rather on hydrophobic
interactions (Furuta et al., 1974). Irreversible
denaturation involving exposure to rather harsh conditions
is normally necessary for tetramer dissociation. For
example, treatment of catalase with an extremely alkaline pH
(pPH= >10) can cause the enzyme to dissociate into the
individual subunits. Likewise, a highly acidic pPH (pH= <3)
can cause the prosthetic group to dissociate from the
protein (Schonbaum and Chance, 1976). Other conditions that
dissociate the oligomeric structure include detergent
treatments, chemical modification of the apoenzyme, and
storage, dilution, and freeze drying (Schonbaum and Chance,
1976; Beyer and Fridovich, 1988).

A number of compounds are known to affect catalase
activity. For example, cyanide and azide have been reported
to reversibly inhibit catalase activity by ligating at the
heme iron (Beyer and Fridovich, 1988). Several thiol agents
such as 2-mercaptoethanocl have also been reported to inhibit
the activity of catalase (Takeda et al., 1980). The
compound 3-amino-1,2,4-triazole (AT) has been documented as
a potent inhibitor of catalase activity (Margoliash and
Novogrodsky, 1958} in catalases from numerous sources
(Margoliash et al., 1960). The inhibition of human
erythrocyte catalase activity by AT required low hydrogen
peroxide concentrations (Margoliash and Novogrodsky, 1958).

AT is believed to interact with the active site histidyl



residue located near the heme group thereby hindering
further hydrogen peroxide binding and reaction of the
compound I intermediate (Reid et al., 1981). Darr and
Fridovich (1985) have reported that the compound 3,3/~
diamino-benzidine is also a strong inhibitor and can cause
reversible or irreversible inhibition depending upon the
presence of hydrogen peroxide. The superoxide radical {Kono
and Fridovich, 1982) and low concentrations of hydrogen
peroxide (Kirkman and Gaetani, 1984) have also been

demonstrated to inactivate catalase.

Structure of "Typical' cCatalases

Since the first crystallization of bovine liver
catalase by Sumner and Dounce (1937), other reports of
crystalline catalases from a variety of sources have
appeared. Several have been used for structural
investigations by X-ray diffraction and electron microscopy.
For example, the spatial organization of three tetrameric
catalases from bovine liver, Penicillium vitale, and
Micrococcus lysodeikticus have been determined at a high
resolution (Murthy et al., 1981; Vainshtein et al., 198s6;
Murshudov et al., 1992). One of the best studied
crystalline forms of catalase is the bovine liver enzyme
(Eventoff et al., 1976), and therefore provides much of the
detailed structural information on the catalases.

The three-dimensional structure of bovine liver

10



catalase has been established to within a 2.5 A resolution
(Murthy et al., 1981; Reid et al., 1981). Murthy et al.
(1981) proposed that the tertiary structure of the 506
residue primary sequence (Schroeder et al., 1982a) can be
divided into four domains. The first domain represents an
extended non-globular amino terminal arm of about 70
residues that interacts with neighboring subunits to
stabilize the gquaternary structure. The second domain
consists of an antiparallel, eight-stranded B-barrel
(residues 76-320) containing the heme binding residues. The
third domain (residues 321-436), known as the wrapping
domain, is a structurally random region that wraps around
the exterior of the subunit. The fourth and final domain
encompasses the carboxy-terminal region (residues 437-506)
and consists of four a-helices positioned on the outside of
the subunit.

Efforts to elucidate the amino acid sequence of the
catalase subunits were first carried out on bovine liver and
erythrocyte catalases by rather laborious chemical means
involving enzymatic hydrolysis methods (Schroeder et al.,
1582a; 1982b). With the advances in molecular biology
methodologies the determination of amino acid sequences from
cloned DNA sequences became routine resulting in several
catalase sequences becoming available for comparison. In
general, the catalases represent a rather well-conserved

group of proteins (Okada et al., 1987) exhibiting the
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greatest degree of similarity in the region encompassing the
f-barrel (domain two) and less similarity towards the
carboxy-end of the protein.

Fita and Rossmann (1985a) examined the refined
structure of bovine liver catalase for potential catalytic
mechanisms and proposed a model describing functional roles
for amino acids previously identified by Murthy et al.
(1981) as catalytically significant. Three active site
residues have been identified. These include His74 and
Asnl47, which are located on the distal side of the heme and
are involved in substrate binding and catalysis, and Serl13,
which forms hydrogen bonds with the His74 residue and a
water molecule while the enzyme is in the resting state and
unchallenged by hydrogen peroxide. Several other residues
are involved in heme binding. Residues located on the
distal side of heme include Val73, Thrll4, Phel52, and
Phel60, while residues found on the proximal side include
Pro335 and Arg353. Tyr357 is also located on the proximal
side of heme and serves as the fifth ligand for the heme
iron with its phenolic oxygen in a deprotonated state. The
predicted roles of the various amino acids involved in the
active site and heme binding have yet to be tested by
specific alteration of residues through site-directed
mutagenesis. Probing structure-function relationships by
site-directed mutagenesis has been conducted on various

other heme proteins and has been thoroughly reviewed by
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Dawson (1988) and Stayton et al. (1989).

From their study on the three-dimensional structure of
bovine liver catalase, Fita and Rossmann (1985a) have
proposed a pathway for the catalase mechanism. In their
model, the first hydrogen peroxide molecule entering the
heme pocket is sterically forced to make contact with the
His74 and Asnl47 residues while simultaneously interacting
with the heme iron resulting in polarization of the peroxide
0-0 bond. Hydrogen bonding of the hydrogen peroxide to R-
groups of His74 and Asnl47 and electrostatic interactions of
the oxygen(2) to the nearby heme iron (Fe**) reduce the pPKa
value of the peroxide OH group, thus weakening the 0(2)-H
bond. The stretching of the 0(2)-H bond by the attraction
of 0(2) to the heme iron orientates 0(1) in a position for
hydrogen bonding with the histidyl-imidazole group. This
suggests that proton transfer from 0(2) to 0(1) of the
peroxide is facilitated by the imidazole side chain of
His74. Once the 0(2) is deprotonated, the interaction
between 0(2) and heme iron will be strengthened which causes
the 0(2)-0(1) bond to stretch and delocalize the negative
charge on 0(1). The continued interaction between 0(2) and
heme iron causes a free ligand orbital in 0(1) to appear
which may then be occupied by the transferred proton. As a
positive charge develops on the heme group, the 0-0 bond
will break resulting in O(2) transfer to the iron to

generate compound I and one water molecule. Hydrogen
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bonding between the Asnl47 amide group and O(1), may also
assist in the cleavage of the 0-0 bond. This completes
stage one of the dismutation reaction. For the reduction of
compound I in stage two, the second hydrogen peroxide
molecule forms hydrogen bonds with the same two active site
residues (His74 and Asnl47) resulting in one hydrogen of the
peroxide interacting with the oxo-oxygen of compound I. The
transfer of this hydrogen molecule to the oxXo-oxygen coupled
with the transfer of a second hydrogen from the imidazole
group of His74 completes the reaction so that an oxygen

~molecule and an additional water molecule are generated.

Other "Atvpical" Catalases

Although the most common form of the typical catalase
consists of the tetrameric structure containing protocheme as
earlier described, several other variant forms of catalase
have been reported. For example, catalases produced by
Escherichia coli (HPII) (Loewen and Switala, 1986) and
Bacillus subtilis cat-1 (Loewen and Switala, 1988) are
arranged in a hexameric structure composed of larger
subunits. The fungus Neurospora crassa (Jacob and Orme-
Johnson, 1979a) and E. coli (Loewen and Switala, 1986)
produce catalases containing a heme d-isomer rather than the
protoheme IX moiety found in the typical catalase. E. coli
(Claiborne and Fridovich, 1979) and Rhodopseudomonas

capsulata (Hochman and Shemesh, 1979) also produce a
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tetrameric enzyme consisting of larger-sized subunits that
is a bifunctional catalase-peroxidase. Lactobacillus
plantarum (Kono and Fridovich, 1983) and Thermoleophilum
album (Allgood and Perry, 1986) produce non-heme but
manganese-containing catalases while Klebsiella pneumoniae
(Goldberg and Hochman, 1989) produces a catalase with a
dimeric structure.

The two catalases produced by E. coli, labeled
hydroperoxidase I (HPI) and hydroperoxidase II (HPII), have
been extensively studied revealing that each enzyme has
unique structural properties, making them quite different
from the typical catalases. The following sections review

some of these properties.

Catalase HPI of F. colil

HPI catalase is a tetrameric enzyme composed of
identical 80 kDa polypeptides (Claiborne and Fridovich,
1979) making it larger than the typical catalase. Only two
protoheme IX moieties are bound to the HPI tetramer, half
the number associated with typical catalases. As with a few
of the typical catalases, HPI is a bifunctional catalase
exhibiting an associated peroxidase activity (Claiborne,
1978) . However, unlike most typical catalases, HPI displays
a broad spectrum peroxidase activity where, in addition to
oxidizing short chain organic alcohols and acids, the enzyme

can oxidize compounds such as pyrogallol and dianisidine.
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Optimum activities for the catalatic and peroxidatic
reactions by HPI occur at pHs 7.5 and 6.5, respectively
(Claiborne and Fridovich, 1979). Other properties of HPI
catalase which incidentally are not shared by the typical
catalase include heat lability at 70°C, a PH optimum of 6.8,
and a resistance to inhibition by aminotriazole (AT) (Meir
and Yagil, 1985). An interesting property of HPI is its
ability to be separated electrophoretically into two
isoforms identified as HPI-A and HPI-B (Loewen et al.,
1985a; Meir and Yagil, 1985). Little information has been
obtained on these two forms of HPI and consequently, their
difference, if any, remains unknown.

The structural gene encoding the HPI subunit (kataG) ,
has been mapped at 89.2 minutes on the E. coli chromosome
(Loewen et al., 1985b), cloned (Loewen et al., 1983),
characterized (Triggs-Raine and Loewen, 1987), and sequenced
(Triggs-Raine et al., 1988). An open reading frame of 2,181
bp encodes a 726 residue amino acid sequence that shares no
similarity with any known catalase primary segquence except
KatG (HPI) from Salmonella typhimurium (Loewen and Stauffer,
1990). However, kétG is 48% similar to the Bacillus
stearothermophilus peroxidase gene (perA) (Loprasert et al.,
1989). This suggests that the bifunctional HPI is more
closely related to the peroxidase family of enzymes than to
the family of catalases, and perhaps, has evolved from a

peroxidase enzyme (Loewen, 1992). This theory is further
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supported by a recent sequence comparison (Welinder, 1992)
which shows that HPI bears resemblance to the plant
peroxidase family, and that the catalase activity associated
with the bifunctional HPI may be merely an ancillary
property of the active site.

This latter observation of Welinder (1992) will make it
possible to carry out a more directed approach to studying
the structure-function relationship of HPI. 1In the past,
because HPI shared no similarity to the catalases for which
the three-dimensional structure has been determined and
because HPI itself had not been crystallized, the only
available approach to investigate structure-function
relationships was to carry out random mutagenesis followed
by the identification of regions of the HPI protein
affecting enzyme activity (Loewen et al., 1990). Similarity
between HPI and plant peroxidases, for which three-
dimensional information is available, will allow the
alteration of specific amino acids using site-directed
mutagenesis.

The synthesis of HPI catalase in E. coli increases
during the exponential phase of cell growth and then
declines during the stationary phase, but can also be
induced by hydrogen peroxide and the hydrogen peroxide-
generating compound, ascorbate (Richter and Loewen, 1982;
Loewen et al., 1985a). The fact that hydrogen peroxide

elicits production of HPI is not surprising considering the

17



protective role of catalase against hydrogen peroxide. HPI
catalase is just one of at least 34 proteins whose synthesis
is induced by the presence of hydrogen peroxide. The
synthesis of 9 of these proteins, including HPI, alkyl
hydroperoxidase, and glutathione reductase, are positively
controlled by the oxyR gene product as part of the oxyR
regulon (Christman et al., 1985; Morgan et al., 1986). A
more detailed description of the oxyR regulon and its role
in the protection of E. coli from oxidative stress can be
found in recent reviews (Demple, 1991; Farr and Kogonma,
1991).

The oxyR gene encodes a 34.4 kDa protein whose 305
amino acid sequence displays significant sequence similarity
to a group of bacterial regulatory proteins collectively
known as the LysR family (Christman et al., 1989; Tac et
al., 1989). The majority of these regulatory proteins
function as transcriptional activators, but some alsc behave
as repressors (Henikoff et al., 1988). In addition to
activating transcription from the katqG promoter, OxyR can
also negatively control its own synthesis (Christman et al.,
1989).

The link between hydrogen peroxide induction of HPI
synthesis and OxyR regulation of katG expression has been
studied by Ames and his colleagues. They have proposed that
the oxidation state of the OxyR protein rather than just an

increase in protein levels is the determining factor in katG
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expression (Storz et al., 1990). 1In response to hydrogen
peroxide, the OxyR protein is oxidized and changes
conformation in such a way that it is able to activate
transcription from the katg gene. In the reduced state the
conformation of the OxyR protein is altered so that it can
no longer activate transcription. These conformational
changes likely affect the manner in which the OxyR protein
can or cannot interact with the corresponding promoter
regions of the gene but the nature of this interaction has
not yet been elucidated. The OxyR protein is therefore a
transcriptional activator following activation by an
oxidant, hydrogen peroxide allowing it to act as both a
sensor and transducer of an oxidative stress signal
(hydrogen peroxide) within a global stress response (Farr

and Kogoma, 1991; Loewen, 1992).

Catalase HPITI of E. coli

HPIT catalase is one of the larger-sized catalases
owing to its unique quaternary structural arrangement and
subunit size. HPII is a hexameric enzyme composed of
identical polypeptide subunits with an estimated size of 93
kDa (Loewen and Switala, 1986). Each of the six subunits
contains a cis heme d prosthetic group (Chiu et al., 1989).
This heme d-isomer confers a characteristic green color on
the enzyme and has been also identified in the green

catalase of Neurospora crassa (Jacob and Orme-Johnson,
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1979b). HPII functions only as a catalase, is unable to
catalyze the peroxidatic reaction, and like typical
catalases, is heat stable retaining activity at temperatures
up to 70°C (Loewen and Switala, 1986). The stability of
HPII is also demonstrated by its retention of activity in
0.1% sodium dodecyl sulfate or 7M urea, and over a broad pH
range from pH 4 to 11 (Loewen and Switala, 1986). Also like
typical catalases, but unlike HPI catalase, HPII is
inhibited by AT.

The unique structural properties of HPII catalase,
including its hexameric arrangement, large subunit size, and
unusual prosthetic group, make it attractive for a more
detailed structural investigation which is being pursued
with the report of a preliminary X-ray diffraction analysis
(Tormo et al., 1990). Further crystallographic
investigation is underway and may eventually provide greater
insight into the apparent structural differences between the
hexameric HPII and the tetrameric typical catalases.

HPIT catalase synthesis does not respond to hydrogen
peroxide, unlike HPI catalase, but is induced as E. coli
enters stationary phase. HPII synthesis can also be induced
during exponential phase, by growth on tricarboxylic acid
cycle intermediates (Loewen et al., 1985a), and by aromatic
acids (Mulvey et al., 1990). The HPII subunit is encoded by
katE which has been mapped at 37.8 minutes on the E. coli

chromosome (Loewen, 1984). katE has been cloned (Mulvey et

20



al., 1988) and this thesis describes subsequent work in its
characterization.

Unlike katG which is regulated by OXYR, katE expression
is controlled by katF (also known as rpoS, appR, and csiZ2),
mapping at 59 minutes on the chromosome, which is essential
for katE expression (Loewen and Triggs, 1984). The katF
gene has been cloned (Mulvey et al., 1988) and sequenced
(Mulvey and Loewen, 1989) revealing a 1,086 bp open reading
frame which encodes a 41.5 kDa protein. The amino acid
sequence of the katF gene product (the KatF protein) closely
resembles the predicted sequences of several known sigma
transcription factors (Mulvey and Loewen, 1989), and the
protein functions as a positive effector of katE expression
by possibly assisting in RNA polymerase binding to the katE
promoter.

In addition to regulating katE expression, KatF has
been shown to control positively the genes for as many as 35
proteins including xthA encoding exonuclease IIT (Sak et
al., 1989), bolA affecting cell morphology (Lange and
Hengge-Aronis, 1991a), appA affecting an acid phosphatase
and alternate cytochrome oxidase (Lange and Hengge-Aronis,
1991b), glgs affecting glycogen synthesis (Hengge-Aronis and
Fischer, 1992), and the pex genes induced during starvation
(McCann et al., 1991). However, the identity for most katrF-
regulated genes remain to be determined. Unlike the

majority of bacterial genes which exhibit a decrease in
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expression in response to nutrient limiting conditions
(Siegele and Kolter, 1992), the various genes under KatF
control show an increase in expression during starvation
conditions and maximal expression in stationary phase
(Mulvey et al., 1990; Lange and Hengge-Aronis, 1991b).
Consistent with this and the roles of the numerous katr-
regulated genes is the observation that katF mutants are
more susceptible to death during starvation (Mulvey et al.,
1990) , presumably because they lack: resistance against
stationary phase stresses including thermal, oxidative, and
osmotic (Lange and Hengge-Aronis, 1991b; McCann et al.,
1991} ; the ability to accumulate glycogen and trehalose
(Lange and Hengge-Aronis, 1991b; Hengge-Aronis et al.,
1991); and the ability to carry out the rod-to-sphere
morphology conversion of cells during the transition to
stationary phase (Lange and Hengge-Aronis, 1991a).
Consequently, this has led to the suggestion that the katF-
regulated genes represent a regulon responding to starvation
conditions preparing E. coli for survival in nutrient-poor
conditions (Loewen, 1992; Hengge-Aronis, 1993). The
identity of the cellular signal responsible for inducing
this regulon is still largely unknown. However, the results
of several studies on the regulation of katF and katE
expression (Schellhorn and Hassan, 1988; Mulvey et al.,
1990; Schellhorn and Stones, 1992) suggest that certain weak

acids, particularly acetate (Schellhorn and Stones, 1992),
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are effective inducers and lead to the preopesal that
intracellular proton accumulation coupled to an internal pH
reduction facilitates expression of katF-regulated genes.
HPII catalase is just one of a large group of proteins
controlled by KatF, and the likely primary role of HPII is
to protect the cell from hydrogen peroxide during dormancy
(Loewen, 1992).

The work described in this thesis focuses on the
further characterization of katE. The sequence analysis is
reported. The predicted amino acid sequence of HPII is
described and compared to the sequences of other catalases
from prokaryotic and eukaryotic origins. The predicted
amino acid sequence has also allowed the initiation of a
structure-function study of HPII, targeting specific

residues by site-directed mutagenesis.
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EXPERIMENTAL PROCEDURES
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Bacterial Btrains, Plasmids, and Bacteriophage.

E. coli strain NM522 (Table 1) served as the host for
all plasmids, routine cloning, and the generation of single-
stranded DNA. E. coli strain UM255 (Table 1} was used for
mutant katE expression and the subsequent production of
mutant HPII proteins. E. coli strain CJ236¢ (Table 1) served
as the host of phagemids for the generation of uracil-
containing single-stranded DNA for use in site directed in
vitro mutagenesis,

Plasmid pAMkatE72 (Table 1) was the source of the katE
gene. The M13 Bluescript phagemids pKS+, PKS-, pSK+, and
PSK~- (Table 1) were used for subcloning, sequencing, and in
vitro mutagenesis. The operon fusion vector PRS415 (Table
1) was used in constructing promoter fusions of the
regulatory region of the katE gene.

The helper bacteriophage R408 (Table 1) was employed in
the generation of single-stranded DNA template for use in

DNA sequencing and in vitro mutagenesis.

Growth Media.

LB (Luria-Bertani) Medium (Miller, 1972)

Per litre: Bacto-tryptone 10 g
Bacto-yeast extract 5 g
NacCl 5 g
For plates: Bacto-agar 10 g

This type of growth medium in liguid and solid form was
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Table 1. Bacterial strains, plasmids, and bacteriophage.

Genotype or

Source

Characteristics

Strains

NM522 supE thi A(lac-proAB)
hsd=-5 [F’ proAB lacI®
lacZAl5]

UM255 pro leu rpsL hsdM
hsdR endI lacY katG2
katE12::Tnl0 reca

CJ236 dutl ungl thil relAl/
pPCJ105 (cam® F’)

Plasmids

pAMKatE72 AmpR

pRS415 Anp® TetR

pKS+, pKS-, AmpR

pPSK+, and

pPSK~-

Bacteriophage
R408 (Helper Phage)

Mead et al. (1985)

Mulvey et al. (1988)

Kunkel et al. (1987)

Sorby (1989)
Simons et al. (1987)

Stratagene Cloning
Systemns

Stratagene Cloning
Systems
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routinely used for culturing all E. coli strains
utilized in this study.

Ampicillin was supplemented at 250 pg/ml for the liquid
medium and at 100 pg/ml for the solid medium to select
for Amp® plasmid-bearing cells.

Chloramphenicol was added at 40 pug/ml for the liquid
medium and at 5 pg/ml for the solid medium to maintain
the presence of the F’ episome in the CJ236 strain.

The color selection of subclones was accomplished by
spreading 50 pl aliquots of 2% 5-bromo-4-chloro-3-
indolyl-f3-D-galactoside (BCIG) in NN dimethyl formamide
and 200 mM isopropyl thio-f-D-galactoside (IPTG) in

distilled water onto LB-ampicillin medium agar plates.

Glucose-minimal Medium (Miller, 1972)

Per litre: Na,HPO,-H,0 6 g
KH,PO, 3 g
NacCl 0.5 g
NH,C1 1g
Bacto-agar 10 g

Autoclaved, and the following sterilized solutions
added:

1 M Mgso, 1 ml
Vitamin B, (1 pg/ml) 1 ml
Trace Elements 1 ml
30% Glucose 10 ml

Antibiotics were added as required.

The solution of trace elements is comprised
of the following per litre: 2.5 g
FeS0,*H,0, 2.9 g H;BO,, 1.2 g C0SO,*7H,0, 0.1
g CuS0,+*5H,0, 0.09 g MnCl,-4H,0, 2.5 g
Na,Mo0,+7H,0, 2.1 g ZnSO,-7H,0, and 5 ml
conc. H,80,.
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Glucose-minimal medium agar plates were used to grow
the NM522 strain to ensure the presence of the F’
episome required for phagemid induced single-stranded
DNA production.

* All media and solutions were made with distilled

water unless otherwise stated.

Culturing and Storage Conditions.

All E. coli strains, in liquid and on solid media, were
grown at 37°C unless stated otherwise. Liguid cultures were
grown with vigorous aeration on reciprocating and gyrotory
shakers. Estimates of the cell density were made with a
Klett-Summerson colorimeter containing a blue filter.

Stock cultures for long term storage were kept in 50%

glycerol at -20°C and 8% DMSO at -60°C.

Restriction Nuclease Digests.

All restriction nucleases and buffers used in this
study were obtained from GIBCO-BRL, Pharmacia, or
Boehringer-Mannheim. Restriction digestions were carried
out at 37°C for 2-3 hours unless the enzyme required
otherwise, e.g., Smal at 30°C. Restriction reactions were
carried out in total volumes that varied from 10-50 ©rl, and
contained 5-10 ug DNA, ~10 units restriction nuclease, and
the optimal buffer for the enzyme(s) in use. All

restriction reactions were brought up to the desired volume
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with sterilized distilled water.

Agarose Gel Electrophoresis.
Agarose gel electrophoresis was employed in the

analysis of restriction nuclease digested DNA samples in the

e

manner described by Sambrook et al. (1989). Generally, 0.7

2

agarose gels, prepared with TAE (40 mM Tris-acetate and 1
EDTA, pH 8) buffer and with dimensions of 15 cm X 15 cn (or
15 cm x 20 cm), were run submerged in a Bio-Rad Subcell
Horizontal Slab Gel system containing TAE buffer. (1.2%
agarose gels were used for the separation of smaller sized
DNA fragments). The voltage was typically set at 1-10
volts/cm and the extent of the separation monitored by the
migration of the bromophenol blue dye from the loading
buffer. DNA was located by placing the agarose gel in TAE
buffer containing 0.5 pg/ml ethidium bromide for 10-20
minutes and then exposing the gel to ultraviolet light
illumination. A permanent record of the banding pattern was
subsequently obtained by photographing the agarose gel using
Polaroid Type 667 film. Sizing of DNA fragments was
accomplished using 1 kb ladder DNA sizing markers (GIBCO-

BRL) .

DNA Ligations.
DNA ligations were carried out according to the

protocol described by Sambrook et al. (1989). Insert and

29



vector DNAs were mixed at a fatio where the amount of insert
DNA always exceeded that of the vector DNA (about 5:1). All
restriction nucleases used to cut the vector DNA at the
desired restriction site(s) were inactivated by a 10-15
minute incubation at 65°C prior to the ligation. DNA
fragments to be used for subsequent insertion into a vector
were extracted from agarose gels. These samples did not
require a heat inactivating step prior to electrophoretic
separation. Ligation reactions were generally carried out
in a total volume of 15 gl with 1-3 units of T, DNA ligase
(Pharmacia or GIBCO-BRL) and ligation buffer diluted five-
fold from a 5x stock solution [250 mM Tris-HC1 (pH 7.6), 50
mM MgCl,, 5 mM ATP, 5 mM DTT, and 25% (w/v) PEG 8000].
Ligations were typically carried out at room temperature for

2-4 hours and then placed on ice until further use.

Transformations.

Transformation of E. coli with cloned versions of the
Bluescript phagemids and the plasmid PRS415 was carried out
as described by Chung et al. (1989). 1In this method
exponential phase cells were harvested and made competent
for transformation by a calcium chloride treatment. DNA
samples were combined with the competent cells and incubated
at 0°C followed by a 90 sec heat shock at 42°C. Following
recovery at 37°C in LB medium, the cells were plated onto

solid medium containing a selective antibiotic and allowed
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to grow overnight.

Recombinant Selection.

Two types of plasmids, the M13 Bluescript phagemid and
the operon fusion vector pRS415, were used in this study and
both shared similar modes of recombinant selection.

The Bluescript phagemid (2.95 kb), which was
principally used for subcloning of the katE gene and the
production of single-stranded DNA for sequencing and in
vitro mutagenesis, contains a multiple cloning region
adjacent to a lacZ gene fragment (which encodes part of the
B-galactosidase enzyme), as well as the gene conferring
ampicillin resistance. Cells harboring phagemids with
inserts were selected based on the ability to grow on LB
medium supplemented with ampicillin and the inability to
produce a blue colour when grown on LB medium containing
BCIG and IPTG.

The plasmid pRS415 (10.8 kb}, employed in the analysis
of 5’ end deletions of the katE gene, contained the
ampicillin resistance gene and a promoterless lacZ gene
preceded by a multiple cloning region. Cells with plasmids
were grown on LB medium containing ampicillin and the
plasmids containing the desired insert screened by
restriction digest analysis. The fusion plasmids were then
characterized using the f-galactosidase assay.

For both vector systems, confirmation of insert
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containing plasmids was accomplished by plasmid isolation

followed by restriction nuclease mapping.

Isolation and Purification of DNA.

Small and large gquantities of plasmid DNA were obtained
using two different methods. Isolation of smaller amounts
of plasmid DNA as required in the screening of transformants
was carried out according to the rapid plasmid DNA
preparation protocol of Morelle (1989). Larger amounts of
plasmid DNA were recovered using the method of Birnboim and
Doly (1979). The isolation and purification of single-
stranded M13 phagemid DNA required for DNA sequencing and in
vitro mutagenesis was carried out as described by Vieira and
Messing (1987).

DNA fragments produced from restriction digestions were
purified from agarose electrophoretic gels using the
GENECLEAN DNA extraction kit (Bio/Can Scientific Inc.). The
region of agarose containing the DNA fragment for extraction
was identified by ethidium bromide staining and excised from
the gel. DNA was then extracted from the agarose using the

kit according to the protocol provided by the manufacturer.

DNA Sequencing.
The dideoxy chain termination method of DNA sequencing
described by Sanger et al. (1977) was used in the sequence

determination of the katE gene, in identifying and
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confirming base changes created by in vitro mutagenesis, and
for a sequencing ladder in the determination of the
transcriptional initiation site by primer extension
analysis. All sequencing was carried out using single-
stranded DNA template, [a®=-P]dATP (DuPont), and Klenow
fragment (Pharmacia). The preparation of sequencing
reagents and buffers, the taping and sealing of glass
plates, pouring of gel mixtures, assembly and dismantling of
sequencing apparatus, preparation and loading of samples,
electrophoretic run, and exposure of gel to X-ray film were

carried out as described by Sambrook et al. (1989).

Preparation and Isolation of Oligonucleotide Primers.
Oligonucleotides required for DNA sequencing, in vitro
mutagenesis, and primer extension analysis were synthesized
on a PCR-Mate Synthesizer (Applied Biosystems Inc.).
Primers for in vitro mutagenesis were synthesized with a
phosphate group attached at the 5’ end. The extraction of
oligonucleotides was carried out according to the method
suggested by Applied Biosystems Inc. Bound oligonucleotides
were cleaved from the synthesis cartridge with concentrated
ammonium hydroxide and incubated at 55°C overnight. The
sample was then diluted with HPLC (high pressure liquid
chromatography) distilled water, lyophilized, ethanol
precipitated, washed with 70% ethanol, and finally

resuspended with HPLC distilled water for storage at -40°C.
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5’ end mRNA Mapping.

The identification of the transcriptional initiation
site for the katE gene was accomplished with the primer
extension method described by Ausubel et al. {1989). An
oligonucleotide primer with a Sequence complementary to a
region of the katE gene encoding the amino terminus of the
HPII primary sequence was annealed to the corresponding katE
mRNA and elongated by avian reverse transcriptase
(Pharmacia). 5’ end labelling of the oligonucleotide primer
with [y-P®]JATP for the primer extension analysis was carried
out as described by Maniatis et al. (1982). Total RNA was
prepared from NM522 harboring the plasmid pAMkatE72 and
isolated as described by Gilman and Chamberlin (1983), with
the following procedural modifications. Cells were ruptured
by extracting twice with an equal volume of redistilled
phenol and the subsequent nucleic acid precipitate was
redissolved in a 100 mM sodium acetate buffer (pH 5)
containiﬁg 10 mM magnesium sulfate for the treatments with

DNasel and proteinase K.

In vitro Mutagenesis.

The introduction of specific base changes for creating
new restriction nuclease sites and amino acid substituted
protein mutants was carried out according to the in vitro
mutagenesis methodology described by Kunkel et al. (1987).

Bluescript phagemids (rather than M13 bacteriophage)
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containing the katF gene (or portions thereof) were
propagated in the dut” ung €J236 strain to generate uracil-
containing single-stranded DNA template. Mutagenesis was
carried out by annealing the phosphorylated mutagenic
oligonucleotide primers to the template and a complementary
DNA strand synthesized using unmodified T, DNA polymerase
(New England Biolabs) and T, DNA ligase (Pharmacia). The
double-stranded products were transformed into the NM522
strain so that the uracil-containing strand was degraded,
and a new non-uracil-containing DNA strand generated.
Transformants were then screened for anticipated base

changes by single-stranded DNA sequencing.

Mutant HPII Protein Production and Purification.

To produce and isclate amino acid substituted HPIT
catalases devoid of the wild type form, plasmids carrying
the mutant katE gene were transformed into the katE katG
strain UM255 and grown in LB medium supplemented with
ampicillin for 16 hours at 37°C with shaking. Cells were
recovered and mutant HPII protein isolated and purified
according to Loewen and Switala (1986), but with DEAE
cellulose DE52 (Whatman) rather than DEAE Sephadex A-~25,
All purification steps were carried out at 5°C. A crude
extract was prepared using a French press at 20,000 psi and
then precipitated using 2.5% streptomycin sulfate as

described by Claiborne and Fridovich (1979), except with a

35



buffer that included 1 mM EDTA. Ammonium sulfate
precipitation was carried out at 30, 40, 50, and 60%
saturation with solid ammonium sulfate with gentle stirring
for 30 minutes at each step to ensure complete mixing and
precipitation. Centrifugation was used to collect the
precipitate and additional ammonium sulfate added to the
supernatants. HPII protein was isolated in the 50 and 60%
pellets, which were then mixed together and fractionated
once again with ammonium sulfate. The pooled ammonium
sulfate fractions were dialyzed against 50 mM potassium
phosphate buffer (pH 7) and then loaded onto a 2 x 15 cnm
column of DE52 DEAE cellulose equilibrated in the same
buffer. The column was washed with the equilibrating buffer
until the absorbance of the column fractions at 280 nm was
below 0.05. The HPII protein was eluted by a 500 mM NacCl
linear gradient in the same buffer. After this initial ion
exchange chromatography step, the purified preparations of
HPII protein were examined by SDS-polyacrylamide gel
electrophoresis (Weber and Osborn, 1969) and usually found
to be near homogeneity, ca. 85-90% pure. However, if
further purification was warranted, either the DEAE-
cellulose chromatography was repeated or a gel filtration
througﬁ Bio-Gel A-1.5m was used. HPII protein was
concentrated by ultrafiltration, dialyzed against 50 mM
sodium phosphate (pH 7), and stored at -20°C. For mutant

HPII protein with minimal or no catalase activity, the use
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of the catalase assay to monitor the purification procedure
was not feasible and SDS-polyacrylamide gel electrophoresis
was used instead.

Following purification, the absorption spectrum of each
of the mutant proteins was obtained using a Milton Roy
MR3000 Spectrophotometer following dilution in 50 mM

potassium phosphate buffer (pH 7).

B-Galactosidase and Catalase Assays.

Levels of f-galactosidase activity were assayed
according to Miller (1972), but with the fellowing two
changes in the protocol. Cells were lysed by the addition
of 20 pl of chloroform and a 4 minute incubation at 28°C.
B-galactosidase activity was recorded in Miller Units which
are proportional to the increase in o-nitrophenol per minute
per bacterium.

HPII catalase activity was determined in a Gilson
oxygraph equipped with a Clark electrode as described by
Rgrth and Jensen (1967). One unit of catalase activity is
the amount of enzyme that decomposes one umol of hydrogen

peroxide per minute at 37°C.

Nucleic Acid and Protein Determinations.
Spectrophotometric measurements were used to determine
nucleic acid and protein concentrations as described by

Sambrook et al. (1989) and Layne (1957), respectively.
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Phylogenetic Analysis.

An estimate of the evolutionary relationship of the 20
aligned catalase seguences was made using both parsimony and
distance methods. Unrooted parsimony trees were constructed
using programs within the PHYLIP package (Version 3.4,
Felsenstein, 1989). The bootstrap analysis method
(Felsenstein, 1985) was used to estimate the confidence
levels of potential monophyletic clusterings of more than
one species. The program SEQBOOT was used to obtain 100
bootstrap replicates, each of which was analyzed by the
parsimony program PROTPARS. The program CONSENSE was used
to construct a majority-rule consensus tree based on the 100
bootstrap replicates. Felsenstein (1985) reported that a
consensus tree generated from a bootstrap analysis
represents an overall estimate of a phylogeny and can be
considered statistically relevant when tree branches are
supported by greater than 95% of the bootstrap replicates.
Programs within the CLUSTALV package (Higgins and Sharp,
1989) were used in estimating phylogenies for the catalase
sequences based on distance criteria. The neighbor-joining
method (Saitou and Nei, 1987) was employed in the
construction of unrooted distance trees and estimating the
level of confidence for the tree branches determined from
100 bootstrap replicates as derived from the "bootstrap

tree" option.
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Computer Programs.

The Microgenie (Beckman) and PC/gene (IntelliGenetics
Inc., Mountain View, California) software packages were
employed in the analysis of the katE sequence which included
prediction of the amino acid sequence and secondary
structures, determination of codon usage and amino acid
content, as well as for primary seqguence alignments.

Programs such as MASE, PHYLIP, and CLUSTALV emplbyed in
a phylogenetic survey of primary sequences were provided by
BIRCH (Biological Research Computer Hierarchy; Fristensky,
1991), a collection of statistical analyses programs offered

in the SUN UNIX system at the University of Manitoba.
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Section I: Determination of the Nucleotide Bequence of katkE

Sequencing Strateqy

Mulvey et al. (1988) had previously cloned an E. coli
chromosomal fragment encompassing the katk gene and
constructed the plasmid pAMkatE6. For the construction of
the plasmid pAMkatE72 to be used for seguence analysis, a
3.5 kb fragment containing katE was removed from pAMkatEs6
with PstI and Clal, and inserted into the corresponding
restriction sites in the multiple cloning region of pKS+
(Fig. 1). Numerous subclones of portions of the chromosomal
insert in pAMkatE72 were prepared in PKS+, pKS-, pSK+, and
PSK- using different combinations of restriction nucleases
(Table 2). Sequencing was carried out using synthetic
oligonucleotide primers corresponding to portions of the
multiple cloning site and to portions of established katE
sequence (see Fig. 2). A restriction map and the sequencing
strategy for both strands of the katE-containing insert

within pAMkatE72 are summarized in Figure 2.

DNA Sequence of katEk

The complete DNA sequence of the PstI-Clal fragment,
which includes the katFE gene, was determined and found to be
3,466 bp in length. All restriction sites determined by
digestion were also identified within this stretch of

sequence. A single open reading frame of 2,259 bp was
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Figure 1. Construction of pAMkatE72. (See text for
details.) Restriction nucleases are abbreviated as
follows: <C, clal; B, BamHI; E, EcoRI; H, HindIII; P,
PstI; and V, EcoRV.
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Table 2. Subclones used for nucleotide sequencing of katkE.
Subclone Restriction Fragment Fragment Size
of katE Limits® (bp)
pKS+6 PstI-HindIII 1-1251
PKS+30 DralI-HindIII 218-1251
PKS+29 Sau3A-HindIII 269-1251
pKS+28a Sau3A-Sau3l 402742
PKS+27 HaeIII-HindIII 786-~1251
pKS+31 Rsal-HindII1 1031-1251
pKS-10 HindIII-Sspl 1246-2333
PSK+4 EcoRV-BamHI 1361-2577
PSK+5 EcoRI-BamHI 1856-2577
pKS+24 Nrul-Cclal 2302-3466
PKS+11 BamHI-Clal 2572-3466
PRS+7 DralI-Clal 2930-3466
PKS+36 Stul-clal 3206-3466
pSK+11 Clal-BamHI 3466-2572
pKS-38 StuI-BamHI 3211-2572
PKS-14 Dral-BamHI 2935-2572
pSK+1 SsplI-EcoRV 2333-1361
PKS+32 EcoRI-HindIII 1861~124¢6
pPSKX+8 EcoRV-Sspl 1366-40
pKS5-9 HindIII-SspI 1251-40
pKS-26 Haelll-PstI 789-1
pKS+28 Sau3A-PstI 742-1
PKS-35 Rsal-Pstl 479-1
pPK5+28b Sau3A-Pstl 251-1

* Numbers refer to the location of the fragments on the katE

sequence presented in Figure 3.
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Figure 2. Restriction map of the katE-containing PstI-
Clal chromosomal insert (3.5 kb) and the DNA sequencing
strategy for katE. The arrows indicate the direction
and the extent of sequencing. All start sites of the
fragments were obtained by digestion with various
restriction nucleases (P, Pstl; D, Dral; A, Sau3lA; R,
Rsal; Ha, HaelIl; H, HindIII; V, EcoRV; E, EcoRI; N,
Nrul; S, Sspl; B, BamHI; St, Stul; and C, Clal).
Synthetic oligonucleotide primers used in the chain
elongation from the multiple cloning site into the
subcloned katE regions included: the universal primer,
5’-GTAAAACGACGGCCAGT; the reverse primer, 5/-
AACAGCTATGACCATG; the SK primer, 5’ -TCTAGAACTAGTTGGATC;
and the KS primer, 5/-CGAGGTGGCGACGGTATCG. Those
arrows beginning with a number (1-7) were obtained
using the following synthetic oligonucleotide primers
of established sequence, 1, 5’ ~TTTGCGTGTATTTCATA; 2,
5/=-TTCGGTATTCACACCTT; 3, 5/ -CGCTGTTGCAGGGACGT; 4, 5'-
ACGTCCCTGCAACAGCG; 5, 57 -CACGTTGTGCAGAGTTT; 6, 5/~
GGTAGGTTGTGCACCTG; and 7, 5'-TACCACGCGACCTTTCA. {See
text for further details.)
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found. This open reading frame beginning with an ATG codon
at base 821 and ending with a TGA termination codon at base
3,080 predicted a protein sequence of 753 amino acids. The
DNA sequence and the predicted amino acid sequence are

presented in Figure 3.

Potential katE Control Sequences

Elements controlling both translational and
transcriptional activities were identified within the 3,466
bp fragment containing the katE gene.

A putative ribosome binding sequence {(Shine-Dalgarno)
of AGGAG was identified 10 bp upstream of the initiation
cedon (Fig. 3). This site is very similar to the sequence
of AGGAGG established as a consensus for ribosome binding in
E. coli (Glover, 1984). As shown in Figure 4, the
transcriptional start site for katE was identified as the G
residue at position 695 in the sequence in Figure 3.
(Weaker bands at about 696-705 were likely due to premature
termination of the elongating DNA sequence.) Potential
promoter sequences at -10 (ACGTCC) and =35 (GTTTAGC) were
identified at 133 and 154 bp upstream from the initiation
codon (Fig. 3) with a spacing of 15 bp.

Because katE expression is controlled and regulated by
the katF gene product, which in all likelihood represents a
novel sigma factor (Mulvey and Loewen, 1989), it is

reasonable to anticipate that perhaps the promoter sequences
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Figure 3. Nucleotide sequence of the katk gene region
and the deduced amino acid sequence of HPII catalase.
The open reading frame begins at base 821, and the HPII
predicted amino acid sequence is given below the
nucleotide sequence. The transcriptional start site is
indicated by *. The putative promoter sequences (=10
and =-35) are underlined and labeled upstream of the
start site. The potential transcriptional terminator
site is underlined and highlighted by boldfaced type.
The potential Shine-Dalgarno ribosome binding site is
underlined and labeled as SD.
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ggggAGCCTTTCTTTAAAAGAGTCGAAAGCCAGGCTTTTAATATTTAAATCACCATAAS%
ACTCTGTATTAAGTTTGTAGAAAACATCTCCCGCCTCATATTGTTAACAAAATTATT;;g
TCATTTAAATCTAAGTCATTTACAATATAAGTTTAAGAGCGACGCCACAGGATGAAC%ig
CAAAAATAGCTCATCATGATTAGCAAAACTTAACCATTTTAAAATAAATAAACAATTigg
GAAAAAAGATCACTTATTTATAGCAATAGATCGTCAAAGGCAGCTTTTTGTTACAGG;gg
TTTGAATGAATGTAGCAACGAAATACAGAATTTCAGGTCATGTAACTCCCGGCAAAngg
GAGGTATGTAATCCTTACTCAGTCACTTCCCCTTCCTGGCGGATCTGATTTGCCCAAéég
TGGGCAGATTCAGGCACAGTAAACGCCGGTGAGCGCAGAAATGACTCTCCCATCAGTigg
AACGCAACATATTTGCCACGCAGCATCCAGACATCACGAAACGAATCCATCTTTATCgég
TGTTCTGGCGGCGCGGGTTCCGTGCGTGGGACATAGCTAATAATCTGGCGGTTTTGngg

660

CGGAGCGGTTTCTTCATTACTGGCTTCACTAAACGCATATTAAAAATCAGAAAAACTGTA
720
GTTTAGCCGATTTAGCCCCTGTACGTCCCGCTTTGCGTGTATTTCATAACACCGTTTCCA
-35 =10 * 780
GAATAGTCTCCGAAGCGGGATCTGGCTGGCTGGTCTATAGTTAGAGAGTTTTTTGACCAAA
835
ACAGCGGCCCTTTCAGTAATAAATTAAGGAGACGAGTTCA ATG TCG CAA CAT AAC
sSD met ser gln his asn
(1) 880
GAA AAG AAC CCA CAT CAG CAC CAG TCA CCA CTA CAC GAT TCC AGC
glu lys asn pro his gln his gln ser pro leu his asp ser ser
925
GAA GCG AAA CCG GGG ATG GAC TCA CTG GCA CCT GAG GAC GGC TCT
glu ala lys pro gly met asp ser leu ala pro glu asp gly ser
970
CAT CGT CCA GCG GCT GAA CCA ACA CCG CCA GGT GCA CAA CCT ACC
his arg pro ala ala glu pro thr bro pro gly ala gln pro thr
1015
GCC CCA GGG AGC CTG AAA GCC CCT GAT ACG CGT AAC GAA AAA cTT
ala pro gly ser leu lys ala pro asp thr arg asn glu lys leu
1060
AAT TCT CTG GAA GAC GTA CGC AAA GGC AGT GAA AAT TAT GCG CTG
asn ser leu glu asp val arg lys gly ser glu asn tyr ala leu
1105
ACC ACT AAT CAG GGC GTG CGC ATC GCC GAC GAT CAA AAC TCA CTG
thr thr asn gln gly val arg ile ala asp asp gln asn ser leu
1150
CGT GCC GGT AGC CGT GGT CCA ACG CTG CTG GAA GAT TTT ATT CTG
arg ala gly ser arg gly pro thr leu leu glu asp phe ile leu
1195
CGC GAG AAA ATC ACC CAC TTT GAC CAT GAG CGC ATT CCG GAA CGT
arg glu lys ile thr his phe asp his glu arg ile pro glu arg
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2860
ATT GTC CCT TGC GGC AAT ATC GCG GAT ATC GCT GAC AAC GGC GAT
ile val pro cys gly asn ile ala asp ile ala asp asn gly asp
2905
GCC AAC TAC TAC CTG ATG GAA GCC TAC AAA CAC CTT AAA CCG ATT
ala asn tyr tyr leu met glu ala tyr lys his leu lys pro ile
2950
GCG CTG GCG GGT GAC GCG CGC AAG TTT AAA GCA ACA ATC AAG ATC
ala leu ala gly asp ala arg lys phe lys ala thr ile lys ile
2995
GCT GAC CAG GGT GAA GAA GGG ATT GTG GAA GCT GAC AGC GCT GAC
ala asp gln gly glu glu gly ile val glu ala asp ser ala asp
3040
GGT AGT TTT ATG GAT GAA CTG CTA ACG CTG ATG GCA GCA CAC CGC
gly ser phe met asp glu leu leu thr leu met ala ala his arg
3086
GTG TGG TCA CGC ATT CCT AAG ATT GAC AAA ATT CCT GCC TGATGGG
val trp ser arg ile pro lys ile asp lys ile pro ala
{(753) 3146
AGCGCGCAATTGCGCCGCCTCAATGATTTACATAGTGCGCTTTGTTTATGCCGGATGCGC
3206
GTGAACGCCTTATCCGGCCTACAAAACTGTGCAAATTCAATATATTGCAGGAAACACGTA
3266
GGCCTGATAAGCGAAGCCATCAGGCAGTTTTGCGTTTGTCAGCAGTCTCAAGCGGCGGCA
3326
GTTACGCCGCCTTTGTAGGAATTAATCGCCGGATGCAAGGTTCACGCCGATCTGGCARAAC
3386
ATCCTCACTTACACATCCCGATAACTCCCCAACCGATAACCACGCTGAGCGATAGCACCT
3446
TTCAACGACGCTGATGTCAACACATCCAGCTCCGTTAAGCGTGGGAAACAGTAAGCACTC
Clal 3466
TGACGGATAGTATTATCGAT



Figure 4. Determination of the katE transcriptional
start site by primer extension mapping. A ¥P-labeled
oligonucleotide primer (5’-CTGATGTGGCTTCTTTTCGTTATGT
TGCGA) corresponding to a complementary stretch of
sequence (bases 824 to 853) within the katE region was
annealed to 25 pg of total RNA from NM522 carrying
pPAMkatE72, elongated by reverse transcriptase, and
electrophoresed on a 6% polyacrylamide sequencing gel
in lane P. Lanes A, C, G, and T represent a sequencing
ladder generated by the same primer described above,
and the ladder is the complementary sequence of that
given in Fig. 3. The numbered bases indicated on the
right correspond to the sequence in Fig. 3. The primer
extension product (lane P) migrating adjacent to the C
is complementary to G-695 of the sequence in Fig. 3.
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governing katE expression are different from the -10
(TATAAT) and -35 (TTGACA) consensus regions recognized by ¢
(Harley and Reynolds, 1987). Because xthA and bolA are also
genes under KatF regulation (Sak et al., 1989; Lange and
Hengge-Aronis, 1991a), the promoter sequences of katE, xthA,
and bolA taken together may possibly form a consensus region
specific for KatF recognition. A comparison of the katE -10
and =35 sequences with the xthA and bola genes revealed the
presence of similar sequences upstream of the start sites
established in xthA (Saporito et al., 1988) and bolA (Aldea
et al., 1989). As shown by an alignment of the putative
promoter sequences for katE, xthA, and bolA in Figure 5,
several bases are identical within the -10 and -35 regions.
However, as expected, the katE, xthA, and bola putative
promoter sequences are different from the consensus -10

and -35 sequences for ¢’’., Despite the clear differences
from the ¢” sequences, these three potential promoter
regions are too small a sampling to produce a consensus
sequence of any confidence, and an examination of other
genes controlled by KatF is necessary to establish a "true"

. consensus sequence for KatF recognition.

At the opposite end of the katE gene, an element of
two-fold symmetry representing a potential transcriptional
termination sequence was identified about 125 bp downstrean
of the termination codon. The 7 bp inverted repeat displays

a secondary structure with a predicted stability of -9.1
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Figure 5. Comparison of putative promoter sequences
for katE, xthA, and bolA. The start sites for each of
the genes are indicated by +1, and the =10 and -35
regions labeled accordingly. The spacing between the
start site and the -10 region, as well as between the -
10 and -35 regions is also given. Nucleotides in the -
10 and -35 regions for katE also found in xthA and bola
are indicated by boldfaced type.
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~35 -10 +1
katE GTTTAGC-~ (15bp) -~ACGTCC~~ (6bp) =G
xtha GGTAAGC~~(17bp) -~CCATCC~= (4bp) —=A

bolA GTTAAGC-- (20bp) -~GCGGCT~~- (7bp) -~-A



kcal/mol and is followed by four T residues, thereby
exhibiting the typical structure of a rho-independent

terminator of moderate strength.

5’ end Deletions of katFE

As part of a preliminary characterization of the katk
regulatory region, a series of deletions was created
upstream of the katE gene. A 660 bp segment of DNA precedes
the putative katE promoter (Fig. 3) and the object was to
use deletions to establish the minimum length of DNA
necessary for regulating katE expression and to determine if
KatF is the sole regulatory factor for katFE expression. The
truncated katE promoter segments were fused to lacZ in
PRS415 (Simons et al., 1987) and B-galactosidase levels were
used as a measure of expression. Mulvey et al. (1990)
reported the construction of a fusion plasmid (pRSkatE1l6)
containing the complete sequence upstream of katE by
inserting a 1.4 kb SmaIl-EcoRV fragment from pAMkatE72 into
PRS415 (Fig. 6). The Smal site used for cloning is from the
PKS+ vector and in pAMkatE72 and the EcoRV site is at base
1,361 within katE. Expression studies using pRSkatElé
confirmed that KatF was required for katk expression (Mulvey
et al., 1990).

Because the 5’ noncoding region of katE lacked unigque
restriction sites for the excision of various sized

fragments, new Pstl sites were inserted into PKS+6 by in
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Figure 6. A general outline for the construction of
lacZ-fusion plasmids containing the katE 5’ noncoding
region. The PstI to Clal katkE containing DNA fragment,
including the Smal site from the KS+ vector, is
presented in I. The katE coding region is indicated by
the cross-hatched region. A SmaI-EcoRV fragment is
obtained by restriction nuclease digestion as indicated
by II and then inserted into the Smal site of PRS415 to
produce fusion plasmids containing the katk 5 noncoding
region. The direction of transcription is shown by the
horizontal arrow. Abbreviations for restriction
nucleases are as given in Figures 1 and 2. (Not drawn
to scale.)
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vitro mutagenesis using the primers in Table 3. Cleavage at
the two PstlI sites followed by religation permitted the
removal of the intervening sequences as shown in Figure 7.
The larger bands in each lane were recovered by the
GENECLEAN protocol and treated with ligase to generate the
deletion mutants. Next, the PstI-HindIII fragments were
transferred from the deletion plasmids into pAMkatE72 cut
with PstI and HindIII to produce katE clones with different
sized deletions in the 5’ noncoding region. Subsequently,
the SmaI-EcoRV fragment (as outlined in Figure 6) from each
mutant was transferred to pRS415 to generate the katE::lacZ
fusions for which the end points are shown in Figure 8.

Five fusion plasmids with deletions extending to 593,
623, 655, 753, and 790 bp in the katE sequence in Figure 3
(designated pRSkatEAP1l, pRSkatEAP2, pRSkatEAP4, pRSkatEAP3,
and pRSkatEAP5, respectively) were isolated and f-
galactosidase activity assayed during growth from
exponential phase (3 hours in Table 4) into stationary phase
(12 hours in Table 4). The three fusion plasmids,
PRSkatEAP1, pRSkatEAP2, and pRSkatEAP4, express (-
galactosidase in exponential and stationary phase similar to
pPRSkatEl6 both in pattern and extent (Table 4). None of the
three deletions had removed the putative =10 and -35
regions. However, the two fusion plasmids, pRSkatEAP3 and
PRSkatEAPS5, deleted to positions 753 and 790, respectively,

exhibited greatly reduced expression levels. Approximately

61



Table 3. Synthetic oligonucleotide primers employed in the
construction of new PstI sites within the
5/ noncoding region upstream of katk.

Primer Oligonucleotide Sequence® Location® (bp)
Pl 5/ -GGCGGTTCTGCAGGCGGAGC 587 to 606
P2 5/ ~-ACTGGCTGCAGTAAACGCAT 619 to 638
P3 5/ -TGGTGGTCTGCAGTTAGAGA 747 to 766
P4 5/ ~-AARAAACTGCAGTTTAGCCGA 651 to 670
P5 5/ -GGCCCCTGCAGTAATAAATT 786 to 805

* Sequences for PstI sites are italicized and bases changed
to produce the new PstI sequences are underlined.

® Numbers refer to the location of the primers on the katk
sequence presented in Figure 3.
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Figure 7. PstI restriction nuclease digestion of
subclone pKS+6 and derivatives (pP1, pP2, pP3, pP4, and
pP5) containing one additional PstI site within the
katE 5’ noncoding region. Restriction nuclease
digestion and electrophoresis were carried out as
described in Experimental Procedures.

Lane 1: pKS+6
Lane 2: pP1
Lane 3: pP2
Lane 4: pP3
Lane 5: pP4
Lane 6: pP5

DNA bands representing the various PstI fragments (III)
and the KS+ vector with the remaining portion of katEk
(IT) are indicated. Linearized pKS+6 is indicated by
I.
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Figure 8. 5’ end deletions of the katE noncoding
region. The 5’ noncoding region is indicated by a
solid line, with the location of the putative -10 and
-35 sequences indicated by the hatched region. The
katE coding region is indicated by the solid broad
line. Both the undeleted form (wild type) of the katk
region and the various deletions of the 5’ nonceding
region brought on by the primers P1, P2, P3, P4, and P5
listed in Table 3 are indicated. The location (in bp)
along the sequence (see Fig. 3) at which the truncation
begins is indicated by the values within the
parentheses. (Not drawn to scale.)
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Table 4. (-Galactosidase levels from fusion plasmids
containing deletions of various lengths upstream

of katE.
Fusion Plasmid Time of sampling (hrs)
3 12 27
pPRSkatEle6 88.0°% 10,900 10,100
(0.70)° (4.78) (4.57)
pRSkatEAP1 111 9,100 11,900
(0.76) (3.85) (4.33)
pRSkatEAP2 52.0 12,200 12,300
(0.57) (3.48) (4.57)
pRSkatEAP4 54,7 11,800 10,300
(0.74) (4.68) (4.39)
pPRSkatEAP3 14.8 29.5 36.7
(0.80) (4.07) (3.90)
PRSkatEAP5 10.7 38.1 42.5
(0.64) (3.83) (3.91)

? B-Galactosidase activity in Miller Units.
® Agg readings of cell density.
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equal amounts of plasmid DNA were present in transformants
with the different plasmids confirming that the variations
in expression were not the result of variations in plasmid
copy number. These results suggest that the katkE promoter
region is located between positions 655 and 753 in Figure 3.
Furthermore, there cannot be a secondary regulatory factor
acting upstream of position 655 to control katEk expression.
Deletions downstream of the putative promoter region will
have to be constructed to determine if there are regulatory

sequences between the promoter and the open reading frame.

The Predicted HPITI Amino Acid Sequence

N-terminal sequence analysis of purified HPII protein
confirmed the accuracy of the first 11 amino acids in the
predicted HPII sequence. HPII catalase was purified (Loewen
and Switala, 1986) from the E. coli strain UM255 [ pAMkatE72 ]
(Mulvey et al., 1988), and the N-terminal seguence
determined by the Tripartite Microanalytical Centre
(University of Victoria, British Columbia) to be xxx-Ser-
Gln-His-Asn~Glu-Lys-Asn-Pro-His-Gln. This is identical to
residues 2 to 11 of the N-terminus deduced from the
nucleotide sequence. For technical reasons, the identity of
the first amino acid was not determined.

The molecular mass for the predicted protein, as
calculated from the deduced amino acid sequence, is 84,173

Da and is considerably smaller than the 93,000 Da size
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estimated from SDS-polyacrylamide electrophoresis (Loewen
and Switala, 1986). The size discrepancy may be due to the
moderately acidic nature of the HPII protein (pI=6.08),
which may affect its migration on SDS-polyacrylamide gels.
Comparison of the amino acid composition of the
predicted HPII sequence with the experimentally determined
composition (Table 5) revealed close similarity between the
two, a further substantiation that the correct reading frame
had been obtained. The distribution of acidic, basic,
aromatic, and hydrophobic residues was calculated from the
predicted sequence and is given in Table 6. The HPIT
protein consists of 25% charged amino acids, with a slightly
greater proportion of acidic (14.2%) over basic (10.8%)

residues.

Comparison of the Predicted HPII Sedquence with other

Catalase Seguences

A preliminary comparison of the deduced amino acid
sequence for the HPII subunit with the amino acid sequences
of eukaryotic catalases from mammalian, fungal, and plant
sources is presented in Figure 9, and reveals significant
similarity between HPII and other catalases. The high
degree of similarity is evident only with the core of HPIT
because of its greater length (753 amino acids) compared to
the average length of about 500 residues found for most

eukaryotic catalases. Consequently, segments of HPII at the
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Table 5. Comparison of predicted and actual amino acid
compositions of HPII catalase.

Amino Acid Predicted No. (%)* Actual No. (%)°?
Alanine 64 (8.5) 61.2 (8.1)
Arginine 44 (5.8) 41.4 (5.5)
Asparagine 33 (4.4) 0 memecmeee-
Aspartate 58 (7.7) 95.1 (12.6)°
Cysteine? 2 (0.3) 2.2 {(0.3)
Giutamine 26 (3.5) = ceeec—eaaa
Glutamate 49 (6.5) 86.3 (11.5)°
Glycine 53 (7.0) 57.0 (7.86)
Histidine 28 (3.7) 22.7 (3.0)
Isoleucine 43 (5.7) 40.7 (5.4)
Leucine 60 (8.0) 57.7 (7.7)
Lysine 37 (4.9) 36.6 (4.9)
Methionine® 12 (1.6) 11.5 (1.5)
Phenylalanine 40 (5.3) 31.9 (4.2)
Proline 59 (7.8) 60.0 (8.0)
Serine! 40 (5.3) 31.8 (4.2)
Threonine 37 (4.9) 39.0 (5.2)
Tryptophant 9 (1.2) 12.5 (1.7)
Tyrosine 19 (2.5) 13.8 (1.8)
Valine 40 (5.3) 43.7 (5.8)

* Predicted values were calculated by the Microgenie
software program.

® Actual values were determined according to the following
protocol: One nmol HPII was mixed with constant boiling
hydrochloric acid, sealed within a glass tube, and
incubated at 110°C for 24, 48, and 72 hours. A LKB 4151
Alpha Plus amino acid analyzer (Department of Animal
Science, University of Manitoba) was used to carry out the
amino acid analyses.

° Because of amide hydrolysis, asparagine and glutamine

values are combined with the aspartate and glutamate

values, respectively.

Determined as cysteic acid by oxidizing one nmol HPII for

20 hours at 5°C in performic acid (a mixture of 0.2 ml of

30% H,0, and 1.8 ml of 90% formic acid), followed by

lyophilization and hydrolysis.

° Determined as methionine sulfoxide and methionine sulfone

following performic acid oxidation.

Hydrolysis time extrapolated to zero to compensate for

for hydrolytic destruction.

¢ As determined by the method of Edelhoch (1967).
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Table 6. Amino acid distribution of the predicted HPII

seguence®,
Amino Acid No. (%)
Acidich 117 14.2
Basic® 81 10.8
Aromatic! 68 9.0
Hydrophobic® 223 29.6

* As determined by the Microgenie software package.

Aspartic and glutamic acids.

°® Arginine and lysine.

Phenylalanine, tryptophan, and tyrosine.

¢ Isoleucine, leucine, methionine, valine, and aromatic
amino acids.
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Figure 9. Comparison of the predicted amino acid
sequence of the HPII subunit with the catalase
sequences from rat liver (RLC), bovine liver (BLC),
human kidney (HKC), Saccharomyces cerevisiae Type T
(8CC), Candida tropicalis (CTC), and maize (ZMC) .
Residues identical in HPII and any of the other
catalases are indicated by upper case italicized
boldfaced type. Conservative replaced residues between
HPII and any of the other catalases are indicated by
upper case boldfaced type. Conservative replacements
are defined according to the following groups: (S and
T), (A and G), (F, Y, and W), (H, X, and R), (D, E, N,
and Q) and (I, L, M, and V). Residues involved in the
active site of bovine liver catalase are indicated by
*. Residues involved in heme binding on the distal (1)
and proximal (!) sides are also indicated. Residues
involved in NADPH binding sites are indicated by N.
Sequence homology was enhanced by the insertion of

gaps.
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N-terminus (57 residues) and the C-terminus (168 residues)
could not be aligned having no similarity to any part of the
shorter catalases or to any protein sequence contained in
the GENBANK and PIR databases. With both identical residues
and conservative replacements considered, much of the
similarity between HPII and the other catalases is confined
to the N-terminal half of the core sequence, lessening
towards the C-terminal. Amino acids identified in bovine
liver catalase (Fita and Rossmann, 1985a) as participating
directly in catalysis (His74, Ser1l3, and Asnl47) are
conserved in HPII as His128, Ser167, and Asn20l1. Various
residues interacting with the heme group in bovine liver
catalase on the distal (val73, Thri1l4, Phel52, and Phels0)
and proximal (Pro335, Arg353, and Tyr357) sides of the heme
are also conserved in HPII as Vall27, Thrlé68, Phe20s6,
Phe214, Pro393, Arg4ll, and Tyr415, respectively. Finally,
NADPH binding-site residues reported in bovine liver
catalase by Fita and Rossmann (1985b) include Arg202,
Asp212, Lys236, and His304, but only three of these are
conserved in HPII catalase (Arg260, Glu270, and Lys294),
while the fourth (the His304 residue) was replaced by Glu3é2
in HPII. The conservation of these residues within HPII and
other catalases emphasizes their functional importance in
the catalase structure and catalysis. The testing of the
predicted roles for some of these residues in HPII is

described in Section III. A more complete and detailed

74



comparison of the catalase sequences for evolutionary

purposes is described in Section II.
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SBection II: A Phylogenetic Survey of HPII and Related
Catalases

The ancient and widespread nature of the catalase
enzyme, as well as its conservation of amino acid sequence,
makes it a potential candidate for use in a phylogenetic
reconstruction. Nothing in the literature has been reported
on the evolution of the catalase enzyme, although a few
phylogenetic analyses have already been carried out on the
oxygen radical scavenging superoxide dismutase enzyme (Lee
et al., 1985; Smith and Doolittle, 1992). With the
determination of the amino acid sequence for HPII catalase,
twenty catalase primary sequences from sources that include
the four kingdoms of bacteria, fungi, animals, and plants,
are now avalilable for analysis. (Because HPI catalase bears
no sequence similarity with HPII or the other catalases, it
was not included in the phylogenetic study.) In this
preliminary investigation, these catalase sequences are
subjected to a phylogenetic reconstruction by two different
methods of tree building including an assessment of the
branching for statistical reliability.

The amino acid sequences encoded by the different
catalase genes, in addition to katE, were obtained from the
literature, as well as from GENBANK and PIR databases (Table
7). An initial alignment of the sequences was made using
the program CLUSTAL (PC/gene; IntelliGenetics Inc., Mountain

View, California), followed by further adjustments based on
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Abbreviations, organisms, and sources of catalase

Table 7.
amino acid sequences compiled for phylogenetic
reconstruction,.

Abbreviation Organisn Source

1. eco Escherichia coli Kiz This study

2. lse Listeria seeligeri Haas et al. (1991}

3. bsu Bacillus subtilis Bol & Yasbin (1991)

4. 1sa Lactobacillus sake Knauf et al. (1932)

5. sct Saccharomyces cerevisiae Hartig & Ruis (1986)
(Type T)

6. sca Saccharomyces cerevisiae Cohen et al. (1988)
(Type A}

7. hpo Hansenula polymorpha Didion & Rogenkamp (1992)

8. ctr Candida tropicalis Okada et al. (1987}

9. rno Rattus norvegicus Furuta et al. (1986)
(Rat)

10 bpr Bos primigenius Schroeder et al. {(1982a)
(Bovine)

11 hsa Homo sapiens Bell et al. (198s6)
(Human)

12 dre Drosophila melanogaster Orr et al. (1990)

13 mmu Mus musculus Shaffer et al. (1990)
(Mouse)

14 psa Pisum sativum Isin & Allen (1991)
(Pea)

15 ghi Gossypium hirsutum Ni et al. (1990)
(Cottonseed)

16 Zma Zea mays Bethards et al. (1991)
(Maize)

17. iba Ipomoea batatas Sakajo et al. (1987)
(Sweet potato)

18 ath Arabidopsis thaliana PIR Bank 518972

19. osa Oryza sativa Mori et al. (1992)
(Rice)

20. les Lycopersicon esculentum GENBANK M9371%

(Tomato)
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already published alignments and by eye using the progranm
MASE (Multiple Aligned Sequence Editor; Faulkner and Jurka,
1988) .

The multiple alignment for the amino acid sequences of
the twenty catalases from various sources is given in Figure
10. All sequences were readily aligned with a remarkable
degree of similarity considering their evolutionarily
distant sources. Gaps were inserted to enhance overall
sequence homology, and were largely due to the greater
sequence lengths from the E. coli HPII and S. cerevisiae
Type T catalases. Table 8 shows the percentage of amino
acid similarity exhibited between the primary sequences for
all twenty catalases. As indicated by the similarity values
and the complete alignment, a high degree of sequence
similarity is maintained within each of the groupings of
animal, plant, and fungal catalases. A greater degree of
heterogeneity exists amongst the bacterial catalases, with
the catalases from E. coli and Listeria seeligeri
demonstrating the least similarity to all the other
catalases. As demonstrated previously (section I), the
alignment of catalase sequences (Fig. 10) shows that the
similarity among the various catalases is greatest near the
amino-terminal region and begins to lessen at the carboxyl
end of the protein. This produces a well conserved core
sequence consisting of identical residues and conservative

replacements. Because portions of sequence at the amino and
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Figure 10. The aligned amino acid sequences of twenty
catalases. Positions representing the core segment of
conserved sequence used in the analysis are underlined.
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Table 8.

Percent amino acid sequence similarity for the
core segment of catalase sequence.

1 2 3 4 5 6 7 8 ] 10 11 12 13 14 15 16 17 18 1% 20
1. E. coli 100.
2. L. gee 33 51 lco
3. B. subtilis 52 57 100
4. L. pake 46 50 68 100
5. 8. cerevisiae 42 45 43 47 100
6. 5. cerevisiae 46 45 57 54 5¢  .100
7. H. polyporvha 49 51 57 54 54 66 100
8. C, tropica 47 48 57 55 56 74 78 100
9. R. egicy 50 51 68 61 50 61 64 63 100
16. B. zige 50 51 67 61 50 &0 63 62 95 10p
11. H. gapiens 49 50 67  6Xr 51 60 64 62 92 %4 100
12. p. pela ster €7 49 65 59 51 60 64 €6 V6 77 77 100
13. M. pusculus 30 51 68 60 50 66 64 63 98 95 91 76 100
14. p. pativun 49 55 53 S0 42 47 49 51 S¢ S6 54 53 55 100
35. G. hirsutum 52 57 53 49 43 47 49 50 54 55 53 52 54 90 100
16. Z. pays 5% 57 53 49 43 47 50 S50 54 56 55 853 55 83 85 100
17. I. batatas 51 53 54 47 43 46 49 49 54 56 534 52 55 81 81 76 100
18. A. thaliapa 52 57 54 50 42 47 49 5¢ 55 56 54 53 54 89 93 B2 Bl 100
19. O, sativa 50 53 5¢ 48 &3 46 48 48 54 56 54 51 54 Ex 79 78 77 78 1c0
20. L. escylentun 51 55 53 48 41 46 48 49 53 55 53 50 531 80 83 79 81 75 100
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carboxyl termini lack significant similarity and are of
varying lengths, the alignment of the core segment of
conserved sequence, underlined in Figure 10, was used in the
phylogenetic estimates. Murthy et al. (1981) previously
described bovine liver catalase as being composed of four
structural domains (see Introduction). The truncated
segment of sequence used in the analysis contains portions
of the first and third domains, and all of the second
domain. Furthermore, residues implicated in the active site
and heme binding (Fita and Rossmann, 1985a) conserved in all
twenty sequences can be found within this core segment
including His128, Ser171, and Asn206 (from the active site),
and Pro404, Arg423, and Tyr427 (proximal side heme binding).
On the distal side, the Phe residues at 211 and 219 are
conserved in all twenty sequences but Val at 127 is not
conserved in S. cerevisiae Type A and Thr at 172 is not
conserved in L. sake.

An estimate of the phyldgenetic relationship of the
catalases from the various sources was carried out using the
truncated segment of the sequence described above. To
maintain a level of confidence in the phylogenetic
reconstruction, two different methods of tree building, the
distance neighbor-joining method and protein parsimony, were
used, both of which were subjected to a bootstrapping
analysis involving 100 replicates to estimate the level of

confidence in the branching. Because of the small number of
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catalase sequences available for the study, the phylogenetic
trees were not rooted, although the E. coli sequence would
probably have been selected for the rooting option on the
basis of branch lengths.

Generally, both methods of tree construction, neighbor-
joining (Fig. 11A) and parsimony (Fig. 11B), give similar
topologies with respect to the monophyletic clustering of
groups of organisms, although some minor internal anomalies
are evident. Furthermore, bootstrap values greater than 95%
suggest that the branching order for some of these major
clusterings are reliable. For example, the plant catalases
can be considered as a monophyletic group owing to the
bootstrap probability of 100%. This level of confidence is
obtained from both the distance and parsimony methods,
although the two methods give different internal branching
orders with less reliable bootstrap support, and thus lower
internal resolution. With protein parsimony, catalases from
sweet potato and rice form part of the same internal branch
despite their respective dicot and monocot nature. With the
distance method, this grouping does not occur, but rather a
more likely pairing of catalases from the two dicots, sweet
potato and tomato, is found. Surprisingly, the internal
branching of the catalases from the two monocots, rice and
maize, does not occur in either of the two methods of tree
building.

For the mammalian catalases, both methods also give
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Figure 11. Unrooted phylogenetic trees based on the
amino acid sequences of twenty catalases generated by
the neighbor-joining (A) and parsimony (B) methods.
The numbers at the nodes below the line indicate the
level of confidence for the major branches as derived
by bootstrap analysis. The numbers on top of the
branches of the distance tree (A) represent the branch
lengths as determined by the neighbor-joining program.
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bootstrap support of 100%, indicating this monophyletic
grouping is reliable. Internally, the two tree building
methods display the expected pairing of catalases from rat
and mouse, although parsimonic analysis exhibits a lower
confidence level of 91%, in contrast to 100% in the distance
tree. Both methods also strongly support with greater than
95% confidence the grouping of the catalase from Drosophila
melanogaster with the mammalian catalases to produce a
monophyletic grouping based on animal sequences.

In the case of the fungal catalases, both of the tree
building methods clearly demonstrate that catalases from the
three yeasts, Hansenula polymorpha, Candida tropicalis, and
Saccharomyces cerevisiae Type A, form a monophyletic
grouping with a high level of confidence (>95%), but with a
few variations in the internal branching order. The fourth
catalase used in the analysis, catalase Type T from S.
cerevisiae, also clusters with the yeasts, but the
reliability for this branching is not guite as strong as for
the other three catalase sequences. This weakened linkage
is expected because the primary sequence from catalase Type
T is longer than the other three fungal catalase sequences
and the subcellular locations also differ. Hansenula,
Candida, and S. cerevisiae Type A catalases are all
considered to be peroxisomal and would naturally be expected
to exhibit a greater similarity with one another than with

S. cerevisiae Type T catalase which is a cytosolic enzyme.

87



The lower confidence for this branching of the fungal
monophyletic group and the branch lengths from the distance
tree support these conclusions. It is apparent that the
phylogenetic reconstruction of the fungal catalase seguences
confirms differences based on cellular localization. The
concept that peroxisomal proteins form an evolutionarily
homogeneous group is also supported by a recent phylogeny
reconstruction based on the thiolase enzyme {Igual et al.,
1992).

Unlike the plant, animal, and fungal catalases, the
four bacterial catalases fail to cluster together to form a
single monophyletic group, thereby suggesting a polyphyletic
origin. Both types of trees display a grouping of the
catalases from the gram-positive organisms, Bacillus
subtilis (catalase-1) and Lactobacillus sake, although only
the distance method has a confidence level exceeding 95% for
this grouping. It is likely that insufficient information
is available to reliably resolve these bacterial sequences.
The two bacterial catalases are found between the animal and
fungal catalases in the tree constructed with the distance
method, in contrast to the parsimony method which places
them outside a node linking the animal and fungal catalases.
The grouping of these catalases is expected considering that
both the Bacillus and Lactobacillus catalases are reported
to have hexameric structures (Loewen and Switala, 1987;

Knauf et al., 1992).
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The two remaining bacterial catalases from E. coli and
Listeria seeligeri do not group with any other catalases and
are joined by a branch in the distance and parsimony trees
with confidence levels of 69% and 65%, respectively. This
is understandable for the E. coli HPII catalase because it
has several anomalous physical properties when compared to
most other typical catalases including its gquaternary
structure, subunit size, and type of hemne. Therefore, E.
coli HPII catalase is expected to remain outside of any
monophyletic grouping. On the other hand, Listeria
seeligeri catalase, which is enzymatically and structurally
very similar to the typical catalases (Haas et al., 1991},
cannot have its lack of clustering convincingly accounted
for. Possibly these results suggest that the bacterial
catalases are evolving at a more rapid rate than catalases

from other sources.
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Bection III: S8ite=-Directed Mutagenesis of HPII Catalase

The discovery that the predicted amino acid sequence of
HPII catalase shows striking similarity to the sequence of
bovine liver catalase including the conservation of residues
implicated in the active site and heme binding will
facilitate an investigation of the structure-~function
relationship of the catalase enzyme. Based on the extensive
sequence similarity between HPII and the bovine liver
enzyme, the 3-dimensional structural arrangement of the
active center proposed for bovine liver catalase (Fita and
Rossmann, 1985a) may also exist in HPII catalase. In this
study, the predicted roles for three active site residues
(His128, Ser167, and Asn201) and one proximal-side heme
binding residue (Tyr415) in HPII catalase were tested by
substituting the various residues using site-directed
mutagenesis. Table 9 gives a listing of the various amino
acid substitutions chosen for the His128, Ser167, Asn201,
and Tyr415 residues, and summarizes the rationale for their

selection.

Construction and Production of Mutant HPII Catalases

The plasmid pAMkatE72, which contains a 3,466 bp PstI-
Clal DNA fragment encompassing the katE gene, was used to
construct the subclones necessary for the generation of the

mutant HPII protein. A 0.6 kb DNA fragment containing the
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Table 9. Amino acid substitutions of HPII catalase and

rationale for selection.

Amino Acid

Rationale

Substitution for Replacement
Hisl28-Ala o No role in the reaction
o No steric hindrance
o Functions as a null mutant
His128-Glu o Possible H-bonding with
peroxide or Serl67, but
not both
His128-Gln 0 Same as Glu replacement
His128-Asn 0 Same as Glu and Gln
replacements, but with less
steric hindrance
Serle6e7-Ala o Lacks the hydroxyl group for
H-bonding
0 Functions as a null mutant
Serl67-Thr © Maintains the hydroxyl group, but
is larger sized and creates
greater steric hindrance
Serl67-Cys o0 Possible mimicking of H-bonding,
but with less efficiency
Serl67-Asn o Maintains an interaction with
His128, but will not react with
the heme group
Asn201-Ala o Functions as a null mutant
Asn201-His 0 Possible mimicking of Asn, but
larger sized causing greater
steric hindrance
Asn201-Asp o Lacks the amide group, but may
still function normally
Asn201-Gln 0 Extends the side chain by one
' methylene group and may function
normally, but less efficiently
Asn201-Arg o Found in place of Asn in
peroxidases
Tyr415-Phe o Lacks the hydroxyl group, but
maintains the normal sizing
Tyrd415-~His © Found in place of Tyr in

peroxidases
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Ser167 and Asn201 codons was removed from pAMkatE72 with
HindIII and EcoRI and then ligated into the corresponding
restriction sites of pKS- producing the subclone pKS-HE.
Similarily for the substitution of Tyr415, a 1.6 kb EcoRI-
Clal DNA fragment was removed from pAMkatE72 and cloned into
PKS+ creating the subclone pKS+EC. The subclone, pKS+6

~ containing a 1.25 kb PstI-HindIII fragment from pAMkatE72 in
PKS+, was used for the replacement of Hisl128 and had been
previously constructed for katE sequencing (Table 2). The
locations of the restriction sites for the DNA fragments
used to construct the three subclones are indicated in
Figure 2. The advantage of using smaller segments of katk
for mutagenesis is that only these smaller DNA segments will
have to be sequenced following mutagenesis to confirm that
only the desired base changes were obtained.

Each of the three subclones (pKS+6, pKS-HE, and pKS+EC)
were transformed into the dut™ ung~™ strain CJ236 to produce
the uracil-containing single-stranded DNA template required
for mutagenesis. Site~directed mutagenesis was carried out
according to the Kunkel method using the phosphorylated
mutagenic primers listed in Table 10. Screening for the
anticipated base changes was carried out by single-stranded
DNA sequencing. The autoradiograms showing the actual base
changes obtained for the respective amino acid substitutions
are presented in Figure 12. The various DNA fragments

identified as having the proper base changes were recovered
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Table 10. Synthetic oligonucleotide primers used to create
base changes for the production of amino acid
substituted mutants of HPII catalase.

Primer Oligonucleotide Sequence® Location® (bp)
H128A 57 ~GCTATTGTTGCTGCACGCGG 1193 to 1212
H128N 5/ -GCTATTGTTAATGCACGCGG 1193 to 1212
H128E 57 -GCTATTGTTGAAGCACGCGG 1193 to 1212
H128¢ 57-GCTATTGTTCAAGCACGCGG 1193 to 1212
S5i67A 57/ -ACGTTTCGCTACCGTTCAGGGT 1312 to 1333
5167C 57 ~ACGTTTCTGTACCGTTCAGGGT 1312 to 1333
S167N 5/ -ACGTTTCAATACCGTTCAGGGT 1312 to 1333
S167T 57 -ACGTTTCACTACCGTTCAGGGT 1312 to 1333
N201A 57 -CTCGTTGGCGCTAACACGCCA 1412 to 1432
N201H 57/ -CTCGPTGGCCATAACACGCCA 1412 to 1432
N201D 5/ -CTCGTTGGCGATAACACGCCA 1412 to 1432
N201Q 57 ~CTCGTTGGCCAAAACACGCCA 1412 to 1432
N201R 5/ ~CTCGTTGGCCGTAACACGCCA 1412 to 1432
Y415F 5/ -GTTCTCCTTTACCGATACA 2056 to 2074
Y415H 5/ =-GTTCTCCCATACCGATACA 2056 to 2074

* Target codon sites are italicized and bases changed
to produce the new amino acids are underlined.

® Numbers refer to the location of the primers on the katEk
sequence presented in Figure 3.
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Figure 12. Autoradiograms of sequencing gels revealing
base changes in the codon sites for Hisl128, Serilé67,
Asn201, and Tyr415 in HPII catalase.

(A) Base changes required for the replacement of
His128 (CAT) in the wild type enzyme with the amino
acids Ala (GCT), Asn (AAT), Glu (GAA), and Gln (CAA) .

(B) Base changes required for the replacement of

Serlé7 (TCT) in the wild type enzyme with the amino
acids Ala (GCT), Cys (TGT), Asn (AAT), and Thr (ACT) .
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Figure 12. (continued)

(C) Base changes required for the replacement of
Asn201 (AAT) in the wild type enzyme with the amino
acids Ala (GCT), His (CAT), Asp (GAT), Gln (cad), and
Arg (CGT).

(D)} Base changes required for the replacement of

Tyr415 (TAT) in the wild type enzyme with the amino
acids Phe (TTT) and His (CAT).
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from the subclones and inserted back into pPAMkatE72 cut with
appropriate enzymes to generate the mutant katk gene. In
this way plasmids containing mutated katE genes were
generated with base changes only at the codon sites for
His128 (pE%-tH128a, pEkatH128N, pEkatH128E, and pPEkatH128Q),
Serl67 (pEkatS167A, pEkatSie7cC, PEkatsS167T, and pEkatS167N),
Asn201 (pEkatN201H, pEkatN201D, PEkatN201A, pEkatN201Q, and
PEkatN201R), and Tyr415 (pEkatY415F and pEkatY415H).

To produce the mutant HPII catalases, the fifteen
mutant plasmids were transformed into the katE and katG
strain UM255, which does not produce either HPII or HPI. 1In
this strain, the only catalase (mutant or wild type)
produced will be that expressed from the resident plasmid.
Confirmation of HPII protein prodﬁction in each of the
mutant clones was obtained by screening crude extracts of
overnight cultures for catalase activity and HPII-like
protein on SDS-polyacrylamide gels. For comparison, crude
extracts were prepared from untransformed UM255 and from
UM255 containing pPAMkatE72, which produces wild type HPII.

As indicated in Table 11, four Asn201 substituted
mutants (N201A, N201H, N201D, and N201Q) and two His128
substituted mutants (H128A and H128N) accumulated HPII-like
protein in amounts similar to the wild type enzyme, although
only the crude extracts of the four Asn201 mutants exhibited
catalase activity. The remaining nine mutants did not

accumulate detectable HPII-like protein (Table 11),
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Table 1l1. Summary of catalase activity and HPII-like protein
content in crude extracts from strains transformed
with plasmids containing mutant katE genes.

Mutant Protein Activity
Hi28A ves no
H128N yes no
H128E no no
H128Q no no
S167A no no
S1e67C no no
S167N no no
S167T no no
Nz201Aa yes yes
N201H ves yes
N201D yves yes
N201Q yes yes
N201R no no
Y415F no no
Y415H no no
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suggesting that the amino acid replacements had destabilized
the protein structure resulting in increased sensitivity to

proteolysis.

Characterization of Mutant HPIT Catalases

The six mutant HPII catalases and the wild type enzyme
were purified as described in Experimental Procedures. The
purified preparations of the wild type and mutant HPII
catalases were examined on SDS-polyacrylamide gels and found
to be 85-90% pure. The specific activities of wild type
HPII catalase as reported in the literature (14,800 U/myg)
(Loewen and Switala, 1986), and as reported in this study,
are in good agreement. All four Asn201 mutant enzymes
exhibited greatly reduced specific activities compared to
the wild type enzyme (Table 12). Of the mutants, the N201D
and N201A mutant enzymes displayed the highest activity
(about 10% of wild type), the N201H and N201Q mutants
displayed significantly lower activities (less than 1% of
wild type), and the H128A and H128N mutants displayed no
catalase activity. Consequently, characterization of these
latter two mutant enzymes on the basis of activity changes
was not possible. Nonetheless, the above results indicate
that each of the six amino acid substitutions affected the
normal catalytic activity of HPII.

For three of the mutant enzymes, a noteworthy

difference was observed in the coloration of the enzyne.
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Table 12, Kinetic parameters of the wild type and the Asn201
and His128 mutant HPII catalases.

Enzyme Activity Xn* Veax' Koo AAG, * AAG*
{U/zg) () (molfmin/g) {nint) {kcal/mol) (kcalfmel)

WT 15,200 214 * 43 68.7 * 8.1 (3.47 % 0.42) x 107 - - .
YzoiH 100 309 * 60 0.8 * 0.1 {(4.04 * 0.53) x 10°* -0.22 ~3.0
Kzo1D 1,700 166 * 35 6.7 + 0.8 {3.38 % 0.41) x 10° +0.16 =1.3
Kzoia 1,200 143 * 30 5.8 r 0.7 {2.93 ¢ 0.35) x 10° +0.25 -1.3
¥201g 50 S1 % 29 0.2 ¢ 0,02 (1.0@ ¥ 0.10) x 10! +0,53 ~-3.1
Et28A <G.1 - - - - - -

H12EH <0.1 - - - - -

' Apparent Ko and Vemax.
* Caleulated from AAGy = RTIn[Ke, /¥r_.) (Hoody and Wilkinson, 1999).

f Calculated fronm BAG;" = RTIN{ (K /Ke)_ ./ (Keef K=} } (Hoody and Wilkinson, 1330).
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The color of purified wild type HPII catalase is normally
dark green, a result of the cis-heme d-isomer bound to the
enzyme (Chiu et al., 1989). Three of the mutant enzymes
(N201Q, N201A, and N201D) maintained this coloration, but
N201H, H128A, and H128N exhibited a dark reddish-brown
color, characteristic of protoheme-containing enzymes such

as HPI and bovine catalase.

Steady-State Kinetic Properties of Asn201 Mutant Catalases

As described in the preceding section, all four Asn201
mutant enzymes displayed reduced specific activities
relative to the wild type form, suggesting that differences
in their other kinetic properties might also be evident.
Aside from the preliminary determination of an apparent Km
of 30.9 mM for HPII catalase in a crude extract (Loewen and
Triggs, 1984), no further kinetic analysis of HPII catalase
has ever been carried out. Catalases generally do not lend
themselves to easy kinetic analysis since the normal pattern
of Michaelis-Menten saturation kinetics is not followed
(Abei, 1974). For example, enzyme saturation with the
hydrogen peroxide substrate cannot be obtained within a
workable concentration range with 5 M hydrogen peroxide
being required to saturate some catalases. Moreover,
hydrogen peroxide concentrations above 100 mM cause
autoinactivation of the enzyme making determination of

enzyme activity under saturating conditions very difficult.
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A rapid-flow, two mixer assay method has been used to bring
about a quenching effect that alleviates the inhibition
caused by higher substrate concentrations (Ogura, 1955), but
the present study did not utilize such an assay method.

As a means of comparing the mutant and wild type
enzymes, the dependence of the enzymic reaction rates on
substrate concentration was examined and used to obtain
steady-state kinetic and binding energy parameters. Figures
13A~-E show that the velocity versus substrate concentration
curves for the wild type and four Asn201 mutant enzymes
resemble the hyperbolic pattern typical of Michaelis-Menten
kinetic theory. Saturation curves were generated by fitting
the data using the non-linear least squares method offered
within the Origin (version 2) software package (MicrocCal
Software Inc., North Hampton, MA.) The apparent Vmax (the
maximum initial reaction velocity) and Km (the substrate
concentration at which the initial reaction velocity is
equivalent to half the maximum initial reaction velocity)
values for each of the enzymes (Table 12) were calculated
directly from the saturation curves using the Origin
computer program. Similar Vmax and Km values were obtained
using the Sigma Plot software package (Jandel, San Rafael,
CA.}. Since the rates on the oxygraph at high hydrogen
peroxide concentrations exhibited no falling off, enzyme
inactivation does not appear to be present and,

consequently, the kinetic parameters obtained from the curve
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Figure 13 (A-E). The effect of hydrogen peroxide
concentrations on the initial velocity of wild type and
Asn201 mutant HPII catalases. (A, Wild Type; B, N201H;
C, N201D; D, N201A; E, N201Q)
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are likely valid. The Vmax and Km values were subsequently
used to calculate the k,, AAG,, and AAG;* values for each of
the enzymes. Kk, represents the number of substrate
molecules converted to product per unit time by each active
site of the enzyme at saturating substrate concentrations
(the turnover number) and when compared between mutant and
wild type enzymes, can be used for interpreting the
structural effects of the mutation (Moody and Wilkinson,
1990). AAGy is the difference in free energy of binding
between mutant and wild type enzymes and represents the
change in enzyme-substrate binding energy caused by the
mutation. Therefore, if the mutant enzyme binds the
substrate less efficiently than the wild type enzyme, the
value for AAGy is negative (Moody and Wilkinson, 1990).
AAGy* is the difference in enzyme-transition state binding
energies between the mutant and wild type enzymes, and
reflects the change in the enzyme-transition state binding
energy caused by the mutation. Consequently, AAG;* is
negative when the mutation has a destabilizing effect on
transition state binding (Moody and Wilkinson, 1990).

As shown in Table 12, the apparent Km for wild type
HPII catalase is inconsistent with the literature value (see
above) and may reflect differences in the way the kinetic
data was generated. With the level of error taken into
account, the apparent Km values for three of the mutant

enzymes (N201H, N201D, and N201A) are within the same range
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as the value for the wild type enzyme. Only the Km for
N201Q was smaller. All of the mutant enzymes displayed
smaller Vmax values ranging from 9.8% and 8.4% of the wild
type value for N201D and N201A to 1.2% and 0.3% of the wild
type value for N201H and N201Q. A similar pattern in
reduced turnover numbers was also evident. Based on the
free energy values, it appears that each of the mutations
had caused a change in substrate and transition state
binding. However, because of the high level of error in the
variables (Vmax and Km) used in the free energy calculations
(AAGy and AAG;*), the accuracy of these binding energies is

doubtful.

Spectral Properties of the Mutant Catalases

Loewen and Switala (1986) reported that the absorption
spectrum for HPII catalase consists of a prominent Soret
peak at 406 nm, as well as smaller peaks at 590, 630, and
715 nm. A similar spectrum was obtained in this work (Fig.
14A), although the 630 nm band was missing. The UV and
visible spectra for each of the Asn 201 and His128 mutant
enzymes were also determined (Figs. 14B-G) and surprisingly
each was found to be different. When compared to the
spectrum for wild type HPII which contains the cis heme d-
isomer (Chiu et al., 1989) and HPI which contains protcheme
IX (Claiborne and Fridovich, 1979), the spectra of the

mutant enzymes appear to represent mixtures of the two
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Figure 14 (A-G). Absorption spectra of wild type,
His128, and Asn201 mutant HPII catalases. (A, Wild
Type; B, N201H; C, N201D; D, N201A; E, N201Q; F, H128A;
G, H128N)
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hemes. Based on the characteristic peaks for heme d at 590
and 715 nm and for protoheme IX at 540 and 630 nm, these
mixtures range from predominantly heme d as found in N201Q
to predominantly protoheme IX as found in N201H. These
spectra were also consistent with the characteristic color
differences described previously. The existence of
protoheme IX~containing mutant HPII catalases suggests that
the normal protoheme-~to-heme 4 conversion has been affected
indicating that the certain substitutions of the His128 and
Asn201 residues prevent the cis-hydroxylation of protoheme

on ring III to produce the heme d-isomer.

Effect of pH and Temperature on Asn201 Mutant Catalases

HPII catalase is a very stable enzyme exhibiting near
maximal activity over a broad PH range and during incubation
at 70°C. Activity of the wild type enzyme was maintained
from pH 4 to pH 11 with maximal activity at pH 11. A
comparison of the pH profile for the wild type enzyme with
those determined for the Asn201 mutant enzymes (Fig. 15)
revealed that all mutant enzymes retained activity over a
similar broad pH range, but with less activity at the high
PH extreme.

Figure 16 shows the effect of incubation at 65°C on the
activity of wild type and Asn201 mutant catalases. The wila
type enzyme retained full activity after one hour whereas

the four mutant enzymes exhibited some thermal instability.
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Figure 15. Activity of wild type and Asn201 mutant
HPII catalases as a function of pH. Each of the
enzymes was incubated in 50 mM potassium phosphate
buffer at the various pH values and 37°C for one minute
before starting the assay by adding hydrogen peroxide.
Data are expressed as a percentage of the maximum
activity (% 10%).
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Figure 16. Determination of the activity of wild type
and Asn20l1 mutant HPII catalases during incubation at
65°C. Each of the enzymes was incubated at 65°C in 50
mM sodium phosphate buffer (pH 7), and aliguots were
removed at various times and assayed. Data are
expressed as a percentage of original activity (f 10%).
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N201D, N201A, and N201Q retained portions of original
activity whereas N201H retained almost full activity under
the same conditions and can be considered the most heat

stable of the mutant enzymes.

Effect of 2-Mercaptoethanol on Asn201 Mutant Catalases

Several thiol compounds have been reported to inhibit
catalase activity (Takeda et al., 1980) possibly through
modification by the superoxide anion radical. To further
Ccharacterize the mutant HPII catalases, their activities
were determined during incubation with 5mM
2-mercaptoethanol, as shown in Figure 17. The wild type
enzyme exhibited a reduction in activity after 15 minutes of
incubation but was not inhibited further, suggesting that
2-mercaptoethanol has only a mild inhibitory effect on
activity. The mutant enzymes displayed a myriad of
responses from little effect on the N201Q enzyme to a slow
but steady reduction in activity of the N201D enzynme, and an
immediate and extensive inhibition of the N201A enzyme
within 30 minutes reaching near complete inhibition after
two hours incubation. Surprisingly, the N201H enzyme
exhibited an increase in activity of hearly two-folds of the
original activity. This enhancement of activity may be a
result of partial protoheme-to-heme d conversion utilizing
hydrogen peroxide generated from 2-mercaptoethanol

oxidation. The range of effects displayed by the mutant
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Figure 17. Effect of 2-mercaptoethanol on the activity
of wild type and Asn20l1 mutant HPII catalases. Each of
the enzymes was incubated at 37°C in 50 mM sodium
phosphate buffer (pH 7) in the presence of 5 mM
2-mercaptoethanol, and the aliquots were removed at
various times and assayed. Data are expressed as a
percentage of original activity (* 10%).
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enzymes may reflect the residue at position 201 sterically

controlling access of the thiol agent to the active site.

Effect of Cyanide and Azide on Asn201 Mutant Catalases

Both cyanide and azide have been reported to reversibly
inhibit catalase activity by binding to the heme iron (Beyer
and Fridovich, 1988) but their effect on HPII catalase has
not been determined. Both reagents were examined for their
inhibitory effect on the mutant and wild type HPII
catalases. As shown in Figure 18, the wild type enzyme is
very sensitive to sodium cyanide, with close to complete
inhibition of catalase activity at 0.1 mM and no activity
being evident at 2.5 mM. All four mutant»enzymes are less
sensitive to cyanide with N201D being the most sensitive and
the remaining three mutant enzymes (N201H, N201A, and N201Q)
being mildly inhibited. The inhibition pattern for sodium
azide differs only marginally from that obtained with
cyanide. Figure 19 shows that the wild type and N201D
enzymes are strongly inhibited by azide whereas the N201Q
enzyme is inhibited similarly at low azide but exhibits less
sensitivity at high azide. The N201H and N201A enzymes are
less sensitive to 0.5 mM azide but similarily sensitive to
high azide. Each of the amino acid substitutions appears to
prevent cyanide and azide from exerting their full

inhibitory effect relative to the wild type enzyme.
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Figure 18. Activity of wild type and Asn201 mutant
HPII catalases in the presence of sodium cyanide. Each
of the enzymes was incubated with the inhibitor in 50
mM sodium phosphate buffer (pH 7) at 37°C for one
minute before starting the assay with the addition of
hydrogen peroxide. Data are expressed as a percentage
of original activity (% 10%).
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Figure 19. Activity of wild type and Asn201 mutant
HPITI catalases in the presence of sodium azide. Each
of the enzymes was incubated with the inhibitor in 50
mM sodium phosphate buffer (pH 7) at 37°C for one
minute before starting the assay with the addition of
hydrogen peroxide. Data are expressed as a percentage
of original activity (# 10%).
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Effect of 3-Amino-1,2,4-Triazole on Asn201 Mutant Catalases

The compound 3-amino-1,2,4-triazole (AT) has been
reported to be a specific inhibitor of catalase activity
(see Introduction), although its effect on HPII has not been
reported. 1In 8 mM AT, the N210a, N201¢, and N201D mutant
enzymes are all inhibited to a greater extent than the wild
type enzyme, whereas the N201H mutant enzyme is relatively
unaffected (Fig. 20). The N201H substitution may sterically
hinder access to the active site histidyl group (His128).
Margoliash and Novogrodsky (1958) found that inhibition of
human erythrocyte catalase activity by AT was enhanced by
low concentrations of hydrogen peroxide. When ascorbate {a
source of hydrogen peroxide) was included with AT, the only
significant change was observed in the N201H mutant enzyme
for which activity was enhanced. Therefore, unlike
eukaryotic catalases low concentrations of hydrogen peroxide
produced in situ from ascorbate did not significantly affect
the inhibition of HPII catalases by AT (Fig. 21).

The apparent increase in activity for the "protoheme
IX-containing" N201H mutant enzyme from the low
concentrations of hydrogen peroxide generated by ascorbate
is a rather interesting observation and may possibly result
from a change in the heme species. For example, if the cis
heme d-isomer is the preferred heme in HPII, the conversion
of the protoheme IX in N201H to heme d may cause the rise in

enzyme activity. This implies that heme d is generated
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Figure 20. Effect of 3-amino-1,2,4-triazole on the
activities of wild type and Asn201 mutant HPII
catalases. Each of the enzymes was incubated with 8 mM
3-amino-1,2,4~triazole in 50 mM sodium phosphate buffer
{pH 7) at 37°C, and aliquots were removed at various
times and assayed. Data are expressed as a percentage
of original activity (+ 10%).
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Figure 21. Effect of 3-amino-1,2,4-triazole and
ascorbate on the activities of wild type and Asn201
mutant HPII catalases. Each of the enzymes was
incubated with 8 mM 3-amino-1,2,4-triazole and 1 mM
ascorbate in 50 mM sodium phosphate buffer (pH 7} at
37°C, and aliquots were removed at various times and
assayed. Data are expressed as a percentage of
original activity (% 10%).
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directly from protoheme IX in a reaction catalyzed by HPII.
Consequently, the N201H mutant may prove to be a valuable

tool in elucidating the mechanism for heme 4 biosynthesis.
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DISCUSSION
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The nucleotide sequence for the katE gene, which
encodes HPII catalase in E. coli, has been determined and
found to display features characteristic of a typical
prokaryotic gene including transcriptional start and
termination sites, a ribosome binding site, a putative =10
and -35 promoter region, and an open reading frame encoding
the protein. A preliminary seguence comparison revealed
significant similarity between the sequence of HPII and the
sequences of other catalases from various sources, which
spawned a more thorough and comprehensive comparison for use
in an evolutionary study. In addition, several individual
amino acids considered to play a role in the active site of
bovine liver catalase and the binding of the heme group were
conserved in the HPII sequence, facilitating a site-directed
mutagenesis study using HPII as a model to test the
predicted roles for some of these specific residues.

The discovery of sequence similarity between HPII and
other catalases was a surprising and unexpected result in
view of the many apparent differences in physical properties
(see Introduction). For example, the active gquaternary
structure of HPII is hexameric, whereas most other catalases
have been found to be tetrameric; the HPII subunits with a
predicted size of 84,173 Da are substantially larger than
the average subunit size of 60,000 Da for the "typical"

catalases; and HPII catalase contains a heme d-isomer rather
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than protoheme IX associated with the "typical" catalases.
This latter difference in heme content results in the color
difference, HPII being green in color while other catalases
are reddish-brown. It was the core of HPII that was similar
to other catalases and the extra sequence in the larger HPII
subunit was located at the N- and C- termini, possibly
allowing extra subunit-subunit interactions necessary for
formation of the hexameric structure. However, B. subtilis
and L. sake catalases have also been characterized as
hexameric, but with smaller subunits (483 residues for B.
subtilis and 478 residues for L. sake) which would therefore
lack the extra N- and C- terminal sequence of HPII. This
inconsistency may be explained once the crystal structure of
HPII has been completely determined.

The binding of NADPH by HPII catalase has yet to be
demonstrated. However an examination of HPII for the
individual amino acids implicated in NADPH binding by bovine
liver catalase suggests that NADPH is not bound by HPII.

For example, Fita and Rossmann (1985b) proposed that the
binding of NADPH by the bovine catalase involves a water
molecule in association with the Lys236, His234 and Tyr214
residues, and the interaction of the pyrophosphate group of
NADPH with the His304 residue. Although Lys236 and His234
are conserved as Lys294 and His292 in HPII, the replacement
of Tyr21l4 with Phe272 in HPII eliminates the phenolic

hydroxyl group necessary for an interaction with the water

137



molecule, and therefore would undoubtly affect the predicted
binding of water. Moreover, the counterpart for the His304
residue in HPII is a negatively charged Glu362 residue which
would not interact favorably with the negatively charged
pyrophosphate group of NADPH.

As part of the characterization of the katE gene, a
putative promoter region has been proposed. Based on
sequence similarity in the regions directly upstream of the
transcriptional start sites in katE, xthA, and bolA,
potential -10 and -35 sequences upstream of katE were
identified, consistent with all three genes being controlled
by KatF. However, a recent review by Hengge-Aronis (1993)
noted that other genes (cyxa, osmB, and glgS) controlled by
KatF protein do not share this similar sequence, implicating
the involvement of a secondary regulatory factor for
transcriptional initiation. An alternative consensus
sequence called the "gearbox" promoter proposed to be
involved in stationary-phase induced gene regulation (Aldea
et al., 1990) has also been shown to not be a factor in KatF
regulation of bolA (Lange and Hengge-Aronis, 1991a), further
supporting the concept of an additional regulatory factor.
In my study, deletions of the katF sequence made upstream of
the putative -10 and -35 sequences did not effect katk
expression, ruling out the possibility that this upstream
region was the site of action for an unidentified regulatory

factor. However, a regulatory factor could still be active
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at a site downstream of the putative promoter seguence.

The gathering and analysis of common and unique
characteristics has been traditionally used in the
determination of an evolutionary history for a group of
organisms. Life forms demonstrating greater similarity are
generally considered to have descended more recently from a
common ancestor than those with less similarity. Generally,
pPhenotypical data based on morphological, chemical,
metabolic, or behavioral traits, have been used for
phylogenetic reconstruction. With the relatively recent
developments in protein and DNA sequencing, genotypical data
can now be used for further phylogenetic analysis of
organisms. Establishing an evolutionary history for a set
of organisms based on such sequences is attractive because a
heightened resolution of the inferred evolutionary
relationships usually results. However, drawbacks such as
assuming that a sequence is unigue in a population, and that
the sequence reliably represents the complete genome must be
considered (Cedergren et al., 1988).

For this study, a phylogenetic reconstruction (or
evolutionary history) was carried out based on catalase
amino acid sequences. The phylogenetic analysis generated
unrooted networks that support with confidence levels
greater than 95% the monophyly of the following groups of
organisms: animals (mammals and insects), plants (dicots

and monocots), and fungi (ascomycetous yeasts). Although
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this preliminary phylogenetic survey supports the
monophyletic groups previously identified from the analysis
of well established "molecular chronometers" such as
ribosomal genes (Cedergren et al., 1988; Sogin et al.,
1986), several anomalies were observed within the groupings.
Plant or animal catalases were grouped together with 100%
confidence by the distance and parsimony methods, but with
different internal topologies consisting of different
branches without bootstrap support (see Results, Section
II).

Within the grouping for plants, the catalase sequences
could not distinguish between the monocot and dicot plants
with the rice and maize (monocots) sequences branching
within dicot sequences. The divergence of monocot and dicot
plants is considered to have occurred about 200 million
years ago (Wolfe et al., 1989), and it is therefore
surprising that catalase sequences have not diverged enough
to be recognized as two routes of evolutionary progression.
This peculiarity may be explained in two possible ways.
Plant catalases may have evolved at such a slow rate that
insufficient "informative changes" have arisen to produce
statistically acceptable phyletic estimates. Alternatively,
the peculiar branching order of the monocot and dicot
seqguences may result from homoplasy, wherein rather than the
sequence similarity stemming from a common ancestor, the

apparent resemblance of the catalase sequences of the
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monocot and dicot plants results from other events such as
convergence.

Although the branching order for the plant catalases
lacks consistency, it is noteworthy that the Arabidopsis
thaliana catalase was grouped with the plant catalases,
unlike cytochrome ¢ and histone H3 sequences which had
placed A. thaliana within a fungal grouping (Kemmerer et
al., 1991). Therefore, it appears that catalase sequences
provide a more conservative phyletic estimate for the
taxonomic position of A. thaliana and also support the
findings of Pasternak and Glick (1992) where A. thaliana was
grouped within the mustard plant family, Brassicaceae, based
on an analysis of ribulose-1,5-bisphosphate
carboxylase/oxygenase sequences.

For the four fungal catalases (three peroxisomal and
one cytosolic), the phylogenetic reconstruction
substantiated their differences based on subcellular
location. Peroxisomal proteins are believed to constitute a
homogeneous group in terms of evolution (Igual et al.,
1992), although whether this is a result of homoplasy or an
endosymbiotic origin of peroxisomes remains unclear. The
three peroxisomal catalases from Hansenula polymorpha,
Candida tropicalis, and Saccharomyces cerevisiae Type A
formed a monophyly of high confidence which is consistent
with the concept that peroxisomal proteins form an

evolutionarily homogeneous group. However, the observation
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that the cytosolic catalase (S. cerevisiae Type T)
consistently groups with the other fungal catalases
(although with lower confidence) suggests that duplication
of a host gene is more likely responsible for the formation
of the Type T catalase gene than a separate origin such as
homoplasy or endosymbiosis. The cytosolic catalase may have
been exposed to evolutionary pressures different from the
catalases found within the peroxisomal environment such that
with the force of natural selection operating, the cytosolic
enzyme has diverged at a more rapid rate and consequently
undergone its own history of independent mutation. Such a
recombination event with the peroxisomal form would result
in a greater degree of similarity between the cytosolic and
peroxisomal enzymes than would be expected had the
peroxisomal form originated through endosymbiosis.

Based on the phylogenetic reconstruction, catalase
sequences from animal, fungal, and the two bacterial (B.
subtilis and L. sake) sources can be derived from one
internal node (or common ancestor) to form a common lineage
being supported by both methods of tree construction. This
potential class of catalases is located beside the E. coli
and L. seeligeri sequences which do not group with other
catalases and are connected by a branch with low bootstrap
support. Moreover, a branch uniting all plant catalases for
both methods is found next to the L. seeligeri sequences.

Such a branching pattern suggests that at least two distinct
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classes of catalases, the animal/fungal and the plant
catalases, arose from different prokaryotic (or
endosymbiont) ancestors. As catalase seguences from
prokaryotes, as well as cyanobacteria and green algae become
available, a better understanding of the evolution and
potential origin of plant catalases can be made.

To conclude, catalase amino acid seguences may be
helpful in further reconstructing the evolutionary history
within the animals and fungi. Contrastingly, the bacterial
catalases are of diverse origin and consequently were not
used for estimating phylogenies. Plant catalases appear to
have evolved slowly and formed a distinct class that arose
independently of other eukaryotes from a possible
prokaryotic ancestor.

Site-directed mutagenesis was used to replace the
active site residues His128 with Ala, Asn, Glu, and Gln,
Serl67 with Ala, Thr, Cys, and Asn, and Asn201 with Ala,
His, Asp, Gln, and Arg, and the proximal side heme binding
residue Tyr415 with Phe and His. Of these fifteen amino
acid substitutions in HPII, only the mutant enzymes H1284,
H128N, N201A, N201H, N201D, and N201Q had accumulated in
amounts similar to the wild type enzyme. As well, only the
Asn201 mutant proteins exhibited catalase activity, although
at significantly reduced levels relative to the wild type
enzyme. As a result, the N201A, N201H, N201D, and N2010Q

mutant enzymes were characterized based on activity changes.
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Fita and Rossmann (1985a) have proposed that the
catalytic role for the Asnil47 residue in bovine liver
catalase involves the binding of hydrogen peroxide and the
weakening of the 0O-H bonds through hydrogen bonding to
promote proton transfer between oxygen atoms. Based on the
results obtained in this study, this role is probably the
same for the counterpart residue (Asn201) in HPII. For
example, the Km values for the mutant enzymes were largely
the same as the wild type enzyme, except for N201Q which is
lower than the wild type and suggests the affinity for the
substrate has increased. The N201Q mutant enzyme contains
the same functional amide group as Asn, but with one extra
methylene group in the side chain. However, the turnover
numbers (k,) for all mutant enzymes are lower than the wild
type value which suggests that hydrogen peroxide was
positioned unfavorably for the formation of other
interactions necessary for normal catalysis.

Consequently, the role of Asn20l1 in HPII may include the
binding of hydrogen peroxide to form a more stable enzyme-
substrate complex and participation in the reaction perhaps
by distorting the hydrogen bond of hydrogen peroxide.
However, it is not absolutely required for catalytic
activity.

The broad pH range of maximal activity characteristic
of the wild type enzyme was unchanged in the mutant enzymes

and is indicative of the relatively pH independent nature of
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the catalytic mechanism. The sensitivity of the mutant
enzymes to 2-mercaptoethanol and 3-amino=1,2,4~-triazole
varied with the amino acid substitution consistent with the
residue at position 201 sterically affecting the site of
inhibitor interaction. For example, the extent of
inhibition by 2-mercaptoethanol decreased as amino acids at
position 201 increased in size (Ala > Asp > Asn > Gln >
His). Likewise, the changes in aminotriazole binding by the
N201A and N201H mutant enzymes can also be explained in
terms of steric interference.

Of the Hisl128 mutants only the H128A and H128N mutant
enzymes were sufficiently stable to accumulate in the cell
allowing subsequent purification. Both mutant proteins were
catalytically inactive consistent with the essential role
for His74 (equivalent to His128) in catalysis proposed by
Fita and Rossmann (1985a). His74 is also considered to be
involved in the binding of hydrogen peroxide, but, more
importantly, provides the imidazole group necessary to
facilitate the transfer of a proton between oxygens of the
peroxide molecule (see Introduction). Based on the absence
of catalase activity in both mutants, it is concluded that
the His128 residue in HPII is essential to the catalytic
mechanism.

None of the remaining HPII mutant proteins, including
H128E, H128Q, S167A, 5167T, S8167C, S167N, N201R, Y415F, and

Y415H, accumulated in amounts sufficient for recovery
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indicating that each replacement had in some way
destabilized the protein structure. In bovine liver
catalase, Serll3 (the counterpart to Serl67) forms hydrogen
bonds with the His74 through an interaction with a water
molecule, which itself also interacts with the propionate of
pyrrole III of the heme group. Moreover, Fita and Rossmann
(1985a) suggested that this pattern of hydrogen bonding
forms a chain of interactions that alters the alkalinity of
the histidyl imidazole group to assist with proton transfer
to and from this group. Coﬁsequently, the replacement of
Ser167 in HPII with residues unable to form the normal
hydrogen bonds without steric hindrance will likely affect
this chain of interactions and perhaps disrupt the normal
stability and folding of the protein. Likewise, Tyr357 in
the bovine enzyme interacts with the heme iron on the
proximal side and forms hydrogen bonds with Arg353 (Arg411
in HPII) through its deprotonated phenolic oxygen {(Fita and
Rossmann, 1985a). The replacement of the equivalent Tyr415
in HPII with Phe and His, both lacking this phenolic
hydroxyl group, will no longer permit the normal
interactions, probably affecting heme binding, and the
stability and folding of the protein.

In conclusion, the predicted roles of the His128 and
Asn201 have been tested and indirectly substantiated by
physical evidence providing a base from which further

testing of other functional residues may be undertaken.
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FUTURE RESEARCH PERSPECTIVES
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With the determination of the katE nucleotide sequence,
it was possible to propose promoter sequences that may be
recognized by the KatF protein and that are guite unlike
those recognized by the ¢ factor. The nature of the
regulatory mechanism governing katE expression is poorly
understood. For example, whether katEk expression is
controlled only by KatF or by KatF in conjunction with other
factors has yet to be determined. 1In nmy study, deletions of
the regulatory region have localized the katE promoter
within a specific segment of sequence with upstream
deletions suggesting that a secondary factor cannot be
acting upstream of the promoter seguences. Consegquently,
the next logical step in characterizing the katk regulatory
region is to determine whether an additional factor
recognizes regulatory sequences between the promoter and the
open reading frame. This may be carried out by deleting
segments of sequence downstream of the promoter in a manner
similar to what I have presented in this thesis. Such an
experiment would help establish whether KatF is the sole
regulatory factor in katE expression. Experiments may also
be performed to confirm the validity of the putative
promoter sequences. This may be determined by substituting
the various bases encompassing the ~-10 and -35 sequences and
observing the effect on gene expression. Moreover, as

nucleotide sequences of other KatF-controlled genes become
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available, it will be possible to determine whether
similar =10 and =35 sequences proposed for katE also exist
in other genes controlled by KatF and, therefore, form a
"true" consensus sequence for KatF recognition.

The phylogenetic study using the catalase enzyme as
presented in this thesis has helped determine the
evolutionary position of E. coli HPII catalase with respect
to other catalases and supported previously identified
monophyletic groups. This has suggested the usefulness of
catalase for inferring evolutionary relationships and
provided a base from which further phylogenetic
reconstruction may be undertaken once catalase sequences
from other sources become available. Phyletic estimates
based on a larger compilation of sequences will test the
strength of the inferred relationships generated from this
study. Since the phylogenetic reconstruction presented in
this study is completely based on sequences from Eubacteria
and Eukaryotes, it would be rather interesting to include
catalase sequences from the Archaebacteria in future
reconstructions. The evolutionary position of catalases
from such sources may establish an ancestral origin for E.
coli HPII catalase and clarify its unique physical
properties.

Site-directed mutagenesis has proven to be a useful
tool in confirming the functional roles for two active site

residues (His128 and Asn201) in HPII catalase. (This also
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suggests that HPII is a good model for testing the predicted
roles for residues proposed in bovine liver catalase.) The
testing of two additional residues (Ser167 and Tyr415) could
not be undertaken since it was not possible to produce
mutant protein in amounts sufficient for recovery. An
ongoing investigation has revealed that cell growth at lower
incubation temperatures increases the level of recoverable
mutant protein, thereby making it possible to obtain and
characterize substitutions of the Ser167 and Tyr415
residues. Furthermore, the production of other mutant
proteins by site-directed mutagenesis will be more
attainable. For example, several other residues have been
implicated in heme binding and the testing of their roles
would be useful. Although this study has suggested that
NADPH is not likely associated with HPII, it would still be
of interest to confirm this conclusion by directly assaying
the HPII enzyme for the presence of NADPH, as well as use
site-directed mutagenesis to substitute the residues
implicated in NADPH binding.

The work presented in this thesis has provided several
avenues of additional research that may be undertaken at

both the genetic and biochemical level.
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