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Abstract:
Lysyl oxidase from Pichia pastoris has been successfully isolated, sequenced, cloned, and
over-expressed. EPR and resonance Raman experiments have shown that copper and TPQ are present,
respectively. Lysyl oxidase from P. pastoris has a similar substrate specificity to the mammalian
enzyme (both have been shown to oxidize peptidyl lysine residues) and is 30% identical to the human
kidney diamine oxidase, KDAO (the highest of any non-mammalian source). PPLO also has a
relatively broad substrate specificity compared to other amine oxidases. It has been demonstrated that it
can oxidize recombinant human tropoelastin, the in vivo substrate of lysyl oxidase. Molecular
modeling data suggest that the substrate channel in lysyl oxidase from P. pastoris permits greater active
site access than observed in structurally-characterized amine oxidases. This larger channel may account
for the diversity of substrates that are turned over by this enzyme. 



CLONING, SEQUENCE ANALYSIS, AND CHARACTERIZATION OF THE

“LYSYL OXIDASE” FROM Pichia pastoris

. by

Jason Andrew Kuchar

A dissertation submitted in partial fulfillment 
of the requirements for the degree

of

Doctor of Philosophy 

in

Biochemistry

MONTANA STATE UNIVERSITY-BOZEMAN 
Bozeman, Montana .

July 2001



of a dissertation submitted by 

Jason Andrew Kuchar

APPROVAL

This dissertation has been read by each member of the dissertation committee 

and has been found to be satisfactory regarding content, English usage, format, 

citations, bibliographic style, and consistency, and is ready for submission to the 

College o f Graduate Studies.

Approved for the Department of Chemistry and Biochemistry

Paul A. Grieco
('SignatupFf Date

Approved for the College of Graduate Studies

Bruce McLeod



iii

STATEMENT OF PERMISSION TO USE 

In presenting this dissertation in partial fulfillment of the requirements for a 

doctoral degree at Montana State University, I agree that the Library shall make it 

available to borrowers under rules of the Library. I further agree that copying of this 

dissertation is allowable only for scholarly purposes consistent with "fair use" as 

prescribed in the U.S. Copyright Law. Requests for extensive copying or reproduction 

o f this dissertation should be referred to Bill & Howell Information and Learning, 300 

North Zeeb Road, Ann Arbor, Michigan 48106, to whom I have granted "the exclusive 

right to reproduce and distribute my dissertation in and from microform along with the 

non-exclusive right to reproduce and distribute my abstract in any format in whole or in

Signatun



iv

ACKNOWLEDGEMENTS

I have had numerous people throughout my life help to shape and influence my 

perspectives and abilities. I would like to thank all o f them. However, I will only 

mention a few of them here. First, Marci and Elijah who have had the largest impact on 

my life. Secondly, members o f the Dooley group who have taught me to be a better 

scientist. Lastly, Dave Dooley through inspiration, encouragement, and guidance 

enabled my success at MSU.

v?.



V

TABLE OF CONTENTS

I. INTRODUCTION.

Page

I

Overview of Amine Oxidases...........................................................................................  I
Overview of Lysyl Oxidases.........................................................................................  6
Yeast Amine O x id a se s ....................................................................................................  10
Research Goals..................................................................................................................... 13

2. SEQUENCE ANALYSIS AND OVER-EXPRESSION OF PPLO...,................... 15

Introduction........................................     15
Materials and Methods.......................................................................................................  16

Gene Sequence............................................................................................................ 16
Primers..................................................................................................................... 18
Design of the Over-expression System...............................................................  18

Results and Discussion......................................................................................................  21
Gene Isolation and Sequencing.................................................    21
Sequence Homologies..........................................................................*............... 22
Over-expression of PPLO....................................................................................  30

Conclusions......................................................................................................................... 30

3. STRUCTURAL AND MECHANISTIC STUDIES OF PPLO.............................. 33

Introduction............... .............................
Materials and Methods..........................

Growth Conditions...................
Generation of Mutants.............
Purification................................
Molecular Weight Analysis....
Spectroscopy.............................
Kinetics......................................
Homology Modeling o f PPLO

Results and Discussion........... ..............
Spectroscopic Properties.........
Specificity..................................
Alternate Sequences................
Modeling o f PPLO..................
Crystallography........................

Conclusions............................................

33
35
35
36 
38 
40
40
41
42 
44 
44 
48 
51
54
55 
55



4. EXPRESSION OF BOVINE AORTA LYSYL OXIDASE (BALO) AND 
ANALYSIS OF ITS ACTIVITY WITH TROPOELASTIN 'IN COMPARISON 
TO PPLO................................................................................................................ :..........  58

Introduction...................    58
Materials and Methods...................................*..................................................................  58

Isolation and Radiolabelling of Tropoelastin....................................................  58
Purification of Bovine Aorta Lysyl Oxidase....................................................  60
Tropoelastin Assay................   61

Results and Discussion.....................................................................................................  62
Tropoelastin and BALO Purification.................................................................  62
Assays Versus Tfopoelastin................................................................................  62

Conclusions................................................................................................    63

REFERENCES CITED.....................................................................................................  65

APPENDIX A: BASIC MOLECULAR BIOLOGY METHODS.............................. 71

vi



LIST OF TABLES

Table Page

1. Percent Identity Among Amine Oxidases................... .................................  22

2. Kinetic Parameters o f Various Substrates for PPLO................................... 48

3. Comparison o f Km Values Obtained by Different Researchers.................  49

4. Mutant Y384F and Wild-type Kinetic Parameters......................................  52

5. Current Status of Pichia pastor is Lysyl Oxidase Crystals..........................  55

6. Activity of Various Oxidases Versus Tropoelastin...................... .......... . 63

vii



LIST OF FIGURES

Figure Page

1. Secondary Structure Rendering of the Four Available Amine Oxidase
Crystal Structures......................................................................................  2

2. Active Site of PAAO.......................................................................................  3

3. Proposed Mechanism of TPQ Biogenesis....................................................  5

4. Proposed Mechanism for the Generation of Lysine Tyrosylquinone....... 7

5A. Proposed Mechanism for TPQ Turnover..................................................  8

SB. Proposed Mechanism for LTQ Turnover..................................................  9

6. Chemical Structures o f Selected Intermediates and Lysine-derived
Cross-links in Collagen and Elastin.....................................................  11

7. Vectors and Constructs Used for the Over-Expression Systems.............  19

8. Cloning Strategy for PPLO Over-expression..............................................  20

9. Alignment, of Structurally Characterized Amine Oxidases by X-ray
Crystallography and Selected Mammalian Amine Oxidases with 
PPLO.... :................................ :.......................................................... . 23

10. PPLO Model.................................................................................................  27

11. Phylogenetic Tree of Amine Oxidases.....................................................  31

12. An Outline of the MORPH™ Site-specific Plasmid DNA
Mutagenesis Protocol.......................................................................... • • 37

13. Comparison o f the PPLO Model to the X-Ray crystallographic
Structure of AGAO...............................................................................  43

14. Overlayed Backbone Structures................................................................  43

15. The Absorbance Spectrum of PPLO......................................................... 44

16. CD Spectrum of PPLO...............................................................................  45

viii



17. X-band EPR Data of PPLO.................................................... ........................  46

18. Resonance Raman Spectra of Derivatized PPLO and the Model
Compound..............................................................................................  47

19. SDS/PAGE of Different Glycosylation States of PPLO................................50

20. Resonance Raman of Wild-type PPLO and Y384F............................... 51

21. CD Spectra of Wild-type and Y384F PPLO..........................................  52

ix



X

ABBREVIATIONS

ABTS - 2,2,-azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid

AGAO - Arthrobacter globiformis amine oxidase

BALO - bovine aorta lysyl oxidase

BPAO - bovine plasma amine oxidase

DLLO - Drosophila melangaster lysyl oxidase

ECAO - Escherichia coli amine oxidase

EPAO - equine plasma amine oxidase

HCTL - homocysteine thiolactone

HSAO - human amine oxidase

KDAO - human kidney diamine oxidase

LTQ - lysine tyrqsylquinone

PAAO - Pichia angusta (previously Hansenula polymorpha) amine oxidase 
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ABSTRACT

Lysyl oxidase from Pichia pastoris has been successfully isolated, sequenced, 
cloned, and over-expressed. EPR and resonance Raman experiments have shown that 
copper and TPQ are present, respectively. Lysyl oxidase from P. pastoris has a similar 
substrate specificity to the mammalian enzyme (both have been shown to oxidize 
peptidyl lysine residues) and is 30% identical to the human kidney diamine oxidase, 
KDAO (the highest o f any non-mammalian source). PPLO also has a relatively broad 
subsfrate specificity compared to other amine oxidases. It has been demonstrated that it 
can oxidize recombinant human tropoelastin, the in vivo substrate o f lysyl oxidase. 
Molecular modeling data suggest that the substrate channel in lysyl oxidase from P. 
pastoris permits greater active site access than observed in structurally-characterized 
amine oxidases. This larger channel may account for the diversity o f substrates that are 
turned over by this enzyme.
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INTRODUCTION 

Overview of Amine Oxidases

• Amine oxidases can be divided into two broad classes: those that are flavin 

containing enzymes (EC 1.4.3.4) and those that have copper and a covalently attached 

quinone cofactor, designated topa quinone (TPQ) (EC 1.4.3.6). A review of the flavin 

enzymes, which have no sequence homology to the copper containing enzymes, can be 

found elsewhere (I). This dissertation discusses the copper amine oxidases, specifically, 

the “lysyl oxidase” from Pichia pastoris. Thus, future reference to amine oxidases will 

be assumed to mean the copper-containing amine oxidases.

Amine oxidases catalyze the oxidative deamination of amines to aldehydes and 

ammonia, concomitant with a two-electron reduction of dioxygen to hydrogen peroxide 

(Equation 1):

RCH2NH2 + O2 + H2O -> RCHO +NH3 + H2O2 (I)

These enzymes are widespread in nature and have been isolated from bacteria, fungi, 

plants, and animals (2). Four amine oxidases have been structurally characterized by X- 

ray crystallographic techniques (3-6). All of the crystallographically characterized amine 

oxidases are homodimers of approximately 150 -  180 kD. As is apparent from Fig. I, the 

structures are very similar, except for the presence of a unique N-terminal domain present 

in the Escherichia coli enzyme. This domain is present to varying extents in other amine



Figure I . Secondary structure rendering of the four available amine oxidase crystal structures - barrels represent ct-helical 
structure, arrows represent (3-sheet structure, the light gray loops represent random coil structure and the dark gray sections on the 
loops represent turns. A) AGAO B) ECAO C) PSAO D) PAAO
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oxidases (RKAO, KDAO, BPAO, HSAO and PPLO) and are similar to each other. 

However, they have no homology to ECAO and thus, are unlikely to have a similar fold. 

In fact, residues 5-27 in HSAO have been proposed to be a transmembrane domain (7).

Figure 2. Active site of PAAO. The substrate channel extends from the upper left comer 
towards TPQ (5).

Both copper and a quinone, TPQ, are located within the active site and are 

required for catalytic activity (Fig. 2) (5). Other similarities include the presence of a 

large solvent filled cavity present at the subunit interface, a second metal site (whose 

function is currently unknown), and a proposed substrate-binding channel which extends 

from the surface of the protein to the active site. The electron density from the crystal 

structure o f AGAO allows partial occupancy by a second row transition metal or full 

occupancy by a first row metal (Mg or Na) in the second metal site (4). ICP analysis of
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various amine oxidases suggests that the site is probably occupied by Ca in vitro (8).

TPQ is generated by the post-translational modification of a conserved active-site 

tyrosine residue via a novel self-processing reaction (Fig. 3) (9). This tyrosine is found in 

the active site consensus sequence TXXNY(DZE). The processing requires only Cu and 

O2 to be completed. Tyr is proposed to coordinate to the copper and become oxidized by 

one electron. This activates the Tyr ring for addition of oxygen. The ring is then thought 

to rotate allowing addition o f another oxygen, resulting in the TPQ structure below.

Amine oxidases typically display broad substrate specificities, catalyzing the 

turnover o f numerous primary amines, and selected di- and polyamines. Their relatively 

broad specificity has complicated efforts to determine a definitive role for amine oxidases 

in many organisms, because of the enzyme's possible involvement in numerous metabolic 

pathways. Proposed cellular processes that may involve amine oxidases include 

programmed cell death {10), cell division {11), glucose transport in rat small intestine or 

adipocytes {12-14), and vascular adhesion {7,15,16). They have also been implicated in 

playing a role in the following diseases: atherosclerosis {17-20); cancer {21); and diabetes 

{22-24). Amine oxidases may also be involved in modulating the response(s) of higher 

organisms to amines, or to the H2O2 and aldehyde products generated by oxidation, not

TPQ LTQ
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Figure 3. Proposed mechanism of TPQ biogenesis.

only in the tissues, but also in the environment. For example, amines have been 

implicated in such diverse roles as control of protein and nucleic acid synthesis, cell 

proliferation, and cell differentiation (25) (26). Hydrogen peroxide is postulated to be an 

important signaling molecule (27). In plants, for example, it may be necessary for proper 

cell wall formation (28). The unambiguous identification of definitive roles for amine 

oxidases has also been impeded by the presence of multiple amine oxidase genes in many 

species (29,30). A primary example is Homo sapiens, where several genes have been 

identified, i.e....kidney diamine oxidase, retinal amine oxidase, lysyl oxidase, lysyl 

oxidase-like proteins, and semicarbazide sensitive amine oxidase (7,31-33).



6

Overview of Lysyl Oxidases

Mammalian lysyl oxidase (EC 1.4.3.13) has a different coding sequence than the 

structurally-characterized amine oxidases (34). Furthermore, lysyl oxidase does not have 

the same active site consensus sequence present in other amine oxidases. The catalytic 

domain sequence is DIDCQWWIDITDVXPGNY for lysyl oxidase (35) versus the active 

site consensus sequence of TXXNY(D/E) for amine oxidases. Recently, an active site 

peptide, including the carbonyl cofactor from bovine aorta lysyl oxidase, was isolated and 

characterized (36). The cofactor was found to be lysine tyrosylquinone (LTQ). LTQ has 

a covalently attached lysine residue in the position that corresponds to the 0 2  position in 

TPQ. The biogenesis of LTQ is thought to proceed by a similar mechanism as that of 

amine oxidases (Fig. 4) (36). Nonetheless, there are clear mechanistic parallels between 

lysyl oxidase and other amine oxidases (37). The proposed mechanisms for enzyme 

turnover o f amine oxidases and lysyl oxidases are shown in Figures 5A and SB, 

respectively.

Despite the pronounced specificity toward peptidyl lysine residues, lysyl oxidase 

also catalyzes the oxidation of a variety of primary amines. However, some primary 

amines have also been shown to act as competitive inhibitors that irreversibly inactivate 

the enzyme upon prolonged exposure (-50%  after 90 min.) (38). Owing to lysyl 

oxidase’s relative insolubility and tendency for aggregation, structural and spectroscopic 

studies of the protein are difficult. The protein has yet to be crystallized in a form 

amenable to X-ray diffraction studies. Thus, relatively little is known about the structure 

of the enzyme.
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Cu(Il) CH2

Figure 4. Proposed mechanism for the generation of lysine tyrosylquinone (36).

Along with lysyl oxidase, three additional lysyl oxidase-like genes have been 

found. It has been hypothesized that this is a multigene family present in distinct cellular 

and tissue locations, each with a related but different function (35). The carboxy- 

terminal end shows significant sequence homology among all four genes and include the 

copper-binding site containing four histidines (WEWHSCHQHYH), two metal-binding 

domains, a cytokine receptor-like motif (C-X9-C-X-W-X26-32-C-X10-13-C), ten cysteines and



RCH2NH

Cu(I) O Cu(N) o :

Figure 5A. Proposed Mechanism for TPQ Turnover



RCH2NH

Cu(II) HN

Figure SB. Proposed Mechanism for LTQ Turnover
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the catalytic domain (35). The cysteines are believed to form five specifically linked 

disulfide bonds.

The primary function ascribed to lysyl oxidase has been the oxidation of selected 

lysine residues in collagen and elastin (39). This role is critical for the maturation of 

connective tissue in vertebrates. Numerous pathologies have been associated with 

defects in this pathway (40). Tropoelastin is secreted into the extracellular space where it 

associates and aligns itself with other tropoelastin fibers by a process termed 

coacervation. Lysyl oxidase has a higher affinity for this insoluble form than for 

monomers in solution, emphasizing the importance of this process. Lysyl oxidase 

oxidizes lysine residues in the tropoelastin fibers to a-aminoadipic-5-semialdehyde 

(allysine), which is able to condense with lysine or allysine residues on adjacent fibers 

and form the crosslinks associated with mature elastin or collagen (40). Figure 6 

illustrates some of the common cross-links found in tropoelastin and the necessary steps 

for their, formation. As noted above, multiple coding sequences have been elucidated that 

code for lysyl oxidase. It has been hypothesized that this is a family o f proteins with 

different, but not unrelated functions (35). Lysyl oxidase activity has also been suggested 

to play a role in wound healing (41), oncogenetic activity (42-45), and the regulation of 

intercellular and intracellular concentrations o f polyamines (25).

Yeast Amine Oxidases

When microorganisms are grown on monoamines as their sole nitrogen source, 

the nutritional function o f the induced amine oxidase(s) appears unambiguous (46).
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Yeasts and other fungi can have important roles in the environment with regard to the 

decomposition o f biomaterials, and frequently live in environments with substantial 

amounts o f decaying organic matter. In such environments, most o f the nitrogen may be 

present as organic compounds or complex macromolecules, rather than ammonia or 

nitrogen oxides. It is therefore an advantage for yeasts to catalyze the deamination of as 

many of these molecules as possible. If oxidative deamination is a significant source of 

biological nitrogen, amine oxidases may be important in controlling the environmental 

fates and distributions of amines and/or their deamination products. Furthermore, amine 

oxidase activity may provide a nitrogen source directly from proteinaceous material in 

the yeasts' environment. This would be especially true once the nitrogen, in forms 

available to other organisms, has been depleted.

If  yeasts are grown on ammonia or nitrate for their nitrogen source, then amine 

oxidase activity is generally undetectable. In contrast, when yeasts are grown on either 

methylamine or n-butylamine, not only is amine oxidase.activity present (and possibly 

translocated to the peroxisome (47)), but a different specific activity profile results for the 

various substrates. Additionally, multiple amine oxidase active bands can be resolved on 

a polyacrylamide gel under these conditions. This implies that most yeasts are capable of 

producing at least two different amine oxidases that differ in substrate specificity and that 

are differentially expressed depending on the exogenous amine environment. Frequently, 

these two enzymes have been designated methylamine oxidase and benzylamine oxidase. 

Whether one or both are expressed depends upon the yeast strain and what amine is used 

as the nitrogen source (29,48). For example, when Candida nagoyaensis. was grown on
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methylamine and the cell extract run on a gel, there were three active bands. Only two 

bands were present when C. nagoyaensis was grown on n-butylamine. Furthermore, the 

specific activity toward methylamine was reduced by half when grown with n- 

butylamine, but the specific activity was ten-fold higher toward benzylamine. These 

observations indicate the presence of multiple amine oxidase coding sequences.

Moreover, these data indicate that growth conditions can modulate the expression profile 

for this family o f proteins.

Notably, the benzylamine oxidase isolated from Pichia pastoris grown on 

spermidine was found to have an unusually broad substrate specificity (46). O f particular 

interest is the report by Tur and Lerch that the P. pastoris enzyme, grown on butylamine, 

has a preference for peptidyl lysine as a substrate, analogous to the substrate specificity 

o f the mammalian lysyl oxidase enzyme (49). The enzyme has been designated the P. 

pastoris lysyl oxidase (PPLO) since that report, and is the only non-animal lysyl oxidase 

yet described to our knowledge.

Research Goals

Two major factors led to the investigation of PPLO. First, PPLO was reported to 

oxidase substrates similar to those preferred by the mammalian lysyl oxidases. 

Specifically, PPLO was able to turn over peptidyl lysyl groups. This suggests PPLO 

could be the first lysyl oxidase identified from a non-mammalian source. It would be 

advantageous to work with PPLO because it does not have the problems with aggregation 

and solubility associated with the mammalian lysyl oxidase. We anticipated that it would
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be easier to get large quantities of protein from P. pastoris for characterization since 

over-expression trials o f active mammalian lysyl oxidase has thus far proven 

unsuccessful. PPLO is likely to be more closely related to the other amine oxidases, as 

opposed to lysyl oxidase, especially considering that PPLO is relatively large with an 

apparent Mr = 120 kD by SDS/PAGE gel electrophoresis compared to an apparent Mr = 

32 kD for the mammalian lysyl oxidase.

The second motivation for these studies was consideration of PPLO's unique 

ability to turn over a large variety of amines. Thus, in addition to understanding the 

relationship between PPLO and other types o f amine oxidases, it remains an attractive 

target for structural and mechanistic studies with the goal of elucidating the molecular 

basis for the recognition and oxidative deamination o f substrates, including peptidyl 

lysine residues. It will be valuable to generate substrate binding models to help 

understand what allows this enzyme to work on such a large variety of substrates. Does 

PPLO specifically recognize certain peptide sequences or protein motifs (as implied by 

the results of Tur and Lerch (49))? Alternatively, how does PPLO accommodate 

structurally diverse amines as substrates?
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SEQUENCE ANALYSIS AND OVER-EXPRESSION OF PPLO

Introduction

In the past, only about one mg of PPLO was obtained per liter o f culture after 

purification. The construction of an over-expression system is therefore necessary in 

order to obtain sufficient quantities of protein for enzymatic and structural 

characterization. Also, experiments with site-directed mutants were envisioned to help 

elucidate the roles of key residues in the protein. Selected mutants could be expressed 

with the same over-expression system. Identifying the coding sequence of PPLO was 

critical before a number of these and other experiments can be performed. The identity, 

isolation, and cloning of the coding sequence are all essential elements of the process 

needed to develop an over-expression system.

The basic strategy employed consisted of three stages. First, it was necessary to 

identify the whole coding sequence, because neither the PPLO protein nor gene had 

previously been sequenced. Next, the coding sequence would be determined and 

isolated, thereby permitting the generation of various constructs. This construct would 

then be integrated into the yeast genome and expression trials performed. Finally, 

construct stocks would be sequenced to check for errors in positive expression 

candidates.

A sequence analysis o f the PPLO gene was needed in order to compare its' 

similarity to amine oxidases and the mammalian lysyl oxidase. A line-up o f amine

CHAPTER 2
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oxidases from various sources was developed and key similarities and differences were 

observed. This was important in deciding whether PPLO is more similar to the amine 

oxidase enzyme class, the lysyl oxidase enzyme class, or if  it belonged to a unique class 

o f amine oxidases because of its unusual molecular weight (-120 kD/monomer). This 

information suggested that PPLO was more similar structurally to the family of amine 

oxidases than the family of lysyl oxidases. This helped us to plan appropriate 

experiments to test this hypothesis.

Materials and Methods

Gene Sequence

Genomic DNA was isolated from Pichiapastoris (ATCC# 28,485) (50). Two 

sets o f primers were designed to amplify part o f the lysyl oxidase gene from this 

genome. The design o f the first set of degenerate primers was based on the topa 

consensus region (TXXNYD/EY - 5 ACIGTIGCIAAYTAYGARTAS') from Pichia 

angusta (previously Hansenula polymorpha (51)) and a semi-conserved region about 

250 codons downstream of the topa region (EDFPIMP -

5'GGCATIAIIGGIMAITCYTC3'). A second set of primers was also employed. One, 

(5 'RTARTCRTARTTNCCIATNGT3'), was designed from the active site peptide 

sequence (T-X-X-N-Y-D/E-Y). This primer is the reverse complement o f the topa 

based sequence above. This is necessary since the second primer site is now upstream 

rather than downstream of this priming site. The second primer, 

(5'RTNACNSARCCNSARGG3'), was designed from the conserved upstream region
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( T z zV -T-Q/E-P-E/Q-G). The second set o f primers were used to generate a 550 bp PCR 

product to use as a probe for isolating the PPLO gene. The MegaPrime DNA labeling 

system from Amersham was used along with cytidine 5’-[a-32P] triphosphate for 

generating the labeled probe.

Two different methods were initially used to obtain the genomic sequence of 

PPLO. The ~550 bp DNA fragment was used as a probe for both Southern 

hybridization experiments. (50) and against a genomic library (50) (this library was 

generously supplied by Dr. James Cregg from the Keck Graduate Institute of Applied 

Life Sciences, Claremont, CA). Isolated fragments were circularized by ligation and 

inverse PCR amplified. This inverse PCR method is extremely useful for isolating 

adjacent fragments to known sequences in the genomic DNA. The PCR products were 

then sequenced by the dideoxy chain-termination method (52) using gene specific 

primers to walk along the gene. The primers were ([y33-P]ATP) end labeled with the 

fm ol Sequencing kit (Promega, Madison WI) and the sequences determined by gel 

analysis. Both sequences were independently determined at least four .total times and at 

least once in either direction.

Sequences were compiled and analyzed with the software package GCG 

(Version 8, Madison WI). The consensus coding sequence was translated and then 

lined-up against other amine oxidase sequences using the "pileup" protocol in GCG. 

These were manually manipulated in order to maximize the total number of conserved 

residues in each sequence.
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Primers

All primers were synthesized by Midland Chemical Company (Midland, TX) or 

Life Technologies (Carlsbad, CA). These primers were desalted prior to shipping with 

the exception of the primers used for mutagenesis (vida infra) which were desalted and 

HPLC purified.

Design of the Over-expression System

Two separate constructs were engineered for over-expression o f PPLO. The 

first construct was obtained by first amplifying the coding sequence using PCR. 

Concurrently, the ends were modified to yield the appropriate restriction sites for 

cleavage by the restriction enzymes, Bam HI and Not I. Upon digestion the amplified 

sequence was ligated into the pPIC3 vector (Invitrogen, Carlsbad CA) and 

electroporated into InV a  F' E. coli cells (Fig. 7) (50). Colonies were selected by their 

resistance to ampicillin and screened by PCR. Constructs from positive colonies were 

then linearized by EcoRL and electroporated into P. pastoris GSl 15 cells (Invitrogen, 

Carlsbad CA) (Fig. 8) (50). Putative integrants were screened by PCR and the 

sequence checked for errors using the dideoxy chain-termination method (52).

The second construct was also obtained by PCR amplification of the 

genomic coding sequence. During this amplification the ends were modified by 

introducing the restriction sites Mfe I and Not I. After digestion, this product was 

ligated into the pPIC Z B vector and electroporated into InV a  F' E. coli cells (Fig. 7) 

(50). Selection was achieved through resistance to the antibiotic Zeocin and screening 

by PCR. Positives were linearized with Pme I and electroporated into GS 115 cells
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(Fig. 8) (50). Positive integrant sequences were checked for errors through sequencing 

o f the stock constructs using the dideoxy chain-termination method (52). Five 

individual colonies were selected and assayed for over-expression. Stocks were made 

from the colony with the highest PPLO activity 24 hours after induction.

3)

LOX Promoter AOX Promoter

Figure 8. Cloning strategy for PPLO over-expression. I) The coding sequence (dark 
gray) was ligated into the pPIC3 vector adjacent to an alcohol oxidase promoter 
sequence. 2) The construct was linearized by the restriction enzyme EcolW and 
electroporated into GSl 15 cells (light gray represents the chromosomal copy). 3) 
Putative integrants were screened by PCR.
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Results and Discussion'

Gene Isolation and Sequencing

The first set o f primers amplified part of the methylamine oxidase gene from P. 

pastoris. This was concluded based on the amount o f identity (71%) found between the 

translated methylamine peptide sequence from Pichia angusta and the translated PCR 

product obtained from these primers. Amplification with the second set of primers 

resulted in a product o f -550 basepairs, the anticipated length of the fragment between 

these primers for an amine oxidase gene. This sequence was thought to be part of the 

PPLO coding sequence because it maintained the conserved amine oxidase residues on 

the one hand, but was not very similar to the methylamine oxidase sequence on the 

other. The identity was 25% between this translated fragment and the translated 

methylamine oxidase gene from P. angusta. This DNA fragment was used as a probe 

for both a genomic library screening and a Southern hybridization experiment. The 

desired product was not found in the library and was determined to either be absent or 

present in low abundance. In contrast, the Southern hybridization experiment yielded 

two positives that corresponded to the desired product. Digests with BamRl, TfmdIII, 

Kpnl, Pstl and EcoKL were conducted. EcoRL yielded the best restriction digest pattern 

and resulted in two fragments of -2,000 basepairs each. These fragments contained the 

entire PPLO coding sequence.
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Sequence Homologies

Surprisingly, comparison of the translated P. pastoris sequence to proteins in 

the GenBank database revealed the highest homology (50% similar and 30% identical) 

to human kidney diamine oxidase (Table I). A lineup of nine different amine oxidase 

sequences (Fig. 9) revealed only 29 residues that were absolutely conserved, including 

those in the TPQ consensus sequence (T-X-X-N-Y-D/E-Y), and the three histidine 

ligands for copper. These histidines have been unambiguously established as copper 

ligands in the structures of amine oxidases (3-6).

Table I. Percent Identity Among Amine Oxidases
RKAO KDAO BPAO HSAO PPLO AGAO PAAO PSAO ECAO

RKAO 38.7 71.9 83.2 24.0 21.2 18.3 16.5 20.3
KDAO 41.9 41.4 29.8 23.6 22.0 24.1 24.3
BPAO 80.8 27.5 23.4 20.4 22.3 22.6
H SA O . 27.3 25.3 22.1 22.8 23.5
PPLO 23.3 20.9 24.5 23.0
AGAO 32.8 24.3 28.7
PAAO 25.7 28.1
PSAO 30.3

O f special interest, the alignment in Fig. 9 reveals a number o f regions that 

show substantial homology between PPLO and various mammalian amine oxidases. 

Several o f the homologous regions among PPLO and the mammalian enzymes are not 

present in ECAO, PSAO, PAAO, or AGAO. Specifically, there appear to be three 

regions that show the greatest amount of homology between PPLO and the mammalian 

amine oxidases (Fig 10). The region between PPLO residues 57-148 has 22 absolutely 

conserved residues, including the last five in this region, only one o f which is 

conserved among all the amine oxidases. This is the longest string (five) o f absolutely
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Figure 9. Alignment of structurally characterized amine oxidases by X-ray crystallography and selected mammalian amine 
oxidases with PPLO. Bold letters for amino acids indicate conservation between the sequences. All the amino acids in a 
column are shown in bold to designate absolute conservation. If  only the mammalian sequences and PPLO are shown in bold, 
this indicates either a conservative or absolute conservation among them. Homology was determined by using an amino acid 
hierarchy alphabet, class I (55). Absolutely conserved amino acids received a value of five and are designated by the amino 
acid letter on the consensus line; conservatively substituted amino acids scored a value of 3 and are designated by the (|) 
symbol on the consensus line; semi-conserved amino acids scored a value o f 2 and are designated by the (:) symbol on the 
consensus line. ECAO - Escherichia coli amine oxidase (140923), PAAO - Pichia angusta (previously Hansenula 
polymorpha) (S04963), AGAO - Arthrobacter globiformis (JC2139), PSAO - Pisum sativum (C44239), BPAO - Bovine 
plasma amine oxidase (A54411), KDAO - human kidney diamine oxidase (A54053), RKAO - rat amilioride binding protein 
(S34656), HSAO - human amine oxidase (JC5234).

8 1 1
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Figure 10 PPLO model with the homologous domains shared with the mammalian 
amine oxidases highlighted. Region I in light gray (residues 83-148), region 2 in black 
(residues 363-386), and region 3 also in light gray (residues 637-704).

conserved residues in the lineup. In addition, there are also 21 conserved or semi- 

conserved amino acid residues. In the known structures this region lies on the surface 

of the protein. The secondary structure starts as a-helix, continues as a connecting 

region with a small bend, and ends with (3-sheet. The next homologous region, between 

residues 363-386, has 12 identical and 6 conserved or semi-conserved residues. This 

region consists of the second half of a (3-sheet, which lies on the surface, and is 

followed by another (3-sheet which extends into the protein and passes near the active 

site. The residues in this region are much more conserved between the mammalian and 

PPLO sequences when compared to the sequences of the structurally-characterized
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amine oxidases. This might imply the presence of an important structural feature 

maintained in these enzymes that is not present in PSAO, ECAO, AGAO, or PAAO. 

Lastly, a long region toward PPLO's C-terminal end has numerous conserved and semi- 

conserved residues which includes His 664, one o f the Cu ligands, and two ligands for 

the putative second metal ion site, Asp 653 and the backbone carbonyl from lie 654. 

The latter part o f this region interacts with the other sub-unit near the region forming 

the inter-subunit cavity present between the two subunits. This region may be involved 

in defining the size and shape of the inter-subunit cavity. The secondary structure in 

this region consists mostly of p-sheet.

The two sequences that have the highest homology to PPLO (Fig. 9) are human 

kidney diamine oxidase (KDAO) and rat amilioride-binding protein (RKAO). Both of 

these proteins have been found to bind amilioride {54). Since amilioride resembles 

some of the amine substrates that are oxidized by these enzymes, it likely binds to or 

near the active site. Amilioride is one among a family of guanidine containing 

compounds that have been found to inhibit KDAO (aminoguanidine is a very potent 

inhibitor) (55). KDAO and RKAO also have a heparin-binding m otif present, 

RFKRKLPK, which is not found in the other amine oxidases or PPLO (Fig. 9).

Amilioride Aminoguanidine
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Most o f the residues proposed in AGAO to line or be near the substrate channel 

are not conserved in PPLO or other amine oxidases. The exceptions are listed below 

(all the residue numbers below refer to AGAO unless stated otherwise) (4). The side 

chain proposed to be the gate for substrate access to the active site corresponds to Tyr 

296 in PPLO. It is a Tyr in all sequences except PSAO and PAAO where it is a Phe 

and Ala, respectively. Asp 298 is absolutely conserved and has been identified as the 

active site base (56). Thr 378 and Asn 381 are part of the active site consensus 

sequence and are absolutely conserved. Tyr 302 is conserved as an aromatic residue in 

the lineup. Additionally, three other residues that are highly conserved among amine 

oxidases, other than PPLO, are Trp 168, Gly 300, and Phe 297. In other amine 

oxidases, Trp 168 is conserved as an aromatic residue, but in PPLO it is a VaL Gly 300 

lies between substrate channel residues in the primary sequence. However, in PPLO 

this residue corresponds to Ser. Phe 297 is conserved as a hydrophobic residue and lies 

between substrate channel residues, but it is a Ser in PPLO.

The Cys residues that form a disulfide bond in the structurally characterized 

amine oxidases, with the exception of EC AO, are conserved in the sequence of PPLO 

as Cys 415 and Cys 440. Next, the second metal site ligands are proposed to originate 

from the conserved residues Asp 537 and 682 in PPLO. Asp 539 also in PPLO is only 

semi- conserved being replaced by Ala in AGAO and Arg in PAAO. Two other second 

metal site ligands in PPLO are proposed to originate from carbonyl groups on the 

polypeptide backbone, Leu 538 and He 683. Based on the lineup, PPLON second metal 

site would resemble the ECAO and PSAO sites most closely (PPLO has all three Asp
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groups similar to ECAO and PSAO). PPLO also has five potential N-Iinked 

glycosylation sites (Asn-X-Ser/Thr, X^Pro) where a polysaccharide may be attached: 

Asn 81, Asn 104, Asn 191, Asn 309, and Asn 434.

Over-expression of PPLO

Over-expression trials for the mammalian enzymes have to date been largely 

unsuccessful. Active lysyl oxidase has been modestly over-expressed in mammalian 

cells (34) and E. coli cells (57). However, the bacterial results do not seem to be 

reproducible. In contrast, the PPLO coding sequence, the sequence with the highest 

similarity to the mammalian coding sequences, was successfully over-expressed with a 

ten-fold increase in PPLO expression (ten mgs / liter of culture) compared to wild-type 

through homologous recombination (Fig. 8).

Conclusions

It was found that P. past oris has at least two amine oxidase genes. The 

methylamine oxidase gene was only partially sequenced, but PPLO was completely 

determined. This was not surprising considering many yeasts express multiple amine 

oxidase genes. It is conceivable that P. pastoris could have other amine oxidase genes 

apart from the two sequenced in this work. The identification and isolation of these 

would be necessary for helping to understand the role of this family o f enzymes in P. 

pastoris.

Based on the amine oxidase line-up, PPLO is more closely related to the family 

o f amine oxidases rather than the mammalian lysyl oxidases (Fig. 9). For example,
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PPLO has the topa consensus sequence (TXXNY(DZE)) not LTQ's 

(DIDCQWWIDITDVXPGNY). Although it is interesting to point out PPLO, among 

the amine oxidases, is more similar to mammalian amine oxidases, particularly KDAO, 

than either bacteria, plants, or even other yeasts, this raises some intriguing questions. 

More sequencing o f other amine oxidase sequences needs to be done to see if  any other 

non-mammalian proteins will also be similar to PPLO or if  PPLO is something of an 

anomaly. Another representation demonstrating the sequence homology was generated 

(Fig. 11) and illustrates again that PPLO is more similar to the mammalian family of 

amine oxidases than any o f the other determined sequences (58).

Deinococcus
radiodurans Arthrobacter globifomtis PAO

Chick I Bovine/ xXHmnan retina
pea Arabidopsis lung Mouse adipocyte

thaliana Bovine Human placental
plasma

Figure 11. Phylogenic tree of amine oxidases from 21 species. Created with 96 amino acid 
sequences from four structurally conserved regions, using software PROTDIST (Dayhoff 
PAM matrix) and NEIGHBOR (58) .

Since an over-expression system has been developed, numerous spectroscopic, 

mechanistic, and structural experiments can readily be performed that would otherwise



32

be very difficult. Many such experiments use large amounts of protein and so must be 

carefully planned to optimize the amount of enzyme used. In contrast, it is difficult to 

purify even modest amounts of BALO (bovine aorta lysyl oxidase). Thus, PPLO is an 

excellent candidate for structural and mechanistic studies with the goal of defining the 

recognition and oxidation of peptidyl lysines.
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CHAPTER 3

STRUCTURAL AND MECHANISTIC STUDIES OF PPLO

Introduction

It is essential to isolate substantial amounts o f homogeneous protein in order to 

carry out detailed structural and mechanistic studies. The growth conditions and 

purification procedures needed to achieve this goal for PPLO were developed and 

employed as part of this dissertation research. Previously published methods of 

purification provided low expression levels and used only gel analysis under denaturing 

or non-denaturing conditions to analyze protein purity (29). Often, low-abundant 

contaminants with a chromophore can be detected by UV-VIS spectroscopy, but not gel 

electrophoresis. Based on this early work, PPLO was already recognized to have some 

unusual properties, such as a relatively large Mr = 120 kD and a broad substrate 

specificity. It was unclear if  PPLO belonged to the TPQ, LTQ, or a novel group of 

amine oxidases.

Among the first experiments were a molecular weight analysis and a 

spectroscopic survey which included resonance Raman, ERR, UV-VIS, and CD. Many 

o f these techniques had already been performed for various amine oxidases and were 

compared to the data collected for PPLO. X-ray crystallization trials were initiated with 

Dr. Hans Freeman (University of Sydney, Department of Biochemistry, Sydney, 

Australia) so that a detailed structural comparison could be made between PPLO and the 

other known amine oxidase structures. A homology model of PPLO was also developed
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to help direct future experiments in advance o f a crystalligraphic structure and allow 

some structural comparisons. It would also allow exploration o f the novel substrate 

specificity o f PPLO.

Although some kinetic parameters had been previously determined for various 

PPLO substrates (29), additional kinetic experiments were performed on the 

homogeneous enzyme available from this thesis work. The reasons for this were 

threefold: discrepancies in the literature for some kinetic parameters needed to be 

addressed; parameters of additional substrates were sought; and comparisons of wild- 

type parameters to mutant PPLO parameters were anticipated.

Three PPLO enzymes with alternate coding sequences were designed to probe 

the role o f specific protein residues. The first was Tyr384 —»Phe. This tyrosine is 

absolutely conserved among amine oxidases and is hydrogen bonded to TPQ in the 

known X-ray structures. The effect on substrate turnover was investigated and 

compared to wild-type values. The second alternate sequence designed was His453 —>■ 

Ala. This histidine is one o f four conserved in amine oxidases (the other three are 

copper ligands). This residue resides on the "arm" that reaches across the protein 

surface to the second subunit and partially obstructs the substrate channel. The last 

alternate sequence designed was Thr474 —> Leu. This threonine is part o f the active site 

consensus sequence (T-X-X-N-Y-D/E). The effect of this mutation on formation of 

TPQ and substrate turnover were investigated.
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Materials and Methods

Growth Conditions

The following protocol was used to generate supplies o f protein for sufficient 

characterization o f the native enzyme. Pichia pastoris cells from stab cultures (ATCC# 

28,485) were plated on YPD plates (YPD: 1% yeast extract, 2% peptone, and 2% 

dextrose). Minimal media cultures o f two mL were inoculated with single colonies from 

these plates. The cultures were incubated at 30° C and shaken at 300 rpm. The media 

consisted o f 0.68% YNB (yeast nutrient broth) without amino acids or ammonia sulfate, 

0.68% dextrose, and 10 mM n-butyl amine. These two mL cultures were used to 

inoculate one Liter cultures which were grown at 30° C and shaken at 125 rpm. Cultures 

were harvested 72 hours later and stored at -20° C.

The following growth conditions were used to express the recombinant enzyme. 

A histidine minus strain of P. pastoris (ATCC# GSl 15 hisA) was used along with either 

a His+ZAmpicillin or Zeocin marker for selection of recombinant cells. Both were 

designed and yielded similar over-expression characteristics. Ampicillin is only 

effective against E. coli. The His" cells were necessary in conjunction with Ampicillin 

so that only transformed yeast cells with the His+ vector grew on the histidine deficient 

plates. Zeocin is preferred because it is an effective antibiotic toward both E. coli and 

yeast and, thus, simplifies the selection of over-expression candidates (it eliminates the 

need for the His+ selection step). However, this plasmid was not available when initial 

construct designs began.
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Cells with the appropriate construct were also grown on YPD plates. These were 

started in minimal media cultures of two mL grown at 30° C and 300 rpm. However, 

instead of 10 mM n-butyl amine, 1% ammonium sulfate was used as the nitrogen source 

and 2% dextrose rather than 0.68% was employed. This media mix was continued into 

the one Liter cultures which was incubated at 30° C and 125 rpm. After 48 hours the 

cultures were spun down and induced with a one Liter broth consisting of 1% yeast 

extract, 2% peptone, 2% methanol, and 100 pM copper sulfate media mix. Cells were 

harvested after 24 hours and stored at -20° C.

Generation o f Alternate PPLO Sequences

A flow chart of the protocol used is provided (Fig. 12). Three different 

oligonucleotides with the desired alternate sequence were designed (the changed 

nucleotides are underlined). The first was Tyr384 —> Phe. The primer used to generate 

this was (5 'TAATTGCCGAGTTCGGTTCAGATG3'). The second alternate sequence 

designed was His453 —> Ala. The primer used to generate this was 

(5' ACTGCTACGTGCC ACTGGTGCTTC3'). The last mutant designed was Thr474 -»  

Leu. The primer used to generate this was (5 YTTATTTCTCTTATTGGAAACTAC3').

The MORPH™ site-specific plasmid DNA mutagenesis kit from 5 Prime —» 3 

Prime, Inc. was used to generate all three mutants. The appropriate alternate sequence 

primer and target plasmid (pPIC Z B with the PPLO coding sequence construct) were 

denatured together and allowed to anneal. The replacement strand was synthesized from 

the alternate sequence oligonucleotide using T4 DNA Polymerase and T4 DNA ligase. 

The mixture was digested with DPN I. This step fragmented the non-mutagenized target
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Target Plasmid

Step I

® ----- X----

Alternate Sequence Oligonucleotide

Denature Target Plasmid

Allow Alternate Sequence Oligonucleotide to Anneal

T4 DNA Polymerase 
+ T4 DNA Ligase

Synthesize Non-Methylated 
Replacement Strand

Figure 8. An outline of the MORPH™ site-specific plasmid DNA mutagenesis kit protocol.
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plasmids. The alternate sequence constructs were then transformed into an E. coli mutS 

strain which theoretically results in half o f the colonies with wild-type and half with 

alternate coding sequences. Positive alternate sequence constructs were confirmed by 

dideoxy sequencing. These were then linearized and integrated into the genome o f P. 

pastoris.

Purification

Effectiveness of possible cell lysis protocols were evaluated using a microscope 

and analyzing the change in cell morphology. By this criterion, the use o f the French 

Press method was deemed inefficient. Thus, a second method was tried, proved 

effective, and subsequently used. This method requires the addition o f each of the 

following in equal volumes: glass beads; buffer (0.1 M KPO4 , pH 7.0); and cell paste 

(generally 60 mL of each in a 450 mL centrifuge bottle). The solution was vigorously 

shaken by hand for 10 minutes and centrifuged at 7,000 rpm for 10 minutes (a 40% head 

space helps to ensure adequate shaking). The protein" was located in the supernatant. It 

was saved and set aside. Additional buffer was added to the cells and the cells were 

shaken again. This process was repeated until cell lysis was 90% or higher (usually 2-3 

times).

The supernatants were pooled, concentrated, and spun again (18,000 rpm for 10 

minutes) to help remove cellular debris. The protein solution was filtered through 

Whatman #4 filter paper and loaded onto a Sigma DEAE fast flow column (anion 

exchange) previously equilibrated in 0.1 M KPO4, pH 7.0. The fraction containing 

PPLO was eluted with 1.0 M KPO4, pH 7.0 which was subsequently concentrated and
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the conductivity reduced to < 10 mS. The second column employed was a Poros PI 

column from Pharmacia, also an anion exchange step. Although this column also was 

equilibrated with 0.1 M KPO4, pH 7.0 and eluted with 1.0 M KPO4, pH 7.0, the salt 

gradient was ramped rather than stepped using a Perceptive Biosystems BioCad. Active 

fractions were pooled and concentrated. Further purification was carried out for 

experiments that required protein to be >99% homogeneous. Generally, the major 

contaminant following the anion exchange column was a protein that had a sharp 

absorbance peak around 400 nm which is thought to be catalase. Since catalase is a 

tetramer with a molecular weight o f 59 kD and PPLO is a dimer with an apparent 

molecular weight of 119 kD, gel filtration was not very effective at separating the two 

proteins. However, two additional columns have been successfully employed. The first, 

a concanavilin A column, binds proteins based on their carbohydrate content. A gradient 

o f 0.1 M to 1.0 M methyl a-D-gluco-pyranoside was used. The second, an anion 

exchange step again, was run at a reduced pH (pH 5.6 rather than 7.0 with the Poros PI 

column used earlier in the purification). The gradient was 0.1 M to 1.0 M MOPSO + 

NaCl. The NaCl was added until the conductivity was > 90 mS.

During purification the enzyme activity was monitored by a literature method (59) 

using I mM benzylamine as the substrate. Enzyme purity was determined via SDS 

polyacrylamide gel electrophoresis and UV-VIS spectroscopy. Only protein of greater 

than 99% purity was used for the experiments herein. The best protein samples (greatest 

specific activity) were submitted for crystallization trials.
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Molecular Weight Analysis

Three different approaches have been used to determine a molecular weight for 

PPLO. The first gave a predicted pi/MW based on the amino acid sequence alone. The 

sequence was submitted via the web to the ExPASy Molecular Biology Server on the 

world wide web (http://www.expasy.ch/). The result was a predicted MW of 90 kD and 

a predicted isoelectric point o f 4.5. The second method tried was MALDI-TOF. 

Unfortunately, these experiments were not successful. Sinnapinic acid was to provide 

the matrix used in either a 50:50 or a 70:30 ratio to a 10 mg/ml protein sample. The 

control, bovine serum albumin, flew successfully under the same conditions. Lastly, 

PPLO was deglycosylated by PNGase F at 37° C for 24 hrs, which removes N-Iinked 

carbohydrate moieties. The deglycosylated protein was compared with freshly isolated 

protein by their apparent molecular weights determined by SDS/PAGE (10 - 20% gel).

Spectroscopy

PPLO samples for resonance Raman consisted of either purified PPLO or 

purified PPLO followed by derivatization, using a 20-fold excess o f phenylhydrazine or 

jy-nitrophenylhydrazine. Subsequently, samples were extensively microdialyzed 

(microdialysis system from Bethesda Research laboratories, Inc.) against 500.mL of 0.1 

M KPO4, pH 7.0 to remove any unreacted derivative. Raman spectra were obtained 

using a Spex Triplemate (model 1877) spectrograph (0.60 m, 1800-groove grating), a 

Spex Spectrum One liquid Na-cooled CCD detector, and a Coherent Innova Ar+ laser as 

the excitation source. Samples were placed in glass capillaries and spectra were 

measured at room temperature. The excitation wavelength used was 457.9 nm with a 40

http://www.expasy.ch/
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mW power setting unless stated otherwise. X-band EPR data was obtained using a 

Bruker 220D SRC instrument interfaced to a PS/2 computer and controlled by SSI 

software. CD spectra were measured using a Jasco J-710. The step resolution was I 

nm, the scan speed 100 nm/min, slit width o f 500 pm and a sensitivity o f 10 mdeg.

Kinetics

All turnover experiments were conducted at 30° C. A coupled peroxidase assay 

with ABTS (2,2'-azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid) was used to monitor 

the turnover of amine substrates.(<50). The concentration of ABTS was kept constant at 

2 mM. Horseradish peroxidase, 11.6 purpurogallin units (61), and four pg o f protein 

were used per assay. Substrate concentrations were varied from 3 to 3000 pM. Data 

were collected at thirteen substrate concentrations (except for ornithine, where nine 

concentrations were used). Triplicate runs were carried out at each concentration. 

Reaction mixtures had a final volume of two mL. Kinetic parameters were obtained 

from analysis o f a Hanes plot ([S]/v versus [S]) (62). All of the correlation coefficients 

exceeded 0.99.

Alternate sequence Tyr384 —> Phe was more difficult to analyze due to its 

smaller kcat values. Accordingly, the standard deviation was greater than that of the 

recombinant wild-type enzyme. Unfortunately, kinetic data could not be collected for 

the other two alternate sequences.
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Homology Modeling of PPLO

The program Insight II (Molecular Simulations) was used on an Octane Silicon 

Graphics computer to overlay the four crystallagraphically determined structures of 

amine oxidases (Escherichia coli amine oxidase (ECAO), pea seedling amine oxidase 

(PSAO), Pichia angusta (previously Hansenulapolymorphd) amine oxidase (PAAO), 

and Arthrobacter globiformis amine oxidase (AGAO)). The amine oxidase sequences 

were aligned based on sequence identity along with PPLO in the subprogram 

Homology. Homologous regions were superimposed on the crystal structures and 

connected by random loops. Coordinates were then assigned to PPLO. There were no 

coordinates to residues for portions of the N  and C termini (1-82 and 745-779), so they 

were not included. Copper was omitted from the structure and Tyr was used instead of 

TPQ in the active site. The subprogram Discover was then used to perform an energy 

minimization on the PPLO enzyme which was not solvated. The first routine used the 

method o f steepest descent. The default CVFF forcefield parameters were used without 

cross terms or Morse bond potentials (63). The new molecule was then minimized using 

cell multiple cutoff values for the conjugate gradient method (64). The resulting 

molecule in Fig. 13 is a surface rendering and in Fig. 14 an a-carbon backbone trace. 

This method has been successfully used by researchers modeling other systems (65,66).
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Figure 13. Comparison of the PPLO model to the X-Ray crystallographic structure of 
AGAO. Gray and dark gray each represent one of the subunits, while black represents 
TPQ. A) AGAO - This view is looking down the substrate-binding channel at TPQ, 
which is barely visible. B) PPLO - This view is also looking down the substrate-binding 
channel at TPQ which is clearly visible. Also visible is a large V-shaped depression, not 
present in AGAO, with TPQ sitting in the cleft of the V.
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Results and Discussion

Spectroscopic Properties

The absorbance spectrum of PPLO is very similar to previously reported amine 

oxidase spectra (Fig. 15). Protein concentrations were determined from the absorbance at 

the Xmax of 280 nm (£280 = 140,150 M"1 cm"1 per monomer). This was calculated by 

counting the number of tyrosines and tryptophans found in the coding sequence, and 

multiplying by their corresponding conversion factors (s = 1210 M"1 cm"1 and 5500 M"1 

cm"1, respectively). A smaller absorption band at 480 nm (S480 = 2100 M"1 cm"1 per 

monomer) was calculated by comparing the ratio of the absorbance at 280 nm vs. 480 nm 

and multiplying by 6280- This second band arises from electronic transitions of TPQ,

0.20
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Figure 15. The absorbance spectrum of PPLO in 100 mM KPO4, pH 7.0. The protein 
concentration was 98 pM and measured in a 1.0 cm pathlength cell.
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and gives amine oxidases their distinctive pink color. The CD data shows a band at 480 

nm corresponding to TPQ and a band at 800 nm due to Cu (II) d-d transitions (Fig. 16). 

The PPLO spectrum is most similar to the CD spectrum of BPAO reported by Suzuki et 

al {67). However, a positive feature at 600 nm and a minor peak near 500 nm that are 

present in many other amine oxidase CD spectra are absent in that o f PPLO.

Wavelength (nm)

Figure 16. CD spectrum of PPLO. The CD data was collected at room temperature with 
a constant slit width of 500 pm. The enzyme concentration was 120 pM in 100 mM 
KPO4, pH 7.0.

The EPR spectrum is also typical of amine oxidases which is consistent with a 

Cu(II) in a dx2.y2 ground state (Fig. 17). The experimental spectrum may be 

satisfactorily simulated with values of gy = 2.273, gx = 2.056, and Ay = 184 G. Double 

integration of the signal indicated 0.87 Cu(II) ions were present per monomer. The 

gx and g|| values for amine oxidases range from 2.04 - 2.078 and 2.229 - 2.31,



46

respectively; A|| is typically between 149 - 175 Gauss. These values are consistent with 

a five-coordinate square pyramidal geometry (4) with oxygen and/or nitrogen ligands.

A five-coordinate Cu(II) with three histidine imidazole and two water ligands is 

observed in the crystal structures of ECAO and AGAO at acidic pH values. In constrast, 

the equatorial water ligand is less well-defined in the PAAO crystal structure (3). If a 

tetrahedral geometry for the Cu(II) was present, then a much smaller Au value would be 

expected. The spectrum is not consistent with either a tetrahedral or square planar 

geometry.

Figure 17. X-band EPR data of PPLO at 76 K. The power was 6.32 mW, the frequency 
at 9.4 GHz, and the modulation amplitude at 12.5. The enzyme concentration was 120 
pM in 100 mM KPO4 , pH 7.0.
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An active site peptide from PPLO has been isolated and sequenced (68). 

Resonance Raman spectroscopy (69) of the phenylhydrazine derivatives o f this peptide, 

the whole enzyme, and the model compound TPQ-hydantoin identified TPQ as the 

active site cofactor in PPLO. Mass spectroscopy analysis indicated that the labeled 

cofactor was coded by tyrosine 382 (68). The p-nitrophenylhydrazine derivative of the 

intact enzyme has also been prepared and examined in order to confirm this conclusion. 

The resonance Raman spectra of both the phenylhydrazine and /7-nitrophenylhydrazine 

derivatives are similar to the Raman spectra of the corresponding derivatives of the 

model compound, TPQ hydantoin (Fig. 18). The spectra are distinctly different from the 

spectra o f LTQ in bovine aorta lysyl oxidase (36). Therefore, these data confirm that the

TOPA-PHZ

PPLO-PHZ

TOPA-NPH

PPLO-NPH

Raman Shift (wavenumber)

Figure 18. Resonance Raman spectra of derivatized PPLO and the model compound 
TPQ-hydantoin. All samples were run in 0.1 M KPO4  buffer, pH 7.0. The two top 
panels were derivatized with phenylhydrazine and the lower two with nitro- 
phenylhydrazine.
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active site carbonyl cofactor in PPLO is TPQ and not LTQ (70). Both the absorbance 

spectrum and resonance Raman data establish the presence of TPQ. Therefore, the 

relatively high activity of PPLO (compared to other TPQ-containing amine oxidases) in 

peptidyl lysyl oxidation is not due to the structure of the cofactor per se (70).

Specificity

Steady-state ldnetics data establish that 1,6-hexanediamine was the best substrate 

and ornithine the poorest among those examined (Table 2). When compared with the 

results of Haywood and Large (Table 3) (29), the Km values are within a factor of two 

with the exception o f 1,4-butanediamine. However, when compared with the work done 

by Tur and Lerch (49), significant differences are apparent with some Km values 

differing by more than a factor of two. Furthermore, we observe different effects for N- 

or C-terminal modifications on lysine oxidation. Tur and Lerch's data indicate that 

acetylating the a  amino group significantly decreases the turnover number. In contrast, 

methylation o f the carboxyl group results in an increase in the turnover number. Finally, 

the combination o f these two modifications produces an even greater increase in

Table 2. Kinetic Parameters o f Various Substrates for PPLO
Km (H-M) Vmax kcat (min Q

n-butyl amine 81±7 .396 24167 2.99
benzylamine 58±7 .368 22469 3.88
(3-phenethylamine 11±4 .430 26268 23.50
1,4-butanediamine 34±5 .531 324611 9.61
1,6-hexanediamine 3±7 .418 255610 92.3
ornithine 549±19 .290 17768 0.32
spermidine 3162 .581 353611 11.39
lysine 4764 .255 15566 3.31
lysine methylester 3963 .267 16366 4.19
N-a-acetyl lysine methylester 7063 .419 255610 3.67



49

Table 3. Comparison of Km Values Obtained by Different Researchers.

Apparent Km Values (mM)

(Tur and (Large and (Kuchar and
Substrate Lerch) Haywood) Dooley)

Butylamine 0.235 0.083 0.0806
Ornithine 0.80 0.549
Lysine 0.091 0.063 0.0468 ■
Lysine methylester 0.0047 0.0388
N-a-acetyllysine 2.97
N-a-acetyllysine methylester 0.013 0.0697
b-phenethylamine 0.023 0.0112
Benzylamine 0.035 0.0577
1,4-butanediamine 0.0005 0.0337
1,6-hexanediamine a 0.0028
Spermidine a 0.0310
Spermine a
Histamine a
a Active but Km value not determined

turnover number, compared with methylation alone. Our data displays the same trend 

for the methylation o f the carboxyl group. However, we find that the combined 

modifications had a cancellation effect, resulting in a similar turnover number to 

unmodified lysine (Table 2).

A family o f lactone compounds has recently been identified as lysyl oxidase 

inhibitors (72). This class included the compound HCTL, homocysteine thiolactone. It 

was found that PPLO did not have the same specificity towards this inhibitor. HCTL 

was not an effective inhibitor of PPLO (no effect at 50 pM), whereas, it was a fairly 

potent inactivator of the bovine aorta lysyl oxidase enzyme (Ki = 21 +/- 3 pM) (72). 

This may suggest a difference in reactivity of TPQ (PPLO) and LTQ (mammalian lysyl

oxidase).
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H2N 02

HCTL

Some of the differences between our results and previous measurements (29) 

(49) o f kinetic parameters could arise from different states of glycosylation. We have 

observed at least three states of the enzyme by SDS/Page (Fig. 19). After initial 

purification a 120 kD form is found and was the form characterized spectrally and 

kinetically. However, if the sample is stored for more than 2 months at 4 0C at > 10 

mg/ml (less time at greater concentrations) a white precipitate is formed; after 

centrifugation the protein migrates to about 112 kD. This 112 kD form is also

Figure 19. SDS/Page of different glycosylation states of PPLO. Lanes 1,2, and 3 are 
PPLO stored at 4° C for > two months. Lane I is a PPLO control taken directly from 4° 
C. Lane 2 was run under deglycosylation conditions minus PNGase F. Lane 3 was run 
under deglycosylation conditions with PNGase F. Lanes 4, 5, and 6 are freshly isolated 
PPLO. Lane 4 is a PPLO control directly taken from 4° C. Lane 5 was run under 
deglycosylation conditions minus PNGase F. Lane 6 was run under deglycosylation 
conditions with PNGase F.
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associated with a higher specific activity toward benzylamine. Both o f these forms 

when subjected to deglycosylation conditions (PNGase-F at 37 0C for 24 hrs) migrate to 

107 kD. The value reported by Tur and Lerch was 106 kD {49). Differences in the 

molecular masses of the enzyme, such as that reported here and by Tur and Lerch, could 

also be due to different glycosylation patterns among different cell strains of P. pastoris; 

Tur and Lerch do not state which strain they used to isolate the enzyme.

Alternate Sequences

Sufficient amounts of protein for the alternate sequence Tyr384 —> Phe was 

obtained for both spectroscopic and kinetic analysis (~5 mg/L were expressed). The 

resonance Raman and CD spectra of the alternate sequence were similar to the 

recombinant wild-type protein (Figs. 20 and 2 1, respectively). However, the turnover

Wild Type

Mutant

Raman Shift (wavenumber)

Figure 20 Resonance Raman of wild-type PPLO and Y384F. Spectra were obtained 
under identical conditions with the exception of the excitation laser line used. The line 
at 514 run was used for the wild-type and the line at 496 nm was used for Y384F.
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kinetics were very different (Table 4). The ^cat values were similarly depressed for all 

three substrates tested. Although, the Km values increased for all three substrates, the 

effects were varied. Butylamine changed only slightly, benzylamine increased two-fold, 

and 1,6-hexanediamine increased ten-fold.

T P P L O
M U T A N T

6 0 0
W a v e l e n g t h  ( nm )

Figure 21 CD spectra o f wild-type and Y384F PPLO, 120 p.M.

Table 4. Mutant Y384F and Wild-type Kinetic Parameters.

Substrate
Km

(M-M)
WT

Km
(HM)

Y384F

Vmax
Y384F

kcal
(min'1)

WT

ĉat
(m in'1)
Y384F

^cbi/Km
(mM)
Y384F

Butylamine 80.6 93.8 0.180 241 55 0.586
Benzylamine 57.7 115.7 0.213 224 65 0.562
1,6-hexanediamine 2.76 29.0 0.206 255 62 2.14

Other researchers, working with different organisms, have changed this Tyr 

which is hydrogen bonded to TPQ in the known crystal structures (Tyr305 in Fig. 2). 

Klinman and coworkers changed this residue to an Ala, Cys, or Phe for PAAO (72).
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The Ala and Cys alternate sequences behaved similarly towards substrates with a 

decrease in kcal o f 4-7 fold. However, the Phe alternate sequence Arcat decreased > 100- 

fold and AcatZKM decreased > 500-fold. Klinman proposes that the Phe alternate 

sequence disrupts an extensive hydrogen bonding network in the active site, inhibiting 

proton transfer to oxygen during turnover. In contrast Ala or Cys can maintain this 

network and has only a small decrease in catalytic efficiency.

The Leeds group changed this residue to a Phe in ECAO (73). The AcatZKM for 

the substrate (3-phenethylamine was reduced by 50-fold at pH 7.0. This is very similar 

to the result (yida infra) for PPLO Y384F using 1,6-hexanediamine as the substrate. 

However, they report that this is mostly due to a decrease in Acat because the Km values 

were 1.2 pM  for the wild-type and 1.5 pM for the alternate sequence enzymes. In 

contrast, PPLO Y384F had a large increase in KMand only a modest decrease in Acat. 

They propose that TPQ can rotate into a “non-productive” orientation more readily for 

this alternate sequence than in the wild-type, thus reducing Acat by a factor of 40.

The alternate sequence, Thr474 —» Leu, yielded very little protein (~0.5 mgZL). 

O f the protein present very little TPQ was reactive with nitrophenylhydrazine (18-fold 

less than wild-type). Furthermore, the activity toward 1,6-hexanediamine had decreased 

by 950-fold. It could be that low expression is seen because the enzyme is improperly 

folded and readily degraded. A suitable over-expression candidate has not been found . 

for the last alternate sequence, His453 —> Ala.
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Modeling of PPLO

Among the four crystallagraphically determined structures ECAO, AGAO, 

PSAO, and PAAO5 the substrate channel is quite narrow and access to TPQ from the 

solvent appears to be sterically limited. In contrast, the PPLO model shows TPQ at the 

base o f a V-shaped depression in the surface of the protein. This depression appears to 

be much larger than the channel present in the structurally characterized enzymes (Fig. 

13).

O f the structurally characterized amine oxidases, PPLO is most homologous to 

AGAO. The PPLO model was overlayed with the AGAO crystal structure. It was 

observed that the interior of the protein was very similar, whereas the solvent exposed 

regions did not overlay nearly as well. This included the region around the substrate 

channel. Furthermore, there are no absolutely conserved residues in the channel leading 

to the active site based on the lineup or the crystal structures.

The modeling data suggests PPLO has a substrate channel that can accommodate 

large molecules more readily than other TPQ-containing amine oxidases (Fig. 13). It 

appears that the lysyl oxidase activity of PPLO may be a consequence o f a protein fold 

that results in an especially accommodating active-site channel. Variations among the 

substrate-channel X-ray structures and their corresponding amino acid sequences 

suggest that this feature may be important in determining substrate specificity. 

Alternatively, variations in the dynamics or energetics of conformational changes in the 

active-site region (including the channel) may also influence substrate specificity.
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Crystallography

Very pure protein samples have been submitted for crystallization trials. This 

work has been done in collaboration with Dr. Hans Freeman (University o f Sydney, 

Department o f Biochemistry, Sydney, Australia). Crystals have been grown and have 

diffracted to 2.65 A (Table 5). Currently, heavy-atom derivative soaks are underway 

and collection o f X-ray data on suitable derivatives are planned.

Table 5. Current Status of Pichia pastoris Lysyl Oxidase Crystals.
Crystal forms I & 2 Orthorhombic Orthorhombic
Space group P2i2i2i I2 i2 i2 i
Unit cell dimensions a = 84.6, b = 163.7, c = 315.3 A a = 115.2, b = 144.8, 

c =192.2 A
Asymmetric unit 2 — 4 molecules 

(depending on solvent content)
I molecule

Data recorded 3.5 A data set
(rotating-anode X-ray generator) 
2.65 A data sets (2) at synchrotron

2.7 A data set 
(rotating-anode X-ray 
generator)

Conclusions

Spectroscopically, PPLO is very similar to other amine oxidases. UV-VIS, CD, 

EPR, and resonance Raman all indicate that PPLO belongs to the amine oxidase family 

o f proteins rather than to the lysyl oxidase family. Based on this data, it is expected that 

the active site structure will closely resemble other currently available amine oxidase 

structures. In contrast, it is interesting to note that the kinetic parameters of PPLO are 

quite dissimilar to other amine oxidases. For example, PPLO turns over the substrates 

putrescine, ornithine, lysine, spermine, and spermidine, whereas, neither the 

methylamine oxidase nor the benzylamine oxidase from Candida boidinii is active
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towards these amines. Furthermore, PPLO has a substrate specificity similar to the 

mammalian lysyl oxidase.

The kinetic parameters o f Y384F indicate an important, but not essential role for 

this residue. In PPLO the catalytic activity for the three substrates investigated had 

uniformly decreased, but the affinity for these substrates had been altered incongruously. 

Other groups found varying effects when this residue was mutated in other amine 

oxidases (72,73). One similarity found through structural analysis for the ECAO and 

PAAO enzymes found this Tyr important for maintaining TPQ in a conformation likely 

to promote catalysis. The increase in TPQ flexibility (TPQ is able to rotate into a non­

productive conformation) determined from the crystal structures may explain the 

decreased catalytic efficiency of these mutants. The extent of this effect and its 

variability especially when using different substrates indicates that either this residue 

plays at least a slightly different role in each enzyme or the environment o f each active 

site is being effected uniquely. In fact, it has been proposed that this reflects the abilities 

o f the active site waters or residues to compensate for the altered sequence during 

turnover (72,73). Lastly, the Thr474 —> Leu alternate sequence results indicate an 

essential role for this residue in efficient reactive TPQ formation.

Clearly, it is not the cofactor structure in and of itself that determines the 

substrate specificity. Lysyl oxidase and PPLO are from different kingdoms, have 

different translocation profiles (one is expressed intracellularly and the other is 

secreted), and have completely different coding sequences. Yet, PPLO and lysyl 

oxidase appear to have similar substrate specificities towards peptidyl lysines (49) (vida
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infra). PPLO may still be a useful model for determining the recognition signal o f lysyl 

oxidases for lysine and peptidyl lysine residues. In lieu of a crystal structure, a 

homology model was generated in order to investigate possible structural differences 

among the amine oxidase structures and the PPLO model that could help explain PPLO's 

substrate preferences. It appears PPLO has a much larger substrate channel and it is this 

feature that is responsible for PPLO's ability to turn over such a large variety of 

substrates. It is critical to complete the crystal structure and confirm, revise, or replace 

this hypothesis. Additionally, the crystal structure comparison to the PPLO model 

would speak directly to the validity of the methods employed to generate the model. If 

validated, this could be an attractive alternative for proteins in this family that are 

resistant to crystallization. This lab has also submitted the EPAO, equine plasma amine 

oxidase, for crystallization trials, but these have resulted in only poor crystals and when 

analyzed contain a very large space group. This protein is heavily glycosylated which is 

notorious for disrupting the formation of high quality crystals for collecting X-ray data.

Obtaining the lysyl oxidase structure and comparing it to PPLO and other amine 

oxidases should remain a high priority. This would address whether it has an open 

substrate channel similar to PPLO. Iflysyl oxidase does have an open channel, this 

would indicate how PPLO and the family of lysyl oxidases are able to turnover such 

large substrates such as tropoelastin. Otherwise, this may indicate a specific recognition 

o f tropoelastin by lysyl oxidase and an adventitious interaction by PPLO.
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CHAPTER 4

EXPRESSION OF BOVINE AORTA LYSYL OXIDASE (BALO) AND ANALYSIS 
OF ITS ACTIVITY WITH TROPOELASTIN IN COMPARISON TO PPLO

Introduction

As pointed out previously, PPLO is a member of the amine oxidase family. 

However, prior results have indicated that PPLO and the lysyl oxidase family have a 

similar substrate specificity (49). Rather than use lysyl derivatives or small peptides, we 

sought a direct comparison of PPLO and bovine aorta lysyl oxidase (BALO) to 

determine their specificity towards the in vivo substrate, tropoelastin. The form of 

tropoelastin used in this work is the best substrate model currently available for the true 

substrate(s). In order to compare these enzymes it was necessary to express and isolate 

not only BALO but also the radiolabelled substrate, tropoelastin. Various enzymes were 

incubated with tropoelastin and the amount of disintegrations per minute from 

radiolabelled water generated from the condensation of lysyl groups or lysyl derivatives 

counted. This is an indirect measurement of the amount of substrate turned over.

Materials and Methods

Isolation and Radiolabelling of Tropoelastin

A slightly modified method of that developed by Dr. Herbert Kagan (Department 

o f Biochemistry, Boston University School o f Medicine, Boston MA) for isolating and 

radiolabelling tropoelastin was employed. A recombinant E. coli strain containing 

recombinant human tropoelastin (generously provided by Dr. Kagan) was inoculated
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onto a LB plate and incubated at 37° C overnight. One colony was transferred to a 50 

mL LB culture with 50 pg/mL ampicillin. This was also incubated overnight (16-18 

hrs.) at 37° C. The total volume was then increased to I L and incubated for an 

additional 2 hours.

Next, the cells were sterilely centrifuged at 5,000 rpm for 10 min. These were 

washed three times with lysine-deficient RPMI-1640 medium (Invitrogen, Carlsbad 

CA). The cell pellet was suspended in 500 mL of the RPMI medium and shaken for 10 

min at 37° C. Protein expression was stimulated at this point by addition o f 30 mg of 

nalidixic acid and allowed to incubate for 2 hours. Radiolabelled 4,5-[3H]-lysine (I 

mCi in I mL of water) was then added and incubated for 3 more hours at 37° C.

Cells were spun down at 5,000 rpm for 10 min and washed twice with PBS 

(Phosphate Buffer Saline - 0.2 g KC1, 0.2 g KH2 PO4 , 8.0 g NaCl, 2.89 g NazHPC^ + 12 

H2 O, diluted to I L with sterile deionized H2 O). The cell pellet was resuspended in 

buffer A (50 mM Tris - pH 8.0, 2 mM EDTA, I mM DTT, I mM PMSF, 5% glycerol). 

Next, lysozyme (2 mg/10 mL of sample) was added and incubated at O0 C for 30 min. 

The sample was then spun down at 10,000 rpm for 20 min. The pellets were 

resuspended in buffer A and 0.05% deoxycholic acid. After mixing the cells were 

homogenized using a Dounce-pestle B (15 strokes). The sample was then centrifuged at 

10,000 rpm for 30 min.

The pellet was then treated with 4 mL of 70% formic acid arid 630 mg of CNBr. 

The reaction was kept in the hood with stirring overnight at room temperature. Water 

was added (1/3 of the volume) and left uncovered on ice for 4 hours. The sample was
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then spun down again at 10,000 rpm for 10 min. The supemate was dialyzed against 

three exchanges of I L o f 0.1 M acetic acid. The samples were aliquoted at 0.5 mL each 

and stored at -80° C.

Purification o f Bovine Aorta Lysyl Oxidase

The protocol followed is basically that o f Kagan and Cai (74). Bovine aortas 

from 1-3 week old calves were obtained from A Arena and Sons Inc. (Hopkinton, MA). 

The purification was started with ~600 g o f aortas. First, The aortas were frozen in 

liquid nitrogen and a Waring blender was used to grind them into small pieces. The 

tissue was extracted twice with 1500 ml of Buffer I (0.4 M NaCl, 16 mM KPO4, pH 7.8) 

at 4° C. The pellet was then extracted with 1500 ml of Buffer II (16 mM KPO4, pH 7.8) 

at 4° C. Finally, the pellet was extracted three more times with 1500 ml of Buffer III 

(4.0 M urea, 16 mM KPO4, pH 7.8) at 4° C. The Buffer III extracts were combined (4.5 

L total) and mixed with 500 g o f Bio-Gel hydroxyapatite already equilibrated in Buffer 

HI. The suspension was stirred for 10 min at 4° C and allowed to settle for 30 min. The 

supemate was centrifuged at 10,000 rpm for 10 min and concentrated to 750 mL using 

two 250 mL Amicon ultrafiltration membranes (YM10). All the extracts and 

hydroxyapatite protocol were completed the first day. However, the two 250 mL 

Amicons were very inefficient at concentrating the protein solution and took three full 

days to complete.

This was then dialyzed against two exchanges of 25 L of Buffer II overnight.

The sample was precipitated by addition of an equal volume of 1.0 M KPO4, pH 7.8. 

The precipitate was dissolved in Buffer IV (6.0 M urea, 16 mM KPO4, pH 7.8) and run
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through a Sephacryl S-200 column (100 x 5 cm) using Buffer IV which took ~1.5 days 

for the active fractions to elute. Fractions were analyzed by SDS/PAGE and the ABTS 

assay previously described (60). Active fractions were pooled and concentrated to 25 

mL using the 60 mL Amicon (YM10). The sample was further purified by running 

through a Sephacryl S-100 (100 x 2.0 cm) column with Buffer IV. The active fractions 

eluted after -1 2  hours, were pooled, and stored at 4° C.

Tropoelastin Assay

Reactions consisted of the substrate (tropoelastin, 50,000 dpm (disintegrations 

per minute)), 100 picomoles o f the oxidase monomeric subunit being studied, and buffer 

(either 1.2 M or 140 mM urea in 0.1 M K P04, pH 7.6). These were incubated for 2 

hours at 37° C. Two different literature methods were used to analyze the reaction 

products. The first method developed by Shackleton and Hulmes (75) determined the 

enzyme activity by scintillation counting of the ultrafiltrate from an Amicon C-IO 

microconcentrator and subtracting the number of counts in the presence of BAPN, a 

specific inhibitor of BALO. The method was slightly modified for this work since 

BAPN is not specific for all amine oxidases and lysyl oxidases. Instead, a control 

reaction was run along with the enzymatic reactions. The control which omitted the 

addition of enzyme, was counted directly while the enzymatic reactions were evaporated 

and the precipitate resuspended in water. The difference in the number o f counts 

between the control and the enzymatic reactions represent the amount o f labelled water 

that had condensed, evaporated, and thus, represent the relative activity o f each enzyme.
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The second method developed by Bedell-Hogan et al (76) employs an analysis of 

the radiolabelled water. The reactions are evaporated and collected in a cold trap. The 

distilate is scintillation counted which also indirectly measures the amount of enzymatic 

activity present.

Results and Discussion 

Tropoelastin and BALO Purification

Typical yields o f radiolabelled tropoelastin resulted in a volume of 8 mL with 

counts o f -7500 dpm/pL and ranged in size from < 10 kD to > 100 kD. BALO was 

-90%  homogeneous judged by SDS/PAGE after purification. The quantity (3 mg) and 

purity were sufficient for carrying out the desired kinetic experiments. The enzyme was 

stored at 4° C as opposed to the -80° C described. Thus, the protein slowly loss activity 

over time. Initially, the specific activity was 1.18 x IO6 dpm mg'1 assaying at 37° C for 

2 hours against 50 x IO5 dpm of human recombinant tropoelastin substrate which is 

similar to the values obtained by other researchers (74).

Assays Versus Tropoelastin

The first method for analyzing the reactions which used the microconcentrators, 

had a large number of counts in every reaction which suggested that every amine 

oxidase employed had activity toward tropoelastin. This had not been reported 

previously. Additionally, the control reaction had a large number o f counts and the 

standard deviation for each data set were high. Therefore, it was concluded that this 

assay was inherently unreliable. So, the more rigorous method described by Kagan et
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al (76) was then implemented. This data contradicted the results found from the first 

method, but were consistent with previous findings (49). Additionally, the control 

reactions had relatively few counts and a much smaller standard deviation. The 

reactions were performed with various amine oxidases and compared to two different 

lysyl oxidase enzymes (Table 6). BALO, DLLO (Drosophila melangaster lysyl 

oxidase), and PPLO all had similar activities which were ~5 times the background rate. 

In contrast, AGAO, PSAO, KDAO, and EPAO had activities at background levels.

Table 6. Activity o f Various Oxidases Versus Tropoelastin.
Enzyme DPM
Control 142±13
BALO 833±52
DLLO 813±60
PPLO 767=1=25
AGAO 140±22
PSAO 142±10
KDAO 124±6
EPAO 134±10

These reactions were run in triplicate in the presence of 
pH 7.6.

40 mM urea and 0.1 M KPO4,

Conclusions

PPLO was the only amine oxidase examined that was able to oxidize 

tropoelastin. It was anticipated that AGAO and PSAO would not be active toward 

tropoelastin since these enzymes previously showed no activity toward certain bulky 

amines (i.e... spermine, histamine, and dopamine). However, the results for KDAO, 

EPAO, and PPLO were not straight forward. KDAO had been shown to be active 

versus some o f these compounds (77,78). Although neither the sequence nor even



64

basic characteristics o f EPAO are known, it is assumed to be very homologous to 

KDAO. Thus, these two enzymes are expected to behave similarly and do in this work. 

Not only had PPLO also been shown to be active versus these compounds but, it was 

demonstrated that it could turnover certain lysyl peptides (49). Based on those studies, it 

was not surprising that PPLO had activity toward tropoelastin. Remarkably, PPLO 

turned over tropoelastin at a similar rate to BALO and DLLO. This is quite surprising 

considering tropoelastin is a natural substrate for B ALO, but this protein is not even 

found in yeast. It was thought that KDAO and perhaps EPAO could also be active 

toward tropoelastin considering KDAO is the most homologous protein to PPLO known. 

This was obviously not the case. Even though they share the unique ability to turnover 

certain bulky amine substrates, this does not extend to recombinant human tropoelastin.



REFERENCES CITED



66

1. Silverman, R. B. (1995) Acc. Chem. Res. 28, 335-342.

2. Mclntire, W. S. and Hartmann, C. (1993) in Principles and Applications o f  
Quinoproteins (Davidson, V. L., Ed.) pp 97-171, Marcel Dekker, Inc., New York.

3. Parsons, M. R., Convery, M. A., Wilmot, C. M., Yadav, K. D. S., Blakeley, V., 
Comer, A. S., Phillips, S. E. V., McPherson, M. J., and Knowles, P. F. (1995) , 
Structure 3, 1171-1184.

4. Wilce, M. C. J., Dooley, D. M., Freeman, H. C., Guss, J. M., Matsunami, H., 
Mclntire, W. S., Ruggiero, C. E., Tanizawa, K., and Yamaguchi, H. (1997) 
Biochemistry 36, 16116-16133.

5. Li, R. B., Klinman, J. P., and Mathews, F. S. (1998) Structure 6, 293-307.

6. Kumar, V., Dooley, D. M., Freeman, H. C., Guss, J. M., Harvey, I., McGuirl, M. 
A., Wilce, M. C. J., and Zubak, V. M. (1996) Structure 4, 943-955.

7. Smith, D. J., Salmi, M., Bono, P., Heilman, J., Leu, T., and Jalkanen, S. (1998) J. 
Exp. Med 188, 17-27.

8. Shepard, E., Juda, G., Elmore, B., and Dooley, D. 2000.
RefType: Unpublished Work

9. Ruggiero, C. E. and Dooley, D. M. (1999) Biochemistry 38, 2892-2898.

10. Moller, S. G. and McPherson, M. J. (1998) Plant J. 13, 781-791.

11. Munis, J. R., Steiner, J. T., Ruat, M., and Snyder, S. H. (1998) J. Neurochem. 70, 
1323-1326.

12. Tunici, P., Sessa, A., Rabellotti, E., Grant, G., Bardocz, S., and Perin, A. (1999) 
biochim biophys acta 1428(2-3), 219-224.

13. Enrique-Tarancon, G., Castan, I., Morin, N., Marti, L., Abella, A., Camps, M., 
Casamitjana, R., Palacin, M., Testar, X., Degerman, E., Carpene, C., and Zorzano, 
A. (2000) Biochem Journal 350(Pt I), 171-180.

14. Enrique-Tarancon, G., Marti, L., Morin, N., Lizcano, J. M., Unzeta, M., Sevilla, 
L., Camps, M., Palacin, M., Testar, X., Carpene, C., and Zorzano, A. (1998) J.
B W  CAgTM 273, 8025-8032.

15. Jaakkola, K., Kaunismaki, K., Tohka, S., Yegutkin, G., Vanttinen, E., Havia, T., 
Pelliniemi, L. J., Virolainen, M., Jalkanen, S., and Salmi, M. (1999) Am JPathol 
155(6), 1953-1965.



67

16. Salminen, T. A., Smith, D. J., Jalkanen, S., and Johnson, M. S. (1998) Protein 
Eng. 11, 1195-1204. ■

17. Gaqpenstrand, H., Ekblom, J., Von Arbin, M., Oreland, L., and Murray, V. (1999) 
Eur. Neurol. 41, 20-23.

18. Meszaros, Z., Karadi, I., Csanyi, A., Szombathy, T., Romics, L., and Magyar, K. 
(1999) Eur. J. DrugMetab. Pharmacokinet. 24, 299-302.

19. Yu, P. H. and Deng, Y. L. (1998) Atherosclerosis 140, 357-363.

20. Boomsma, F., Van Veldhuisen, D. J., De Kam, P. J., Man in't Veld, A. J.,
Mosterd, A., Lie, K. I., and Schalekamp, M. A. D. H. (1997) Cardiovasc. Res. 33, 
387-391.

21. Ekblom, J., Groenvall, J., Lennemaest, B., Nilsson, S., Garpenstrand, H., and 
Oreland, L. (1999) Clin. Sci 9 7 ,111-115..

22. Garpenstrand, H., Ekblom, J., Backlund, L. B., Oreland, L., and Rosenqvist, U.
(1999) DzaAef A W  7 < # ,  514-521.

23. Boomsma, F., Van den Meiracker, A. H., Winkel, S., Aanstoot, H. J., Batstra, M. 
R., In't Veld, A. J. M., and Braining, G. J. (1999) Diabetologia 42, 233-237.

24. Meszaros, Z., Szombathy, T., Raimondi, L., Karadi, I., Romics, L., and Magyar,
K. {1999) Metabolism 4 8 ,113-117.

25. Mondovi, B., Riccio, P., and Agostinelli, E. (1988) in Advances in Experimental 
Medicine and Biology, Progress in Polydmine Research, Novel Biochemical 
Pharmacological and Clinical Aspects (Mondovi, B., Ed.) CRC Press, Boca 
Raton.

26. Bachrach, U. and Heimer, Y. (1985) The Physiology o f Polyamines CRC Press, 
Boca Raton.

27. Kamata, H. and Hirata, H. (1999) Cell Signal 1 1 ,1-14.

28. Wisniewski, J. P., Rathbun, E. A., Knox, J. P., and Brewin, N. J. (2000) Mol Plant 
Microbe Interact 13(4), 413-420.

29. Large, P. J. and Haywood, G. W. (1990) Methods in Enzym. 188, 427-435.

30. Hogdall, E. V. S., Houen, G., Borre, M., Bundgaard, J. R., Larsson, L. I., and 
Vuust, J. (1998) Eur. J. Biochem. 251, 320-328.

31. Imamura, Y. (1996) Genomics 40, 277-283.



68

32. Zhang, X. P. and Mclntire, W. S. (1996) Gene 179, 279-286.

33. Maki, J. and Kivirikko, K. (2001) Biochem Journal 355, 381-387.

34. Kagan, H. M., Reddy, V. B., Panchenko, M. V., Nagan, N., Boak, A. M., 
Gachera, S. N., and Thomas, K. M. (1995) J. Cell Biochem. 59, 329-338.

35. Csiszar, K., Saux, C. J., Fong, S. F. T., Fong, K. S. K., and Boyd, C. D. (2000) in 
Biochemistry and Molecular Biology o f Vitamin B6 and PQQ-dependent Proteins 
(Iriarte, A., Kagan, H. M., and Martinez-Carrion, M., Eds.) pp 91-95, Birkhauser, 
Verlag Basel, Switzerland.

36. Wang, S. X., Mure, M., Medzihradszky, K. F., Burlingame, A. L., Brown, D. E., 
Dooley, D. M., Smith, A. J., Kagan, H. M., and Klinman, J. P. (1996) Science 
273 ,1078-1084.

37. Smith-Mungo, L. I. and Kagan, H. M. (1998) Matrix Biol 16, 387-398.

38. Trackman, P. C. and Kagan, H. M. (1979) J. Biol, Chem. 254, 7831-7836.

39. Reiser, K., McCormick, R. J., and Rucker, R. B. (1992) FASEB J. 6, 2439-2449.

40. Vrhovski, B. and Weiss, A. S. (1998) Eur. J. Biochem. 258 ,1-18.

41. Yaron, Y., Diamond, M. P., Leach, R., Wykes, S., Smith-Barbour, M., and 
Krawetz, S. A. (1999) J. Reprod. Med 44, 253-256.

42. Reynaud, C., Gleyzal, C., Jourdan-Ie Saux, C., and Sommer, P. (1999) Cell Mol. 
Biol 45,1231-1241.

43. Decitre, M., Gleyzal, C., Raccurt, M., Peyrol, S., Aubert-Foucher, E., Csiszar, K., 
and Sommer, P. (1998) Lab. Invest. 78 ,143-151.

44. Ren, C. Z., Yang, G., Timme, T. L., Wheeler, T. M., and Thompson, T. C. (1998) 
Cancer Res. 58, 1285-1290.

45. Di Donato, A., Lacal, J. C., Di Duca, M., Giampuzzi, M., Ghiggeri, G., and 
Gusmano, R. (1997) FEBS Lett. 419,63-6%.

46. Green, J., Haywood, G. W., and Large, P. J. (1983) Biochem. J. 211, 481-493.

47. Zwart, K., Veenhuis, M., Van Dijken, J. P., and Harder, W. (1980) Arch 
Microbiol 1 2 6 ,117-126.

48. Green, J., Haywood, G. W., and Large, P. J. (1982) J. Gen. Microbiol. 128, 991- 
996.



69

49. Tur, S. S. and Lerch, K. (1988) FEES Letters 238, 74-76.

50. (1988) Current Protocols in Molecular Biology Wiley, New York.

51. Bdrger, B., Gutschank, J., Suter, D., Thomson, A. J., and Bingham, S. J. (2001) J  
Amer. Chem. Soc. 123, 2334-2339.

52. Sanger, F., Nicklen, S., and Coulson, A. R. (1977) Proc. Natl. Acad. Sci. U S. A. 
74, 5463-5467.

53. Smith, R. F. and Smith, T. F. (1992) Protein Eng. 5, 35-41.

54. Barbry, P., Champe, M., Chassande, O., Munemitsu, S., Champigny, G., 
Lingueglia, E., Maes, P., Frelin, C., Tartar, A., Ullrich, A., and Lazdunski, M. 
(1990) Proc. Natl. Acad. Sci. U S. A. 87, 7347-7351.

55. Tamura, H., Horiike, K., Fukuda, H., and Watanabe, T. (1989) J. Biochem.
(Tokyo) 705 ,299-306 .

56. Wilmot, C. M., Murray, J. M., Alton, G., Parsons, M. R., Convery, M. A., 
Blakeley, V., Comer, A. S., Palcic, M. M-, Knowles, P. F., McPherson, M. J., and 
Phillips, S. E. V. (1997) Biochemistry 36, 1608-1620.

57. Richardson, D. I ,  Berks, B. C., Russell, D. A., Spiro, S., and Taylor, C. J. (2001)
Cell. Mol. Life Sci. 58, 165-178. >

58. Felsenstein,.J. PHYLIP (Phytogeny Inference Package) version 3.5c. Distributed 
by the author.
Department of Genetics, University of Washington, Seattle. 1993.
RefType: Personal Communication

59. Tabor, C. W., Tabor, H., and Rosenthal, S. M. (1954) J. Biol Chem. 208, 645-661.

60. Crabbe, M. J. C., Waight, R. D., Bardsley, W. G., Barker, R. W., Kelly, I., and 
Knowles, P. F. (1976) Biochem. J. 155, 679-687.

61. Everse, J., Everse, K. E., and Grisham, M. B. (1991) Peroxidase Chem. Biol.
CRC, Boca Raton.

62. Comish-Bowden, A. (1979) Fundamentals o f Enzyme Kinetics Butterworth and 
Co., London.

63. (1997) Insight I I user guide San Diego.

64. Fletcher, R. (1980) Practical Methods o f  Optimization, Unconstrained 
optimization John Wiley and Sons, New York.



I

I

65. Brinkworth, R. I., Fairlie, D., Leung, D., and Young, P. R. (1999) J. Gen. Virol. 
8 0 ,1167-1177.

66. Barre, A., Van Damme, E. J., Peumans, W. J., and Rouge, P. (1999) PlantM ol
RmZ 59 ,969 -978 .

67. Suzuki, S., Sakurai, T., Nakahara, A., Oda, O., Manabe, T., and Okuyama, T.
FEES Lett. 116, 17-20.

68. Dove, J. E., Smith, A. J., Kuchar, J., Brown, D. E., Dooley, D. M., and Klinman, 
J. P. (1996) FEES Lett. 398, 231-234.

69. Brown, D. E., McGuirl, M. A., Dooley, D. M., Janes, S. M., Mu, D., and 
Klinman, J. P. (1991) J. Biol. Chem. 266, 4049-4051.

70. Kuchar, J. and Dooley, D. (2001) J. Inorg. Biochem. 83, 193-204.

71. Liu, G. M., Nellaiappan, K., and Kagan, H. M. (1997) J. Biol Chem 272, 32370-
32377.

72. Hevel, J. M., Mills, S. A., and Klinman, J. P. (1999) Biochemistry 38, 3683-3693.

73. Murray, J. M., Kurds, C. R., Tamhyrajah, W. S., Saysell, C. G., Wilmot, C., 
Parsons, M. R., Philips, S. E. V., Knowles, P., and McPherson, M. J. Conserved 
tyrosine-369 in the active site of Escherichia coli copper amine oxidase is not 
essential. 2001. Astbury centre for structural molecular biology, school of 
biochemistry and molecular biology, University of Leeds.
RefType: Unpublished Work

74. Kagan, H. M. and Cai, P. (1995) Methods Enzymol. 258:122-132, 122-132.

75. Shackleton, D. R. and Hulmes, D. J. S. (1990) Anal. Biochem. 185, 359-362.

76. Bedell-Hogan, D., Trackman, P. C., Abrams, W., Rosenbloom, J., and Kagan, H. 
M. (1993) J. Biol. Chem. 268, 10345-10350.

77. Holtta, E., Pulkkinen, P., Elfving, K., and Janne, J. (1975) Biochem. J. 145, 373-
378.

78. Bieganski, T., Kusche, J., Lorenz, W., Hesterberg, R., Stahlknecht, C.-D., and 
Feussner, K.-D. (1983) Biochim. Biophys. Acta 756, 196-203.

70



APPENDIX A

BASIC MOLECULAR BIOLOGY METHODS



72

Southern Hybridization

The method employed for the Southern hybridization experiment was that found 

in "Current Protocols in Molecular Biology" (49), Section 2.9.1 and 2.10.1 with the 

deviations listed below. The first deviation was the omission of the depurination step, 

since the fragments o f interest were smaller than 4 kb. The transfer method used 

Whatman 3MM paper as a wick. The DNA was immobilized to the membrane using a 

UV transilluminator. The dried membrane was stored at -20° C.

The hybridization analysis used a probe generated by random oligonucleotide 

priming. The denaturation step of this probe was omitted. The last deviation was that 

the probe was allowed to hybridize for 48 hours at 65° C.

Library Search for PPLO

The method employed for the library screening experiment was that found in 

"Current Protocols in Molecular Biology" (49), Section 6.2.1 and 6.4.1 with the 

deviations listed below. The probe was allowed to anneal for 20 hours at room 

temperature. Then the membranes were washed four times for 5 min. at room 

. temperature with 2 X SSC, 0.1% SDS. The final two washes were for I hour at 60° C 

with I X SSC, 0.1% SDS.

Electroporation of E. coli and yeast

The method employed for the electroporation of E. coli was that found in 

"Current Protocols in Molecular Biology" (49), Section 1.8.4 without deviation and for
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the electroporation of yeast section 13.7.5 was used with omission of the lithium acetate 

and DTT treatment.

Isolation o f yeast genomic DNA

The method employed for the isolation o f yeast genomic DNA was that found in 

"Current Protocols in Molecular Biology" (49), Section 13.11.1 without deviation.

Ligation or Digestion o f constructs

The protocols followed were those outlined by the manufacturer without 

deviation (New England Biolabs, Beverly MA or Promega, Madison WI).
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