UC San Diego

Research Theses and Dissertations

Title
The Effect of Various Histone H4 Sequences on Yeast Viability

Permalink
https://escholarship.org/uc/item/8gf3h19t

Author
Fogel, Gary B.

Publication Date
1998

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/8gf3h19t
https://escholarship.org
http://www.cdlib.org/

INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may be

from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper lefi-hand corner and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in reduced

form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6” x 9” black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly to

order.

UMI

A Bell & Howell Information Company
300 North Zeeb Road, Ann Arbor MI 48106-1346 USA
313/761-4700  800/521-0600

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UNIVERSITY OF CALIFORNIA

Los Angeles

The Effect of Various Histone H4 Sequences on Yeast Viability

A dissertation submitted in partial satisfaction of the
requirements for the degree Doctor of Philosophy
in Biology

by

Gary Bryce Fogel

1998

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 9906068

Copyright 1998 by
Fogel, Gary Bryce

Al rights reserved.

UMI Microform 9906068
Copyright 1998, by UMI Company. All rights reserved.

This microform edition is protected against unauthorized
copying under Title 17, United States Code.

UMI

300 North Zeeb Road
Ann Arbor, MI 48103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




© Copyright by
Gary Bryce Fogel
1998

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The dissertation of Gary Bryce Fogel is approved.

%«-—VfW

David Chapman

JA A

Charles Marshall

runk, Committee Chair

University of California, Los Angeles

1998

Reproduced with permission of the copyright owner. Further reproduction prohibited without pérmission.



DEDICATION

To my mother for her dedication and

to Joanne for her tireless support and love.

i

Reproduced with permission of the copyright owner. Further reproduction prohibited without peffnission.



List of Figures
List of Tables
Acknowledgments

Vita and Publications

Abstract
Chapter 1
Chapter 2

Chapter 3

Chapter 4

Chapter 5

Appendix |

Appendix 2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table of Contents

...................................................................................

.............................................................................

.........................................................................................

Introduction

Expression of Tetrahymena Histone H4 in Yeast
Fogel, G.B. and Brunk, C.F. (1997) Biochimica
et Biophysica Acta 1354:116-126.

Temperature Gradient Chamber for Relative
Growth Rate Analysis of Yeast. Fogel, G.B.
and Brunk, C.F. (1998) Analytical Biochemistry
in press.

Oligonucleotide Mutagenesis of a Universally

Conserved Region in Saccharomyces cerevisiae
Histone H4

Derivation of Oligonucleotide Cassettes from Amino
Acid Replacement Matrices.

A Field Inversion Gel Electrophoresis Regime for the
Enhanced Separation of DNA Fragments Between 10
to 50 Kilobase Pairs.

Prokaryotic Genome Size and SSU rRNA Copy Number:...

Estimation of Microbial Relative Abundance from a
Mixed Population.

iv

........................................................................

........................................................

.............

..................

................

»»»»»»»

139




Figure 1.1
Figure 1.2
Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 5.1

List of Figures

Histone fold structures of H2A, H2B, H3, and H4.

Phylogenetic tree of life.

Aligned DNA sequences for S. cerevisiae and T. thermophila.
histone H4 genes.

Plasmid vector construct map of pScTt.

Relative growth of S. cerevisiae strains UKY499, MT-1, and
ScTt.

Growth of ScTt cells following shift to non-permissive
temperature.

Secondary structure predictions for histone proteins derived
from PredictProtein.

Schematic view of the temperature gradient chamber.

Relative growth rates of yeast strains UKY499 and ScTt
in the temperature gradient chamber.

Fraction of cells which form colonies as a function of
temperature.

The product of the difference in colony area and difference
in fraction of cells forming colonies (A) as a function of
temperature.

Aligned nucleotide sequences of histone H4 in Saccharomyces
cerevisiae and Tetrahymena thermophila indicating amino acid
replacement positions.

Tertiary structure of the histone fold in histone H4 showing the
modifications made in chapter 4.

Viable sequences from the set of 256 possible variants in both
the S. cerevisiae and T. thermophila contexts.

Three common sequence sets for amino acid replacements at
positions 40 and 44 in the S. cerevisiae histone H4 context.

Histone H4 sequences for S. cerevisiae and T. thermophila
indicating positions modified using the PET91 matrix.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

39
41

43

45

68

70

74

103



Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure Al.1

Figure A1.2

Figure A1.3

Figure A2.1

Figure A2.2

Figure A2.3

Figure A2.4

Tertiary structure of the histone fold in histone H4 showing the
modifications made in chapter 5.

Codons derived using two amino acid replacement matrices
(PET91 and H4 PAM) for each of five positions in the histone
H4 gene.

Aligned set of histone H4 sequences used to create a pairwise

exchange table and relative mutability index specific for histone
H4.

User derived tree for the construction of additional histone H4
sequences to construct a pairwise exchange table.

Relative separation of DNA fragments as a function of the
forward pulse time using FIGE.

Relative mobility of DNA molecules as a function of the
forward pulse time using FIGE.

Relative separation of 48.5 kb fragments compared to various
smaller DNA fragments as a function of the forward pulse time.

User derived tree reflective of the RDP Prokaryotic Taxonomic
List groupings.

Histogram of known and estimated genome sizes for prokaryotic
organisms found in the literature (N=303). -

Distribution of prokaryotic genome size versus SSU rRNA copy
number for 103 taxa.

Histogram of SSU rRNA copy numbers for the set of 103 taxa
with estimated copy number.

vi

105

107

109

133

135

137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Table 2.1

Table 4.1

Table 5.1

Table 5.2

Table 5.3

Table 5.4

Table 5.5

Table 5.6

Table 5.7
Table 5.8

Table 5.9
Table A2.1

List of Tables

Number of yeast cells in G2 and non-G2 phases and percentage
of yeast cells in G2 phase at restrictive and non-restrictive
temperatures.

Viable sequences from the Sal-256 cassette mutagenesis in both
the S. cerevisiae and T. thermophila contexts.

Pairwise exchange table (PET91) for the set of 59,100
accepted point mutations found in 16,130 proteins sequences.

Relative mutability index derived from the PET91 for the set
of 20 amino acids.

Mutation probability matrix for the evolutionary distance of
1 PAM derived from the PET91 matrix and associated
relative mutability index.

The 125 PAM PET91 matrix derived via matrix multiplication
of the 1 PAM.

Pairwise exchange table for the aligned histone H4 sequences
shown in figure 5.3

Index of relative mutability derived from the pairwise exchange
table for histone H4 sequences in table 5.5.

1 PAM for the aligned histone H4 sequences shown in figure 5.3.

32 PAM matrix (PAM critical) for the histone H4 sequences
shown in figure 5.3. ,

Amino acid sequences determined for the Jones “best” cassette
Genome sizes and SSU rRNA copy numbers for bacterial

taxa listed according to taxonomic ranking using the Ribosomal
Database Project numbering system.

vil

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




ACKNOWLEDGMENTS

I would first like to thank the members of my committee Dr. David Chapman, Dr.
David Eisenberg, Dr. Charles Marshall, and Dr. Robert Wayne for their support and
guidance. Most importantly I would like to thank my advisor Dr. Clifford Brunk for giving
me the opportunity to work in his lab. He helped design and construct much of the
equipment and computer programs essential to this dissertation. More importantly, he

taught me the power of parallel processing and for that I will always be grateful.

Several members of the Life Sciences Administration were essential over the years
at UCLA. Annie Alpers, Annette and Richard Klufas, Margaret Kowalczyk, Rhonda
Murotake, and Jocelyn Yamadera all contributed in various ways to the success of my stay
at UCLA. Dr. Joseph Cascarano, Dr. Bill Ebersold, Dr. Steve Strand, Dr. Peter Narins
and Dr. Kenneth Jones were a joy to communicate with. I would like to thank Dr. Dohn
Glitz for the use of his oligonucleotide synthesizer. Most importantly I would like to thank
both Dr. Roger Bohman for being a true inspiration in teaching and for giving me the
opportunity to serve as a Teaching Assistant in the largest class ever to be taught at UCLA.
I would be remiss if I did not also thank Dr. Austin MacInnis for his service as Team

Captain of the Biology softball team and for letting me remember the smell of the newly

mowed grass in left field every now and then.

On becoming a Fellow of the Center for the Study of the Evolution and Origin of
Life, I was introduced to Dr. Bill Schopf, who provided an example of enthusiasm and
leadership at the Wednesday Evening Evolution Group meetings and introduced me to Erik
Schultes and John Bragin among others. Fellowship support from CSEOL was invaluable

in the completion of this dissertation research.

viil

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Dan Laserna, Micheal Passaides, Jennifer Palmore, Kenneth Chen, Aslan Turer,
Jacob Lacayo, Olivia Mereno, Vahe Sarkissian, Tooraj Bereliani, Sarah Ter-Minasyan,
Dmitriy Niyazov, Roxanne Torabian-Bashardoust, Joe Leung, Marianne Makely, and
Natalie Zahr trained in the laboratory as undergraduates and each assisted in the completion
of my degree. I hope that they learned as much from me as I did from each of them. I also

hope that one day they will also have the opportunity to instruct a student under their

guidance.

Several graduate students, post-docs, and visiting professors including Margaret
Harmon, Marta DeJesus, Patrick and Parvie Navas, Bobby and Mimi Khan, Bo and Helge
Anderson, and Torsten Graybill shared niy struggle for existence and helped me achieve
my goals during my stay at UCLA. Of special recognition are Bruce Olsen, Chris Collins.
Jinliang Li, Mark Boian and last (but certainly not least) Erik Avaniss-Aghajani, who not
only encouraged me in the lab, but introduced me to the art of trout fishing. Completing my

Ph.D. would have been far more difficult if it were not for the efforts and friendship of

Erik.

Most of all I wish to thank my mother, father, brother, Joanne and the Lee family
for their constant love and support during my seven years of labor. Thanks also go to my
grandmother and the many four leaf clovers she collected for me. I'm sure their luck
rubbed off on me now and then. I would especially like to thank my father for reiterating
the question “tell me something I don’t know about” throughout my childhood. After all

those years, I can finally respond in the manner I hoped for with the completion of this

dissertation.

ix

Reproduced with permission of the copyright owner. Further reproduction prohibited withorut permission.



I would like to thank the following for copyright permission and co-authorship in

specific chapters:

Chapter 2. Reprinted from Expression of Tetrabymena Histone H4 in Yeast, by Gary B.
Fogel and Clifford F. Brunk, Copyright 1997, Biochimica et Biophysica Acta 1354:116-

126 (1997), with permission from Elsevier Science.

Chapter 3. Preprinted from Temperature Gradient Chamber for Relative Growth Rate
Analysis of Yeast, by Gary B. Fogel and Clifford F. Brunk. Analytical Biochemistry. In
Press. Copyright 1998 Academic Press. With permission from Academic Press. Patent

application is pending with the United States Patent Office.

Appendix 1: Work completed with the assistance of Dmitriy Niyazov and Clifford F.
Brunk. |

Appendix 2. Work completed with the assistance of Christopher R. Collins, Jinliang Li and

lifford F. Brunk.

Reproduced with permission of the copyright owner. Further reproduction prdhibited without permission.




April 7, 1968
1991

1991-1993

1991-1996

1993

1994

1995-1996

1997

1997-1998

VITA

Born, La Jolla, California

Bachelor of Arts, Biology
University of California, Santa Cruz
Santa Cruz, California

Graduate Student Fellow

Center for the Study of the Evolution

and Origin of Life

Institute of Geophysics and Planetary Physics
University of California, Los Angeles

Los Angeles, California

Teaching Assistant/Associate/Fellow
Department of Biology

University of California, Los Angeles
Los Angeles, California

Candidate in Philosophy, Biology
University of California, Los Angeles
Los Angeles, California

Schectman Award for Teaching Excellence
Department of Biology

University of California, Los Angeles

Los Angeles, California

U.C.L.A. Graduate Student Award
College of Letters and Sciences
University of California, Los Angeles
Los Angeles, California

Scherbaum Award for Research Excellence
Department of Biology

University of California, Los Angeles

Los Angeles, California

Research Assistant

Department of Biology

University of California, Los Angeles
Los Angeles, California

Xi

Reproduced with permission of the copyright owner. Further reproduction prohibited Withbut permission.



PUBLICATIONS AND PRESENTATIONS

Fogel, G.B. and Brunk, C.F. (1998) Cassette Mutagenesis of a Conserved Core Region of
Saccharomyces cerevisiae Histone H4. Poster presented at the 1998 Biology Research
Symposium, Department of Biology UCLA.

Collins, C.R., Fogel, G.B., Li, J., and Brunk, C.F. (1998) A Survey of Prokaryotic
Genome Size and SSU rRNA Copy Number for Microbial Relative Abundance

Estimation. Poster presented at the 1998 Biology Research Symposium, Department of
Biology UCLA.

Fogel, G.B. (1998) Sequence Reconstruction from a Simulated DNA Chip Using
Evolutionary Programming. In: Evolutionary Programming VII: Proceedings of the
Seventh International Conference on Evolutionary Programming. (in press).

Fogel, G.B. and Brunk, C.F. (1998) Temperature Gradient Chamber for Relative Growth
Rate Analysis of Yeast. Analytical Biochemistry (in press).

Fogel, D.B., Fogel, G.B. and Andrews, P.C. (1998) On the Instability of Evolutionary
Stable Strategies in Small Populations. Ecological Modeling (in press).

Fogel, G.B. (1997) The Application of Evolutionary Computation to Selected Problems in
Molecular Biology. In Evolutionary Programming VI: Proceedings of the Sixth
International Conference on Evolutionary Programming. eds. P.J. Angeline, R.G.
Reynolds, J.R. McDennell, and R. Eberhart. Springer-Verlag, Berlin. pp. 23-33.

Fogel, G.B. and Brunk, C.F. (1997) Mutagenesis of Saccharomyces cerevisiae Histone
H4 Using Cassettes Derived From Amino Acid Replacement Matrices. Presented at the

Fifth Annual Meeting of the Society for Molecular Biology and Evolution. Garmisch-
Partenkirchen, Germany.

Fogel, G.B. and Brunk, C.F. (1997) Expression of Tetrahymena Histone H4 in Yeast.
Biochimica et Biophysica Acta. 1354:116-126.

Fogel, D.B., Fogel, G.B. and Andrews, P.C. (1997) On the Instability of Evolutionary
Stable Strategies. BioSystems. 44:135-152.

Fogel, G.B. and Brunk, C.F. (1996) A Method to Assay Functional and Non-Functional
Modifications to a Universally Conserved Region of Saccharomyces cerevisiae Histone

H4. Poster presented at the Gordon Research Conference in Molecular Evolution,
Ventura, California.

Fogel, G.B. (1995) Viable Alterations to Tetrahymena Histone H4 Using Random
Oligonucleotide Mutagenesis. Presented at the Fifth Annual West Coast Ciliate
Conference, U.C. Santa Barbara, Santa Barbara, California.

xii

Reproduced with permission of the copyright owner. Further reproductibn prohibited without permission.




Fogel, G.B. and Fogel, D.B. (1995) Forecasting Precipitation in Los Angeles Using
Evolutionary Programming. In Mission Earth: Modeling and Simulation for a
Sustainable Future. ed. A. M. Wildberger, Society for Computer Simulation, San
Diego, CA. pp. 65-70.

Fogel, G.B. and Fogel, D.B. (1995) Continuous Evolutionary Programming: Analysis and
Experiments. Cybernetics and Systems. 26(1):79-90.

Fogel, D.B. and Fogel, G.B. (1995) Evolutionary Stable Strategies are Not Always Stable
Under Evolutionary Dynamics. In Evolutionary Programming IV: Proceedings of the
Fourth Conference on Evolutionary Programming. eds. J.R. McDonrnell, R.G.
Reynolds, and D.B. Fogel. MIT Press, Cambridge, MA. pp. 565-5717.

Fogel, G.B. (1994) Histone Variability in the Ciliates. Presented at the Fourth Annual
West Coast Ciliate Conference, U.C. Santa Barbara, Santa Barbara, California.

Fogel, G.B. and Brunk, C.F. (1994) An Assay of Potential Variability in Ciliate Histone
H4. Poster presented at the Second Annual Meeting of the Society for Molecular
Biology and Evolution, University of Georgia, Athens, Georgia.

Fogel, G.B. and Brunk, C.F. (1994) Using Random Oligonucleotides to Determine
Variability in Tetrahymena Histone H4. Poster presented at the American Association

for the Advancement of Science Annual National Conference, San Francisco,
California.

Fogel, G.B. v(1993) A Palecenvironmental/Taphonomic Analysis of the San Diego
Formation at Southern La Jolla, California. Presented at the 1993 California
Paleontology Conference. U.C. Los Angeles, Los Angeles, California.

Fogel, G.B. (1993) The Protein Folding Problem and the Potential Application of
Evolutionary Programming. In Proceedings of the Second Annual Conference on
Evolutionary Programming. eds. D.B. Fogel and W. Atmar. Evolutionary
Programming Society, San Diego, CA. pp. 170-177.

Fogel, G.B. (1993) Random Oligonucleotide Mutagenesis of a Highly Conserved Histone
Core Sequence in Tetrahymena: an Analysis of Histone Variability. Presented at the
Third Annual West Coast Ciliate Conference, Loyola Marymount University, Los
Angeles, California.

Brunk, C.F., Fogel, G.B., and Navas, P.A. (1993) Unusual Patterns in Nucleotide
Substitutions Among Species of Tetrahymena. Presented at the First Annual Meeting of
the Society for Molecular Biology and Evolution, U.C. Irvine, Irvine, California.

Fogel, D.B., Fogel, L.J., Atmar, W., and Fogel, G.B. (1992). Hierarchic Methods of
Evolutionary Programming. In Proceedings of the First Annual Conference on
Evolutionary Programming. eds. D.B. Fogel and W. Atmar. Evolutionary
Programming Society, San Diego, CA. pp. 175-182.

Xiii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT OF THE DISSERTATION

The Effect of Various Histone H4 Sequences on Yeast Viability

by

Gary Bryce Fogel
Doctor of Philosophy in Biology
University of California, Los Angeles, 1998
Professor Clifford Brunk, Chair

Histone H4 is one of the most conserved proteins known. The low rate of non-
synonymous substitutions over long evolutionary periods suggests that histone H4 is under
severe selective constraints. Previous mutational analyses of histone H4 suggest that the
central core region of the protein is less permissive to modiﬁcation than the amino or
carboxy termini. The focus of this dissertation was to introduce novel mutations to the core

of histone H4 and develop an in vivo assay for viability for each of these modifications in

the yeast Saccharomyces cerevisiae.

A background on the evolutionary history of histone H4 is included in Chapter 1.
In order to test a large number of mutations simultaneously in histone H4, the wild-type
yeast histone H4 was replaced by the highly divergent histone H4 from Tetrahymena
thermophila. This replacement forces yeast to utilize a histone with 21 amino acid
replacements out of 102 amino acids relative to the wild-type protein.  Growth

characteristics of these yeast were assayed over a range of temperatures suggesting that

Xiv
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histone H4 still functions in yeast even after a large number of alterations were scattered

throughout the protein.

To test the relative growth rates of yeast utilizing modified histone H4 proteins, a
temperature gradient incubator was developed. In combination with computer imaging
technology, this incubator can be used to assay 24 yeast strains simultaneously across a

user-specified temperature gradient.

By using oligonucleotide cassette mutagenesis, a series of modifications were
introduced to a universally conserved core region in histone H4. Using the first cassette, a
sequence space of 256 possible histone H4 proteins was assayed in both the yeast histone
H4 and the Tetrahymena histone H4 contexts. The analysis suggests that different sets of
modifications will work in each of these contexts. Using the second cassette, a sequence
space of 13,824 possible histone H4 protéins was assayed in the yeast histone H4
background. 9.2% of these sequences were viable in yeast. This suggests that there is a
much larger space of potentially viable histone H4 sequences than has been realized in light

of the extreme historical conservation of this protein.

XV
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INTRODUCTION

The nucleosome is the primary repeating unit of DNA in eukaryotic chromatin (24,
28). Nucleosomes are octamers containing two each of histone proteins H2A, H2B, H3,
and H4 as well as 146 base pairs of DNA wrapped around the histones in a left-handed
spiral (36). Linker histone H1 (or HS in the case of avian erythrocytes) is positioned
between nucleosomes on a variable length segment of linker DNA in the formation of a
“chromatosome” and is involved with regulating gene activity (4). The nucleosome octamer
has been further characterized as having a tripartite organization of a central (H3-H4),
tetramer flanked by two H2A-H2B dimers with an approximate diameter of 70A and length

of 55A when resolved at 3.1A (1,6, 51).

The histone octamer has unique selective constraints. Preservation of pairings
between neighboring histones in the formation of dimers, pairings between histone dimers
in the formation of tetramers, as well as the maintenance of the proper pitch, outer
diameter, and local pattern of electrostatic character to complement the binding of the DNA
helix on the outer surface of the nucleosome must all be maintained by the octamer (30).
These significant constraints maintain a very high selective pressure on all of the histone
proteins. The 102 amino acid histone H4 is widely considered to be one of the most
evolutionarily conserved proteins characterized to date. There exists a dramatic lack of
diversity in histone H4 sequences between eukaryotes as different as cows and pea plants
which have nearly identical histone H4 amino acid sequences (98% similarity) (9). Such
extreme selection is thought to curtail an exploration of alternative amino acid sequences

that could function in the role of histone H4.
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Histone H4 contains both an amino-terminal “tail” and a more highly conserved
central globular “core.” The amino-terminal “tail” apparently plays a role in gene regulation
(16). RNA synthesis in vitro can be prevented by the presence of nucleosomes at
transcription initiation sites (25) and coding regions of eukaryotes are more sensitive to
DNase I activity during transcription suggesting that active DNA is free of nucleosomes in
vivo (52). Han et al. (18) demonstrated that an arrest of histone H4 mRNA synthesis and
corresponding nucleosomal loss from the PHOS gene promoter led to strong activation of
the PHOS gene. Several similar studies documenting the roles for histone proteins in the
regulation of gene expression suggest that nucleosomes, and in particular the amino-
terminal tail of histone H4, can be held directly responsible for differences in gene activity

(11, 17, 22, 40, 43, 54).

Striking results via deletion expefiments of both the amino- and carboxy-terminal
regions of yeast histone H4 demonstrated not only that the amino-terrriinus was a
participant in the specific derepression of the silent mating loci HMLo and HMRa, but also
effected chromatin structure and cell cycle duration (23). Similar deletion experiments in the
arnino-terminus of histones H2A and H2B failed to show this effect on yeast mating
suggesting a regulatory effect unique to histone H4. Whitlock and Stein (53) demonstrated
that after digestion of nucleosomes with trypsin and corresponding loss of amino-terminal
tails, histones still retained the ability to fold DNA in vitro suggesting that only the core and
carboxy-termini were necessary for nucleosomal formation. This result was later confirmed

in vivo with the chromatin of Xenopus embryos (13).

In contrast, Megee et al. (29) noted that within the amino-terminus, the four lysine
residues at positions 5, 8, 12, and 16 in histone H4 were essential for function.

Replacement of arginine or asparagine at all four positions was lethal in yeast. However,
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replacement of any one of the positions with arginine gave viable cells with a much reduced
DNA replication rate. Simultaneous replacement of all four lysine positions with glutamine
gave viable cells with altered phenotypes including sterility, slower progress through G,/M
phase, temperature-sensitive growth, and a prolonged period of DNA replication. In other
words, through the use of directed point mutations and creation of amino acid
replacements, convincing evidence was developed for the role of the histone H4 amino-
terminal lysine residues in gene expression. Hong et al. (20) noted that reversible
acetylation and modulation of ionic conditions in vivo also help to regulate the effects ot the
amino-terminus in gene expression. Although simultaneous replacement of all four
positions with either arginine or asparagine leads to non-viable yeast cells (29), deletion of
the amino terminus unexpectedly leads to viable yeast cells (23, 29). Therefore, deletion of
the histone H4 amino terminus appears to have less severe consequences for viability than

the replacement of the first four lysine residues by arginine.

The Histone Fold Motif and the Evolution of Histone Proteins

Amino acid sequences of the histone H4 core display an unusually low degree of
sequence divergence across all eukaryotic taxa. All four types of histones have very low
sequence similarity and yet share a common tertiary motif known as the “histone fold” in
their core (1). This similarity is much greater than would have been predicted on the basis
of primary sequence information alone (Figure 1.1). Each histone fold appears to be a
tandem duplication of two similar helix-loop-helix (HLH) motifs (HLH1 and HLH?2)

creating a full motif that is 65 residues in length (30). The fold is thought to be essential for

the histone dimerization and chromatin assembly as well as to provide specific residues for
DNA binding on the surface of the nucleosome (13). Hydrophobic residues believed to be

critical for histone dimerization are highly conserved in evolution. Modification of these
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amino acids would be expected to be lethal except in the unlikely event of two successful
simultaneous amino acid replacements in two adjoining histones. The HLH2 motif in
histone H4 is known to be more conserved than its neighbor HLH1; this is consistent with
the theory that the helix regions of HLH2 are most important for protein-protein
interactions. A lysine-arginine pair in the strand region of HLH2 is highly conserved and
appears to be crucial for DNA binding (30). Another region of DNA binding is located in
the strand region of HLH1 and is believed to aid in the wrapping of DNA around the
octamer, such that the DNA maintains a curvature allowing it to coil tightly around the

nucleosome (30).

The common belief that the histone fold is confined to the histone protein family has
recently been contested (6, 33, 34, 49). Within the eukarya, CCAAT-binding transcription
factor subunits CBF-A and CBF-C from Gallus gallus, Homo sapiens, Mus musculus and
Rattus norvegicus (7,33), the TBP-associated factors dTAF;42 and dTAF;62 from
Drosophila (56), hTAF80, hTAF31, and hTAF20/ 15 subunits of TFIID from Homo
sapiens (19) contain histone fold motifs or histone octameric-like structures. Even more
interesting, however, was the recent discovery that several archaecal DNA binding proteins
show similarity to the histone fold such as the hanlA gene product from Thermococcus
(39), HMt from Methanobacterium thermoautotrophicum (47), and HMfA and HMfB from
Methanothermus fervidus (15, 42, 48). No eubacterial proteins identified to date show
similarly to the histone fold and curiously no histone proteins have yet been discovered in

the crenarchaeota. Whereas eukaryotic histones only form heterodimers (H2A+H2B and

H3+H4), archaeal histones form both heterodimers and homodimers and the ratio of
dimers changes in vivo with respect to growth conditions (35). Together, these data
suggest: 1) the histones are homologous to archaeal ancestral DNA binding proteins (35),

2) histones and some eukaryotic transcription factors have diverged from the common
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histone fold ancestor and that ancestral protein could have acted as a homodimer, and 3)
eukarya and archaea are more closely related to each other than either is to the bacteria
(Figure 1.2). This provides further agreement with recent phylogenies derived from rRNA
(8, 10, 31) or proteins such as TFIIB (32), V-type and F-type ATPases (14) and EF-Tu or
EF-G (3, 21). In comparison to the archaeal histone-like proteins (HLPs), the histone H4
family is most similar and is thought to be the progenitor of all of the other core histones in
eukaryotes (33). Therefore, histone H4 is a crucial link to the understanding of the

evolution and subsequent diversification of the histone proteins in the eukaryotes.

Histone H4 in Lower Eukaryotes

A major distinction between the prokaryotes and eukaryotes is the ability of
eukaryotic nuclei to package large lengths of DNA into nuclei on the order of five
nanometers in diameter using histone proteins. Within the eukaryotes, the protists offer a
wide range of unique DNA packaging problems and solutions. Therefore, analysis of
protist histones should offer unique opportunities to study histone evolution. For example
of all eukaryotes, only the uninucleate dinoflagellates lack true histones and instead utilize a
set of “histone-like” proteins reminiscent of the archaeal proteins to fold DNA (37). Within
the ciliated protozoa genus Tetrahymena, there exists a large degree of histone H4 primary
sequence variation. Tetrahymena also have a large difference in histone H4 primary
sequence relative to the vertebrates (41), suggesting the possibility of a reduced selection
pressure on the histones in Tetrahymena allowing for an exploration of a different region of

histone H4 protein “sequence space.”

Biochemical studies on the histone genes of ciliates have been restricted thus far to a

few genera including Tetrahymena, Paramecium, Stylonychia, Oxytricha, and Euplotes. In
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general, all of the ciliates display high diversification of histone H4 amino acid sequence,
perhaps related to their unusual nuclear dimorphism. Ciliates possess two functional nuclei:
a somatic macronucleus and a germline micronucleus. The apparent sequence diversity of
histone H4 in Tetrahymena and other ciliates makes these proteins interesting with respect
to their plasticity and evolution. However, ciliates are difficult to manipulate in the lab
especially with regards to the transformation of plasmid DNA. Yeast, on the other hand,
share many technical advantages suitable for manipulation in the lab (44). These include
rapid growth, ease of replica plating and mutant isolation, well-defined genetics, and DNA
transformation techniques. As a result, the yeast Saccharomyces cerevisiae is recognized as

an ideal eukaryote for molecular biological studies.

Kayne et al. (23) developed a system for yeast known as the “glucose shift viability
assay.” This system can be used in combination with a yeast shuttle vector to express
mutant histone H4 genes and assay fitness in vivo. The procedure was used previously to
study the effect of deletions in wild-type yeast histone H4 (23). We have utilized the
“glucose shift viability assay” to test the function of Tetrahymena histone H4 proteins in
yeast in which the endogenous yeast histone H4 gene has been replaced by a modified
histone H4 gene. The results of these experiments are the subject of Chapter 2. When
forced to utilize the Tetrahymena histone H4 gene, yeast cells can survive although they
have several alterations in their phenotype. This surprising result occurs even with the large
number of amino acid replacements scattered throughout the protein. Our research is the
first ;uccessful trans-species expression of a histone H4 gene in vivo. Similar research
using yeast to express the histone H5 from Xenopus laevis (45), H1 from the sea urchin

Pasmmechinus miliaris (26) and histone H2A from Tetrahymena thermophila (27) have

also been successful.
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Measurement of Fitness

After the successful incorporation of a novel gene into a yeast cell, the effects of
this replacement to the fitness of the organism must be quantitatively measured. Commonly
measured phenotypic responses include effects on mating, colony size or color, and the
duration of cell cycle phases. An assay of cell growth at different temperatures offers a
relatively easy metric of phenotypic difference. However, growth rate measurements are
usually quite time-consuming involving clonal growth in liquid culture, serial dilution, and
particle counting measurements for each specified temperature to be analyzed. Such
measurements were part of the analysis of the ability of Tetrahymena histone H4 to
function in yeast shown in Chapter 2. In order to generate a more rapid technique for the
measurement of growth rates, a new “temperature gradient incubator” was constructed.
This instrument gives parallel growth of yeast clones across a specified temperature
gradient and can be quantified by subsequent computer analysis. A description of this

instrument is the focus of Chapter 3.

Definition of Sequence Space

The evolution of histone H4 has been an exploration of the potential amino acid
sequences capable of meeting the combined demands of several different selective
pressures. These selective pressures do not act uniformly across the entire amino acid
sequence. For instance, the histone fold in the core of the histone proteins is the backbone

of all histone structure. Amino acid sequences that fail to fold into the shape of the histone

fold have lethal consequences and will be eliminated by natural selection.
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It is possible to view the evolution of histone H4 as a path through the immense
space of potential amino acid sequences of length 102 amino acids (the length of histone
H4). This space containing 20'® possible sequences is clearly too large to sample
completely even over the billions of years of eukaryotic life on Earth. For instance, the
number of hydrogen atoms in the universe has been estimated to be on the order of 10'®
atoms (12). In a theoretical context, a fitness landscape (55) could be applied to the set of
all histone sequences where the height of the landscape corresponds to the fitness of that
sequence in a given eukaryotic (for instance: Saccharomyces cerevisiae). By incorporating
in vitro mutation, we have attempted to describe the landscape of a very small region in the
sequence space surrounding the wild-type Saccharomyces cerevisiae histone H4 using

growth rate as a marker of fitness.

In vitro selection and amplification techniques have recently been used to assay and
isolate RNA sequences with specified biochemical properties from a random set of RNAs
(46). Using this in vitro “directed evolution” approach, new classes of catalytic RNAs (5),
ribozymes that specifically cleave single-stranded DNA (38), RNAs with a higher affinity
for binding T4 DNA polymerase (50) , and ribozymes capable of forming peptide bonds
(57) have been isolated. In effect, these methods search a sequence space of random

RNAs, assay their functionality in vitro, and select for desired functions.

The construction. transformation, expression and subsequent fitness analysis of a
suite of modified histone H4 genes in yeast helps to define the character of the fitness
landscape surrounding the wild-type yeast histone H4 protein. In turn, these results
provide clues towards the evolutionary conservation of this protein in the eukaryotes. A
series of cassettes introduced into an absolutely conserved region in the core of histone H4

(in essence, creating new sequences scattered across the fitness landscape surrounding the
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wild-type sequence) is the subject of Chapter 4. A mutagenesis strategy that uses a PAM
matrix as a predictor of viable or non-viable amino acid replacements is described in
Chapter 5. An exploration of histone sequence space with new sequences helps to establish

a better understanding of the permissible variation in histone H4.

While constructing the expression vector necessary for the expression of histone
H4 genes in yeast, field inversion gel electrophoresis conditions which enhanced the
separation of DNA fragments less than 50 kb in length were developed (Appendix 1). Our
approach utilized a very short pulse of a high electric field in the forward direction and a
long pulse of low electric field in the reverse direction where the integrated forward electric
field over time was twice that of the reverse field. This field inversion regime can be used

to increase the separation of similarly sized fragments relative to their separation under

constant field conditions.

Appendix 2 contains a review of prokaryotic genome sizes and SSU rRNA copy
numbers from the literature. A technique to estimate the relative abundance of particular
bacterial taxa from a mixed sample is derived. Using the data in Appendix 2, it is possible
to determine the percentage of a sample that is composed of a particular prokaryotic taxon
knowing an estimate for the weighted average genome size in the sample and the SSU
rRNA copy number for the organism of interest. This technique is very useful in applied

and environmental microbiology.
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Figure 1.1

Histone Fold structures of histones H2A, H2B, H4, and H3 from Gallus gallus (chicken)
represented clockwise from the upper left (adapted from (2)). The structure of the globular
part of histone H1 is shown in comparison in the center of the figure. Despite numerous
differences in primary amino acid sequence information, all four core histones have a
remarkable similarity in terms of their tertiary structure of this central histone fold. The
histone folds in H2B, H3, and H4 exhibit the greatest similarity of the four nucleosomal
histones, whereas H2A shows an altered orientation of helix L.
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Figure 1.2

Phylogenetic tree of life derived from small-subunit rRNA sequence information (adapted
from (31)). The tree was rooted following analysis of duplications in protein sequences
(21). Areas of controversy or likely inaccuracies in the tree are noted by an oval. Only
organisms within the Euryarchaeota and Eucarya are thought to contain homologous
proteins utilizing a histone fold motif. The positions of the yeast Saccharomyces and ciliate
Tetrahymena within the Eucarya are highlighted in bold font. The histone H4 proteins from
these organisms are central to the focus of this study.
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Abstract

Histone H4 is one of the most conserved proteins known. The very low rate of nonsynonymous substitation in H4
suggests that it fulfills an essential function in virtally all eukaryotes. While the majority of histone H4 sequences differ
only slightly from the general consensus H4 sequence. yeast and Tetrahymena sequences diverge substantially from both
the consensus and from each other. This study demonstrates that despite this divergence. when Saccharomyces cerevisiae
cells are forced 1o use the Tetrahymena thermophila histone H4 protein, they are viable although they have a reduced
growth rate. are temperature-sensitive relative to wild-type. have a lengthened G2 phase, and show a dramatic repression of
mating. An amino acid replacement at position 33 in the protein improves the growth rate of these cells growing at
temperatures above 28°C. This replacement changes a proline to a serine and is a further divergence from both the
Tetrahvmena thermophila and Saccharomyces cerevisiae histone H4 sequences. Thus. the replacement and expression of a
non wild-type histone H4 in yeast offers measurable effects on cell growth. identifying amino acids required for optimal
yeast functioning. © 1997 Elsevier Science B.V.

Kevwords: Yeast: Histone: Hé: Evolution: (Terrahvmena)

1. Introduction The functional interactions of histones with DNA
and with other histones in the nucleosome are respon-

In eukaryotic nuclei. DNA-nucleosome interac- sible for the extreme evolutionary conservation of the
tions form the basis of DNA compaction into chro- histones. It has been historically assumed that virtu-
matin. The nucleosome is composed of about 140 ally any amino acid substitution in the core histones
base pairs of DNA wrapped around a histone octamer would be detrimental to the function of the nucleo-
containing two molecules each of histone H2A, H2B, some. and therefore not favored by natural selection.

H3. and H4. of which the H3-H4 dimer plays a A difference of only two amino acids between calf
central role [1.2]. Histone H4. a protein of 102 amino and pea histone H4. prompted DeLange et al. [6] to
acids in length, is one of the most conserved proteins suggest that the entire amino acid sequence was

known. A very low rate of nonsynonymous substitu- functionally necessary * within narrow limits of toler-
tion suggests that its function is essential and very able alteration’. Of the histone H4 amino acid se-
similar in virtually all eukaryotes {3-5}. quences currently determined (Genbank 96.0) (7). the

majority are very similar. with yeast (Saccharomyces

and Schizosaccharomvces) and ciliates (Tetrahy-

* Corresponding author. Fax: +1 (310) 206-3987: E-mail: mena. Oxyvtrica and Glaucoma) sequences represent-
cbrunk @ucla.edu ing substantial differences from the consensus H4

0167-3781,/97/517.00 © 1997 Elsevier Science B.V. All rights reserved.
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sequence [8.9]. Another unusual H4 sequence from
Entamoeba has recently been determined [10].

While the majority of histone H4 sequences differ
from the consensus H4 sequence by less than 4%.
Saccharomyces cerevisiae differs by 8% and Te-
trahymena thermophila by 19%. Both S. cerevisiae
and T. thermophila have two histone H4 genes
(HHFI and HHF2). which each produce identical
proteins {11.12]. When comparing S. cerevisiae and
T. thermophila histone H4 proteins, there are 21
amino acid differences. one deletion and one inser-
tion for a towal of 23 differences. This represents a
difference of nearly one-quarter of the protein. These
changes occur throughout the protein. including the
hvdrophobic core. although deletions in the hy-
drophobic core are thought to be lethal 13}

Despite the generally high level of evolutionary
conservation among histone H4 proteins. S. cere-
visige cells are viable with a large portion of the
amino terminus of the protein deleted [14]. Cells with
a deletion of residues 4~28 (or 2-26) are viable:
however. they are not capable of mating and display
temperature sensitivity relative to cells with the nor-
mal histone H4 gene [13.15). Cells are also viable
with a. small deletion of residues 100-102. at the
carboxy terminus of histone H4 [13]. Whitlock and
Stein [16] determined that histones which lack their
amino terminal regions retain the ability to fold DNA
into a nucleoprotein complex. In S. cerevisiae and in
many other eukaryotes. the first four lysine residues
in histone H4 are subject to reversible acetylation.
which is believed to play a critical role in histone-
protein interactions necessary for chromatin function
and gene regulation [17-20}. Cells continue to grow
following amino terminal deletions which remove
these lysine residues. suggesting these residues are
not essential for cell viability [14]. However. if these
lysine residues are replaced by arginines. which can-
not be acetylated. the viability of the colonies is
dramatically reduced {15.21). Thus. the deletion of
the histone H4 amino terminus appears to have less
severe consequences for viability than the substitu-
tion of the first four lysine residues by arginine.

Tetrahvmena histone H4 is unique for several rea-
sons. It incorporates an unblocked alanine at its
amino terminus instead of acetylserine 22]. and in
the case of Tetrahvmena pyriformis. H4 is known to
have two primary sequence variants in the same cell

21

{22). Terrahvmena contain both macro- and micronu-
clei and some histones are known to be macronucleur
specific (hvl and hvl). However. neither of these
macronuclear specific histones is thought to be closely
related to histone H4 [22]. Macro- and micronuciei
have similar relative amounts and types of histones.
except that micronuclei contain three peptides that
associate with linker regions of chromatin in the role
of histone H1 [23]. However. no differences between
the histone H4 of macro- and micronuclei have been
detected in 7. thermophila.

Previous experiments have demonstrated that T.
thermophila histone H4 cannot replace calf histone
H+ during nucleosome reassociation experiments in
vitro. suggesting that the T. thermophila histone H4
protein may not be able to replace the endogenous
H4 protein of another eukaryote [24.25]. Recent in-
vestigations have utilized yeast as a model eukaryote
for the expression of distantly related histone genes.
These studies have either expressed a non-endoge-
nous histone in yeast [26-28]. replaced an endoge-
nous yeast histone with a modified histone (13.14.30).
or replaced the yeast histone with a histone trom
another species [29]. Shwed et al. [26] studied the
expression of Xenopus laevis linker histone H5 in
veast by placing the histone H5 gene into a yeast
expression vector. Similarly. Linder and Thoma [27]
and Miloshev et al. [28] tested the role of histone HI
by expression in yeast. Yeasts are believed not to
contain either an endogenous HS {26] or H1 [28].
making them appropriate systems for such experi-
ments. Most relevant to our report is the work by Liu
et al.. [29] who successfully replaced the H2A gene
in yeast with the major H2A genes of T. ther-
mophila. Although the yeast and Tetrahvmena H2A
genes have significant differences in their amino acid
sequences. this study demonstrated the first trans-
species complementation of histone function and pro-
vided clues to the evolution of the H2A.F/Z histone
variant found in Terrahvmena by creating viable yeast
cells.

The data reported here suggest that the replace-
ment of the endogenous S. cerevisiae histone H4
gene with the T. thermophila histone H4 gene gener-
ates viable yeast cells with several phenotypic modi-
fications. This replacement introduces a large number
of amino acid substitutions over the entire protein.
Several residues are not critical for viability suggest-
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ing that the potential variability in histone H4 may be
much greater than the set of sequences currently
represented in Genbank (release 96.0) [7). Thus. the
replacement and expression of a non wild-type his-
tone H4 in yeast offers measurable effects on cell
growth. identifying amino acids required for optimal
yeast functioning.

2. Materials and methods
2.1. Plasmid construction

In order to replace the S. cerevisiae HHF2 histone
H4 gene with a T. thermophila HHFI histone H4
gene. a specially constructed S. cerevisiae strain
(UKY403) capable of a "glucose shift viability test’
was used [13]. Both of the endogenous histone H4
genes of strain UKY403 have been replaced with
selectable markers [13] and these cells contain a
plasmid (pUK421). with a S. cerevisiae histone H4-2
gene under the regulation of the GAL! promoter as
well as a tryptophan marker (TRPI) [30]. A plasmid
derived from plasmid pUK499 containing the T.
thermophila HHF 1 gene under the regulatory control
of the S. cerevisiae HHF2 promoter was constructed.

The plasmid pUK499 containing the yeast HHF2
gene. (URA3. CEN3. ARSI. Amp” and Ori) was used
as the primary vector for this construction and has
been used in previous experiments [13]. The genotype
of UKY403 is: MATa ade2-10{(och) arg4-1 his3-
A200 leu2-3 leu2-112 Ivs2-801 (amb) trpl-1901
ura3-52 thr- 1vr- AhhfI{HIS3] Jdhhf2-
[LEU2)/pUK421 (CEN3 ARSI TRP! GALI /HHF2)
{13}, The T. thermophila HHFI gene was cbtained
from the genomic clone p508.8 [31]. The S. cere-
visige HHF2 and T. thermophila HHF! genes have
been completely sequenced [11.31] and are aligned in
Fig. 1. Both genes have an Msp I site at the Sth
nucleotide within the coding region. There is an Sph
I site 44 nucleotides downstream from the termina-
tion codon in the T. thermophila gene and a compati-
ble Nla 11 site 43 nucleotides downstream from the
termination codon in the S. cerevisiae gene. The S.
cerevisiae HHF?2 gene. from the Msp | site to the
Nla HI site. was replaced by the T. thermophila
HHFI gene from the Msp 1 site to the Sph 1 site.
creating a new plasmid pScTt (Fig. 2). The Msp 1
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transition at the 53th nucleotide leaves the first amino
acid in the protein as a serine rather than an alanine.
Therefore. 20 amino acids differ between the S.
cerevisiae HHF2 gene and T. thermophila HHFI
gene. Expression of the T. thermophila histone HHF I
gene in this plasmid was under the control of the §.
cerevisiae HHF2 promoter.

2.2. Yeast transformation

The pScTt plasmid was used to transform S. cere-
visige strain UKY403 employing a lithium acetate
yeast transformation protocol {32} Transformants
were selected on galactose media lacking uracil. The
galactose induced the expression of the yeast HHF?2
gene on the pUK421 plasmid and the URA3 marker
on the plasmid pScTt provided the selection for a
uracil requirement. A similar transformation and se-
lection procedure was performed with pUK499 as a
control to generate a yeast strain with the endogenous
yeast HHF?2. under the control of the S. cerevisiae
HHF2 promotor.

The resulting strains — ScTt cells. containing the
pScTe plasmid and UKY499 cells. containing the
pUK499 plasmid — were checked for growth on
glucose media. Using the “glucose shift viability test’
{13). a shift from galactose media to glucose media
repressed the histone HHFI on pUK421. which was
under control of the GAL/ promoter. Thus. the ScTt
cells expressed only the T. thermophila HHFI gene
while the UKY499 cells expressed only the S. cere-
visiae HHF2 gene.

To ensure that the ScTt cells expressed only the T.
thermophila HHFI gene. cells that had lost the
pUK421 plasmid were isolated. When ScTt cells
were grown on glucose minimal media containing
tryptophan for an extended period. the pUK421 plas-
mid was occasionally lost in spite of the fact that it
contained a centromere {14]. Enrichment for cells that
had lost the pUK42l plasmid was performed by
extended growth in synthetic minimal media supple-
mented with 20 wg/ml tryptophan [33]. Cells lack-
ing the pUK421 plasmid were identified by their
requirement for tryptophan. The loss of the pUK421
plasmid was confirmed by Southern analysis of whole
cell DNA using the yeast histone H4 sequence as a
probe. the pScTt plasmid has an Sph [ site at the end
of the histone gene. while the pUK421 plasmid does

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Fig. I. The aligned DNA sequences for S. cerevisiae and T. thermophila histone H4 genes. The amino acid sequence of the S. ceret:isiae
HHF2 gene is shown above the DNA sequences and differences in the amino acid sequence of the T. thermophila HHF | are shown below
the DNA sequences. In the mutant gene. MT-1. the 97th nucleotide is a T (shown as C) and the corresponding amino acid is a serine. The
positions of the Msp 1. Nla III and Sph | restriction sites are indicated.

not (Fig. 1). This ensured that the Terrahymena H4
was the only H4 present in the ScTt cells. only one
copy of the endogenous veast H4 was present in
UKY499 cells. and that the requirement for trypto-
phan was derived by a loss of the plasmid rather than
a mutation in the TRP/ marker. A similar elimination
of the pUK42! plasmid was performed with the
UKY499 cells.

2.3. Growth of veast
Unless otherwise noted. S. cerevisiae were grown

in YPD media (1% bacto-yeast extract, 2% bacto-
peptone. 2% dextrose. 2% bacto-agar) {33]. Trans-
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formed veast were initially selected on galactose
plates lacking uracil (0.67% bacto-yeast nitrogen base
[without amino acids}. 2% galactose. 2% bacto-agar,
20 pg/mi adenine sulfate. 20 pug/mi arginine, 30
pg/ml lysine. 200 pg/mi threonine, 30 ug/ml
tyrosine. 20 wg/ml tryptophan) so that all trans-
formed cells would form colonies. In subsequent
assays. cells were grown on dexirose (YPD) plates.
Using this ‘glucose shift viability test’, only the
histone H4 gene on the introduced plasmid was ex-
pressed. Mutations in the Tetrahvmena H4 gene that
permitted growth at higher temperatures were se-
lected from plates containing ScTt cells grown at
34°C.
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Sphi
Msp |

Amp Tt Hae1

Pt

Fig. 2. The plasmid vector construct with the 7. thermophila
histone H4 gene replacing the S. cerevisige histone H4 gene.
This vector is a modification of pUK499 {13). Amp, beta-lacta-
mase: ARSI, autonomous replicating sequence: CENJ3. cen-
tromere; URAJ, orotidine-5'-phosphate decarboxylase.

2.4. Relarive growth rates

To determine relative growth rates at various tem-
peratures. equal numbers of ScTt and UKY499 were
inoculated into a single shaking culture of YPD
medium. Temperature during growth was controlled
to + 1°C. Growth was measured at 3, 6. 9. 12, and 15
generations. The relative abundance of ScTt and
UKY499 strains was determined by Southern analy-
sis [34]. Total cellular DNA was prepared and di-
gested with Sph | and the T. thermophila histone
H4-1 sequence was used as a probe [35]. Plasmid
pUK499 has a single Sph I site yielding a single
fragment 9 kb in length. whereas pScTt has two Sph
I sites and yields two fragments, one of which con-
tains the HHF2 gene (a fragment 1.3 kb in length).
As CEN3 regulated the plasmid copy number to
essentially one copy per cell. the relative amount of
each of these fragments was proportional to the num-
ber of ScTt and UKY499 cells. Lanes with known
amounts of the pUK499 or pScTt on the Southern
blot were used to normalize probe hybridization.

In a second assay for the relative growth of ScTt
and UKY499 cells, the ratio of ScTt cells to UKY499
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cells was determined by plating an aliquot of a mixed
culture and incubating the plates at 28°C until small
colonies could be counted. These plates were then
transferred to 37°C and allowed to grow further. The
ScTt colonies did not grow at 37°C. thus only the
UKY499 colonies increased in size during the growth
at 37°C. The ratio of large colonies to small colonies
was proportional to the ratio of UKY499 to ScTt
cells.

S. cerevisiae mating efficiencies were estimated
by standard mating tests [32]. DNA was isolated [36]
and sequences were determined using the double-
strand sequencing protocol and the Sequenase Kit
(U.S. Biochemical).

3. Results
3.1. Relative growth

The yeast strains ScTt and UKY499 are isogenic
with their sole difference being the histone H4 coding
region on their respective piasmids. The T. ther-
mophila HHF1 probe used in Southern analysis hy-
bridizes well with- both the S. cerevisiae and T.
thermophila histone H4 sequence. but should not
hybridize with any of the regions flanking the S.
cerevisiae histone gene. In Southern analyses. a sin-
gle band was observed with a size corresponding to
either the pScTt or pUK499 plasmids (data not
shown). This indicated that the hybridization in these
cells was exclusively with the plasmid introduced
during transformation. as recombination of the his-
tone H4 gene into the yeast genome would have
given a different sized band after restriction with Sph
L.

As the growth temperature was raised. it became
apparent that the ScTt cells were temperature-sensi-
tive relative to UKY499 cells (Fig. 3). ScTt had a
maximum growth rate at about 28°C. while UKY499
had a maximum growth rate at about 32°C. The
maximum growth rate of UKY499 was about 1.5
times that of ScTt. As the temperature decreased. the
growth rate of ScTt approached that of UKY499 and
the growth of both strains of yeast decreased dramati-
cally. The growth rates at 10°C were so similar that it
was very difficult to accurately measure a difference
in separate cultures. Measurements were instead made

Reproduced with permission of the copyright owner. Further reproduction prohibited Withaut permission.
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Growth rate (generations/day)

15 25 as
Tezpezature (°C)

Fig. 3. The relanve growth of S. cerevisiae, strains UKY499.
MT-1. and ScTt as a function of temperatre. & . UKY499: W,
MT:1: @. ScTt cells.

in a single culture using Southern analysis. The rela-
tive intensities of the pScTt and pUK499 bands were
determined by using densitometry analysis against
known amounts of pScTt and pUK499 on the same
Southern.

It is clear that even at this low temperature. the
growth rate of UKY499 was higher than that of ScTt.
The growth rate of UKY499 cells exceeded that of
ScTt cells by 0.066 generations per day at 10°C. In
15 days. the UKY499 cells had undergone about one
more generation than the ScTt cells.

3.2. Mating efficiency

The deletion of the amino terminus of the histone
H4 gene of S. cerevisiae results in a dramatic de-
crease in the ability to mate [13.15). The replacement
of the histidine residue at position 18 by either
tyrosine or glycine also depresses mating by 20- to

10000-fold [15.21]. We tested the mating ability of

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ScTt and UKY499 celis. On synthetic media contain-
ing dextrose. approximately equal amounts  of
UKY499. afvsi. and ScTt cells were independently
mixed with ahis/ cells and grown at 28°C for 48 h.
The mating of ScTt and ahis/ cells was not de-
tectable. apparently being depressed greater than
1000-fold. whereas the mating of both UKY499 and
alvs] cells with ahis! appeared normal. suggesting
that ScTt is deficient in mating ability. The amino
acid substitutions in the T. thermophila histone H4
gene relative to the S. cerevisiae gene apparently
interfered with veast mating.

3.3. Cell ¢cxcle analysis

The deletion of the amino terminus portion of the
wild-type S. cerevisiae histone H4 gene appears t
lengthen the cell cvcle by increasing the G2 phase
[13.15]. We compared ScTt cells that were growing
at 28°C and ScTt cells arrested at 37°C with UKY499
cells growing at 37°C. Table 1 shows the proportion

-

16 4

Growth rate {generations/day)

0 200 400
Time (min.)
Fig. 3. The growth of STt cells tollowing o shitt to a non-per-

missive temperature (37°C). The verucal dotted hne indicates the
ume ol temperature shitt, The error hars indicate the standard
deviation of three measurements of growth. The culture was
growing at 28°C prior to the temperature shift.
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Table | .

Number of yeast cells in G2 and non-G2 phases and percentage
of veast cells in G2 phase at restnctive and non-restrictive
temperatures

Cells Temp. G2 Non-G2 Total G G2
(°C) observed

UKY499 37 74 4 115 ol
74 53 127 58
80 59 108 74

65 +8
ScTt 28 98 19 117 84
90 31 121 74
80 39 119 67

75+8
ScTt a7 93 30 123 76
84 22 106 79
82 30 112 73

76=3

Cells were stained with DAPI and viewed by epifluorescence.
Large budded cells with a single nucleus were counted as G2
cells [54). Percentage of G2 cells in ScTt and UKY499 'is
statistically significant (P > 0.05) using the large sample test for
proporuions {55].

of cells in G2 and non-G2 phase for these cultures.
Relative to UKY499. ScTt have a higher percentage
of cells in G2 phase for both growing and arrested
cells.” indicating that an increase in the G2 phase
contributes to the lengthened cell cycle in ScTt cells.

When ScTt cells were shifted from 28°C to a
non-permissive temperature (37°C). growth continued
at the normal rate for about 0.6 generations and then
was abruptly arrested as shown in Fig. 4. When
UKY499 cells were deprived of newly synthesized
histone H4. they arrested after less than one round of
cell division with greater than 90% of the cells in the
G2 phase of the cell cycle [30]. However. the arrest
of ScTt celis at the non-permissive temperature left
the cells distributed throughout the cell cycie. Table |
indicates that ScTt cells arrested at 37°C are not
found in G2 phase at significantly higher proportions
than cells growing at 28°C.

3.4. Analvsis of a mutant with reduced remperature
sensitiviry

The temperature sensitivity of yeast cells with the
T. thermophila histone H4 gene relative to celis with

the S. cerevisiae histone H4 gene suggested that
mutations in the T. thermophilu histone H4 might
possibly reduce the temperature sensitivity of this
protein. Several plates with approximately 107 ScT
cells were grown at 34°C. which is a non-permissive
temperature for ScTt cells. After several days (7-10)
a few colonies formed. Fig. 3 shows the growth
characteristics of one of these colonies. MT-1. com-
pared to ScTt and UKY499 cells. MT-1 grew at
higher temperatures than its parent strain. ScTt. and
had a greater maximal growth rate. However. MT-1
was clearly temperature-sensitive relative to UKY499
cells. Apparently. MT-1 carried a mutation(s) relfative
to the ScTt cells that relieved some of the tempera-
ture sensitivity. This mutation probably resided in the
histone H4 gene. but could have been localized to
another gene {or genes).

In order to localize the mutation in MT-1 to the
histone H4 gene. the plasmid containing the histone
gene was isolated from MT-1 cells and introduced to
yeast strain UKY403. When these transformed cells
were grown on glucose. with the plasmid from MT-1
as the sole source of histone H4. they displaved a
temperature sensitivity identical to MT-1. This indi-
cated that the mutation(s) responsible for the temper-
ature sensitivity resided on the MT-1 plasmid and
was probably localized to the histone H4 gene.

The MT-| plasmid was isolated and the sequence
of the histone H4 gene was determined. This se-
quence was identical to the T. thermophila HHF]
gene sequence (Fig. 1) except that the 97th nucleotide
in MT-1 was a T rather than a C. This changed the
33rd amino acid in histone H4 from a proline to a
serine. At this amino acid position. native histone H+
from T. thermophila and S. cerevisiae have a pro-
line. Therefore. the amino acid replacement found in
MT-1 represents a further divergence from both the
T. thermophila and S. cerervisiae sequences. Appar-
ently. this single amino acid replacement significantly
improved the function of the T. thermophila histone
H4 protein in S. cerevisiae cells growing at tempera-
tures above 28°C.

4. Discussion

In spite of the high degree of evolutionary conser-
vation of histone H4 proteins. we find that the T.
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thermophila histone H4 will function in S. cere-
visiae. This alteration represents a change of 20% of
the amino acids. A further change in the sequence of
the T. thermophila histone H4 (MT-1) improved its
function in S. cerevisiae. This suggests that a wide
spectrum of histone H4 sequences could function
sufficiently well in S. cerevisiae to produce viable
cells in the laboratory.

The replacement of as few as four amino acids in
the amino terminus of the S. cerevisiae histone H4
gene has previously been shown to reduce cell viabil-
ity dramatically (15]. Deletions in the hydrophobic
core of this protein are aiso lethal [13]. However. the
substitution of the entire T. rhermophila histone H4
gene for the S. cerevisiae H4 gene yields viable
cells. The differences between the T. thermophila
and S. cerevisiae histone H4 protein include changes
in the hydrophobic core as well as the hydrophilic
amino terminus. It is remarkable how well the T.
thermophila histone H4 protein functions in yeast,
particularly in light of the inability of T. thermophila
histone H4 to substitute for calf histone H4 in the
formation of nucleosomes in vitro [24.25}.

When forced to use the T. thermophila histone H4
gene with its associated amino acid substitutions. S.
cerevisiage do have several measurable phenotypic
differences from wild-type S. cerevisiae. Most no-
tably their growth is sensitive to high temperature.
The growth of these cells is arrested at 34°C: about
7°C lower than the arresting temperature for wild
type S. cerevisiae. At lower temperatures (15-30°C).
the growth rate of ScTt approaches that of UKY499.
but even at 10°C. UKY499 cells have a higher growth
rate.

The cell cycle of S. cerevisiae utilizing the T.
thermophila histone H4 gene appears to be length-
ened by an increase in the G2 phase. This represents
a similar phenotypic change to S. cerevisiue after
deletions in the amino terminus of histone H4 [13].
When S. cerevisiae cells are deprived of histone H4
synthesis by a "glucose shift’. > 90% of the cells are
arresied in the G2 phase {30). When ScTt cells are
shifted to high temperature (37°C). they stop growth
in less than one generation: however. the ScTt cells
appear to stop throughout the cell cycle. The distribu-
tion of cells within the cell cycle is very similar for
cultures at permissive temperatures (28°C) and cells
arrested by high temperatre (37°C). Apparently. they

are not arresting at a specific phase of the cell evele
when subjected to high temperature.

There is a significant difference between depriving
cells of new histone H4 synthesis and shifting to a
non-permissive temperature. In ScTt cells. all ‘ot the
chromatin contains temperature sensitive histone H+.
so that a shift to higher temperature will affect the
entire genome. This might be expecied to aftect all
portions of the cell cycle. In S. ceretisiae. where
new histone H4 synthesis is stopped by a "glucose
shift'. all of the previously assembled chromatin
should be functional. The requirement for additional
histone H4 may be most acute in the G2 phase
delaying the cells in this phase of the cell cycle.

The phenotypic change observed in S. ceretisiae
utilizing the 7. thermophila histone H4 gene is most
probably associated with impaired function of this
foreign  histone H4 in nucleosomes containing the
histones H2A. H2B and H3 from S. cerevisiae.
However. the foreign -histone H4 may compromise
autoregulation of histone H4 gene. expression {37).
The transiation of the.T. thermophila histone H4
mRNA is unlikely to be disruptive as the codon
utilization of T. thermophila and §. cerevisiae are
very similar [38).

The mating of cells with the T. thermophila his-
tone H4 gene is greatly depressed relative to wild-type
S. cerevisiae. Deletions .in the amino terminus. or
even a substitution of the histidine at the 18th posi-
tion in histone H4. substantially decreases the mating
efficiency of wild-type S. cerevisiae cells [13.15.21}.
There are a number of amino acid replacements in
the amino terminus of the T. thermophila histone H4
gene relative to the S. cerevisiae histone H+ (Fig. 1).
However. the insertion of a serine residue in the 7.
thermophila histone H4 gene immediately following
the histidine at position 18 is the most probable
candidate for the significant depression in mating
efficiency. The loss of mating function in wild-type
S. cerevisiae has been previously correlated to the
de-repression of the silent mating loci HMLa and
HMRa [13]. This portion of the histone H4 protein is
thought to interact with a repressor of the silent loci.
the SIR gene products. and the insertion of a serine
residue in this region apparently disrupts this repres-
sion leading to the loss of mating function {13].

Recent X-ray crystallographic analysis of the nu-
cleosomal core histone octamer has revealed a com-
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mon structural element known as the histone fold
[2.39-41). Although only a low degree of primary
structure similarity exists between the various histone
types. the histone fold appears to be common to all
core histones. Arents and Moudrianakis [41] sug-
gested that the histone fold was common not only to
eukaryotes but also occurs in the histone-related ar-
chaebacterial proteins HMf, and HMtg [42.43] and
in other DNA binding proteins. Freeman et al. {+]
suggested that the histone fold in H3 and H4 is
responsible for nucleosomal integrity and functions
essential for cell viability.

The three histone H4 sequences (from strains
UKY499. ScTi. and MT-1) were compared using
several measures of protein secondary structure. in-
cluding Chou and Fasman alpha-helix and beta-sheet
propensity measures [45]. Eisenberg’s hydrophobic
moment [46). and Kyte and Doolittle’s hydropathy
{47). These sequences were also- compared using
several protein secondary structure prediction algo-
rithms. including NNPredict [48.49]. PredictProtein
{50.51). and SSP [52}. Not surprisingly. the secondary
structure of all three sequences was very similar (Fig.
5). T. thermophila histone H4 has slightly more
alpha-helix {52.4%) and beta-sheet (15.5%) relative

to veast H4 (49.5% alpha-helix. 11.7% beta-sheet).
The mutation in MT-1 occurs in the helix 1 region of
the histone fold and does not appear to change this
helix. However. the predicted percentages of alpha-
helix and beta-sheet in histone H3 from MT-1 (46.6%
and 14.6%. respectively) are closer to veast. Simi-
larly. the percentage of looped domain for MT-1 was
predicted to be the same as yeast H4 (38.8%). whereas
T. thermophila histone H4 was predicted to be lower
(32.0%). This suggests that although the primary
sequence of MT-1 diverged trom both S. cerevisiae
and T. rhermophila. the secondary sequence may
have become more tvpical of S. cerevisiae histone
H4. The amino ucid substitution found in MT-1
appears to have had a "global” effect on the protein
secondary structure.

Replacement and expression of the Terrahvmena
histone H4 in yeast offers measurable- functional ef-
fects on cell growth. identifying amino acids required
for optimal veast viability as well as other positions
that are not as constrained. A growth disadvantage
occurs when veast are torced to utilize Terrahvmena
H4. a result that offers insight into protein function
through the use of mutations in protein strucwure. The
viability of veast cells with histone H4 genes which
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Frg. 5. Secondary structure predictions for histone protems derned from PredictProtein {50]. (1) Alignment ot the three histone H4
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have substantial deletions in the amino terminus or
with foreign histone genes (as is the case presented
here) suggests that considerable greater latitude in
histone H4 sequence can be tolerated than is com-
monly appreciated. The growth of yeast -utilizing
altered histone H4 genes in a laboratory culture is.
however. not the same as the selection of histone H4
sequences over thousands of generations. Nonethe-
less, we have found that there is more variation in the
sequences of histone H4 genes from different species
of Tetrahvmena than is found among all of the
metazoan histone H4 sequences published {53). It is
possible that single-celled eukaryotes have a greater
latitude in these sequences. However. it is probabie
that histone H4 sequences will accept a wide spec-
trum of substitutions that leave their common struc-
tural element. the histone fold. intact. Future mutage-
nesis experiments will help to clarify this issue.
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TEMPERATURE GRADIENT FOR RELATIVE GROWTH RATE
ANALYSIS OF YEAST

ABSTRACT

Relative growth is often used as a phenotypic measure to distinguish mutant and
wild-type yeast or bacterial strains. Differential growth as a function of temperature is a
convenient and accurate means of analyzing differences between strains. Slight differences
in the genotypes of two strains frequently results in differential growth as a function of
temperature. We have developed a chamber for the simultaneous growth of multiple strains
in microtiter plates along a temperature gradient. Image analysis was used to determine
colony area and number at various times as a function of temperature. This chamber
reduces the time required to measure growth as a function of temperature. This occurs by
allowing relative growth to be measured along a temperature gradient where all other
conditions are constant. Two strains of yeast (Saccharomyces cerevisiae) with a known
difference in temperature dependence of growth were used to demonstrate the performance

of this chamber.
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INTRODUCTION

Temperature sensitivity is a common phenotypic trait used to identify and
characterize novel mutant strains (1-3). Typical growth techniques utilize either liquid
cultures or petri dishes containing cells placed in incubators each at a fixed temperature. An
accurate growth profile requires a large number of incubators and a series of time-
consuming measurements. A single device for the parallel growth of multiple strains,

where all conditions are identical except for the temperature range, has distinct advantages.

We have developed an apparatus capable of generating a temperature gradient for
the simultaneous growth of multiple strains over a wide range of temperatures using
common microtiter plates. This chamber can be used with either yeast or bacteria; however,
the material presented here focuses on yeast growth. During the incubation period, a picture
of each well was captured by a video camera and stored in a computer; Image analysis has
been previously used to examine yeast cell volumetric response to osmotic shifts (4), on-
line measurement of cell size (5), and for morphological characterization (6). In our
system, image analysis was used to measure the colony number and relative area in each
well at various times. Using these techniques, a growth profile over a wide temperature
range can easily and accurately be determined for each strain.

As a test of the temperature gradient chamber, we analyzed two yeast strains
(UK'Y499 and ScTt) that displayed slightly different growth responses to temperature due
to a modification in the yeast histone H4 gene (3). These strains are isogenic except for a

difference in the histone H4 genes. Each strain has only a single histone H4 gene, present

on a plasmid. The endogenous yeast histone H4 genes have been replaced with selectable
markers. The histone H4 proteins in UKY499 and ScTt differ at 23 positions, resulting in a

shift of the optimal growth temperature from 33°C in UKY499 to 30°C in ScTt (3). The
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temperature gradient chamber was used to accurately reproduce this phenotypic response

much more quickly than conventional techniques.
MATERIALS AND METHODS
Temperature Gradient Chamber

The cool end of the temperature gradient chamber was connected to a refrigerated
water bath (Lauda K-2/R; Brinkmann Instruments) set at a relatively low temperature
(10°C). A peristaltic pump (Masterflex pump with a Solid State speed control unit; Cole-
Parmer Instrument Co.) was used to circulate cold water from the bath through a copper
block at the cool end of the chamber, maintaining the cool end of the temperature gradient
at about 20°C (Figure 3.1). The warm end of the temperature gradient chamber was heated
electrically to about 50°C. Insulated nichrome wire was wound within a copper block at the
warm end of the chamber and the wire was heated with about 75 watts of electrical power,

supplied by a variable transformer (Variac; Superior Electric Co.).

The entire growth chamber was surrounded by thick blocks of polyurethane foam
(3 cm) for insulation. A linear temperature gradient (y = 13.218x - 334.77, r* = 0.999) of
26°C to 44°C was produced by heat flow from the warm copper block to the cool copper
block through the aluminum walls, floor, and lid of the chamber (each 1 cm thick).
Temperature was measured with a digital thermometer accurate to 0.1°C (GTH 1160:
Greisinger Electronic). The temperature gradient chamber holds six 96-well microtiter
plates, arranged with three plates placed on the floor of the chamber with the 12 well sides
adjacent to one another. A second level of plates can be placed in an upper layer. Each layer

has 24 wells along the temperature gradient and 12 wells across the temperature gradient.
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Therefore, 24 strains can be analyzed simultaneously (12 in each of two layers) with 24
well positions along the temperature gradient. The temperature gradient is about 0.7°C per

well. Ports in the lid provide gas exchange with the chamber.
Preparation of Yeast Strains

Each strain of yeast (S. cerevisiae) was grown from individual colonies to log
phase in separate liquid cultures and briefly sonicated to avoid clumping before
determination of cell density (Celloscope; Particle Data Inc.). The cells were grown
embedded in a low-percentage agar (0.2%) so that colonies were well separated and would
not settle. Equal parts of YPD media (7) containing 2000 cells/ml at 28°C and YPD media
containing 0.4% bacto-agar at 55°C (Difco) were thoroughly mixed and 200ul aliquots
were delivered into the wells of sterile 96-well microtiter plates (Corning) using an
octapipetman. The microtiter plates were cooled for 30 minutes at 4°C to solidify the agar
before the cells could settle. A cap of mineral oil (S0pl) was added to each well to avoid
desiccation. Yeast cells grew well under these conditions, suggesting that the agar
environment was aerobic. S. cerevisiae is capable of anaerobic growth only in the presence

of added sterol and unsaturated fatty acids (8).
Analysis of Yeast Relative Growth

After 18 hours of growth, small colonies were observed when viewed through the
bottom of the wells at 20x magnification. The addition of mineral oil did not interfere with
optics when viewing the colonies from below. Quantitative analysis was performed by

collecting images of the colonies using a video camera (Javelin MOS Solid State). The

images were stored and analyzed using a computer (Macintosh Quadra 840AV) and image
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software (NTH Image; version 1.61, developed at the U.S. National Institutes of Health
and available on the internet at http:/rsb.info.nih.gov/nih-image/). Colony area (projected

area) was determined as pixel area using the Density Slice option from NIH Image 1.61

software and converted to mm?.

The number of colonies in each well and average colony area for each well were
determined after various incubation times (23, 28, 32, 48, and 73 hours). The average
colony area was determined only for colonies that were clearly non-overlapping with any
other colony in the image, with five or more colony areas being used to determine an
average. Colony volume, which is proportional to the number of cells in the colony
(particularly at small colony area), is equal to 0.752 x [colony area]'®. For our analysis,
colony area was used as a measured metric for growth rate. The average area of the ScTt
colonies (in mm?) was subtracted from the average area of the UKY499 colonies and this
difference was multiplied by the difference between the fraction of UKY499 cells that
formed colonies and the fraction of ScTt cells that formed colonies. The resulting value was

multiplied by 1,000 to produce the metric “delta” (4).

RESULTS AND DISCUSSION

After 18 hours, small colonies were observed for strain UKY499 in the range
between 22°C and 36°C. However, colonies were not detected for strain ScTt. Differential
growth of these strains as a function of temperature between 18 and 48 hours was dramatic
(Figure 3.2). After two days of growth, both strains had reached essentially the same
maximal colony area in each of the wells that had colonies. Figure 3.2 shows the colony
area as a function of temperature at one day intervals over a three day period. These

profiles are very similar to the growth rate profiles, previously determined, using liquid
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cultures in a shaking water bath (3). In figure 3.3, the fraction of cells which form colonies
is shown as a function of temperature. The product of the difference in colony area and
difference in fraction of cells forming colonies (A) for strains UKY499 and ScTt as a
function of temperature is displayed in figure 3.4. This metric is a sensitive measure of
differential growth as a function of temperature, particularly if the measurement is
performed at a time when the colony area is still increasing. Figure 3.4 clearly indicates that
the greatest differential growth of strains UKY499 and ScTt occurs between 33°C and

35°C. This approach provides a powerful tool for characterizing different strains.

The growth chamber allows simultaneous analysis of multiple yeast strains along a
temperature gradient and can be used to accurately measure even slight differences in the
relative growth rates at different temperatures. The temperature gradient chamber produces
a detailed growth profile after only two days of incubation. The temperature gradient
remains constant on a daily basis assuming constant flow rates at both ends of the device.
Similar measurements performed on plates or in liquid culture would require many
incubators or water baths and take much more time. In addition, the chamber can easily be
used to produce a wide variety of temperature gradients, making it useful for the
characterization of a diverse spectrum of cells displaying an anchorage-independent growth
phenotype (9). The temperature chamber could also be used for the study of colony
morphology of bacterial strains (10) and to monitor the effect of temperature on yeast

autolysis (11).
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Figure 3.1

Schematic view of the temperature gradient chamber. Cool water from a refrigerated
circulating water bath maintains the left copper block at approximately 20°C, while the right
copper block is electrically heated to approximately 50°C. Heat flow through the aluminum
sides (not shown), base, and lid (each 1 cm thick) establishes a temperature gradient. The
chamber will accommodate six microtiter plates. The aluminum lid has ports for gas

exchange and is held down by four wing nuts which facilitate easy removal after
incubation.
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Figure 3.2

Relative growth rates of yeast strains UKY499 (solid squares) and ScTt (open squares) in
the temperature gradient chamber. The average colony area in each well as a function of

temperature is shown (error bars show one standard deviation). Strain ScTt has a lower
optimal growth temperature than strain UK'Y499 (3).
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Figure 3.3

Fraction of cells which form colonies as a function of temperature. 200 cells are placed in
each well and the fraction that form colonies is shown as a function of temperature (strain
UK Y499 (solid squares), ScTt (open squares)).
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Figure 3.4

The product of the difference in colony area and difference in fraction of cells forming
colonies (A) as a function of temperature. The average area of the ScTt colonies is
subtracted from the average area of the UK'Y499 colonies and this difference is multiplied
by the difference between the fraction of UKY499 cells that form colonies and the fraction
of ScTt cells that form colonies. A shown muitiplied by 1,000.
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OLIGONUCLEOTIDE MUTAGENESIS OF A UNIVERSALLY
CONSERVED REGION IN SACCAROMYCES CEREVISIAE HISTONE H4

ABSTRACT

Using oligonucleotide cassette mutagenesis, a series of modifications were made to
3 arginines and 1 lysine residue (an arginine-arginine pair and an arginine-lysine pair) in a
universally conserved region in the core of histone H4. These modified regions were
examined for their viability in yeast cells in the context of both the Saccharomyces
cerevisiae and Tetrahymena thermophila histone H4 sequences. For the first cassettes, each
of the 4 positions were modified with 4 possible residues, generating a space of 256
possible sequences. From this space, 13 sequences were viable in the context of the §.
cerevisiae histone H4 sequence and 16 were viable in the T. thermophila context. Of the 16
viable modifications in the T. thermophila context, all 16 were combinations of arginine
and lysine only. Of the 13 sequences viable in the S. cerevisiae context, 5 were the result of
arginine or lysine replacements only and 8 utilized other amino acids in combination with
arginine or lysine. A second series of cassettes with only arginines and lysines at these four
positions were generated in each context and confirmed the results of the first cassettes.
These results suggest that: 1) a universally conserved region in histone H4 can be modified
and still yield viable yeast cells, 2) the viability of modifications to a particular region of a
protein are affected by other amino acid residues in the protein, and 3) in some positions,

positively charged residues can be replaced by polar or non-polar residues in the core of

histone H4.
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INTRODUCTION

Histone H4 is one of the most conserved proteins known. From an alignment of all
known histone H4 amino acid sequences (N=56), a universally conserved region between
residues 29 and 49 is observed (2). No amino acid differences are found in this region.

Such absolute conservation suggests that this region is critical for the function of histone

H4.

The histone fold is known to be conserved throughout the nucleosomal histones
H2A, H2B, H3, and H4 and is composed of a tandem duplication of a helix-loop-helix
motif. The nucleosomal histones have only 15-20% amino acid sequence similarity with
respect to one another (10). Examination of the nucleosomal core histone octamer at a
resolution of 3.1A suggests that the alpha helix 1 region of the histone fold motif is
contained between residues 30 and 40 and the loop 1 region between residues 40 to 50 (1).
The histone fold has been observed in other eukaryotic DNA binding proteins as well as in
archaea (9). Maintenance of the histone fold is thought to be crucial to the structure and

function of the histone proteins in the nucleosome.

Five arginines and one lysine reside within the highly conserved region between
residues 29 and 49 (Figure 4.1). Positive residues such as arginine and lysine are thought
to interact with the DNA as it winds around the nucleosome complex (Figure 4.2).

Therefore, acceptable modification at these positions should require a similarly charged

residue. For example, the arginine-lysine at positions 20 and 21 in human histone H4 is
lysine-lysine in Oxytricha and has been completely reversed to lysine-arginine in
Tetrahymena pyriformis. At positions 78 through 80 in human histone H4, the sequence

lysine-arginine-lysine is observed, whereas this sequence is arginine-arginine-lysine in 13
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of the 56 known histone H4 sequences including several plant, animal, and ciliate species.

However, conservation of charge at these locations appears to be critical.

In contrast to the arginine-lysine pairs found within the core of the protein, lysine
residues at positions 5, 8, 12, and 16 in the amino terminus of histone H4 are sensitive to
arginine replacement. These residues are subject to a variety of post-translational
modifications including reversible acetylation. They are known to be involved with both
histone-DNA and histone-protein interactions (8). Replacement of the lysine at position 3
by arginine generated cells that grew normally and did not show a mutant phenotype.
Simultaneous replacement of positions 5 and 8 or 5 and 12 with arginine also produced
yeast cells with normal phenotypic characteristics. Replacement of arginine for lysine at
position 16 generated cells that were phenotypically similar to wild-type yeast except fora
decrease in mating efficiency. However, simultaneous replacement of all four lysine
positions with arginine resulted in yeést that were not viable. Unexpectedly, simultaneous
replacement of these same positions with glutamine produced viable cells; interestingly,
these cells had a generation time 70% longer than wild-type and were sterile (8). These
results suggest that in some combinations, positive residues can be replaced by negatively

charged residues.

To test the permissible variation in the highly conserved core of histone H4 between
residues 29 and 49, two arginines at positions 40 and 41 and the lysine and arginine
residues at positions 45 and 46 were identified as candidates for mutagenesis. These
positions sit at the end of helix 1 and the middle of loop 1 in the histone fold. Using
cassette oligonucleotide mutagenesis of the histone H4 gene, these positions were modified
in both the S. cerevisiae and T. thermophila histone H4 contexts and assayed their viability

in S. cerevisiae. In terms of overall amino acid sequence similarity, S. cerevisiae and T.
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thermophila histone H4 protein sequences differ by 21% and these differences are scattered
throughout both the amino terminus and the core of the protein. Our first cassettes
introduced equal molar amounts of A, T, C, or G into the second positions of each codon
for the four specified amino acid positions creating a space of 256 possible histone H4
proteins in each context. A second series of cassettes introduced equal molar amounts of
only A or G to the second position of each codon for these same amino acids, generating all
16 possible arginine-lysine combinations in each context. The results suggest that in each
of these contexts, a different but overlapping set of alterations to the universally conserved
arginine and lysine residues are viable in yeast. These results strongly indicate that

positions outside of the region of modification are influential in determining the viability of

these replacements.
MATERIALS AND METHODS

Plasmid Construction

In order to test modifications to the S. cerevisiae histone H4-2 and 7. thermophila
histone H4-1 genes, a specially constructed yeast strain (UK'Y403) was used. UKY403
was previously designed to permit a “glucose shift viability test” (7). Both of the
endogenous histone H4 gene copies of strain UKY403 have been replaced with selectable
markers and these cells contain the plasmid pUK421 with a S. cerevisiae histone H4-2
gene under control of the galactose promoter (GALI) and a tryptophan marker (TRPI).

The genotype of strain UKY403 is: MATa ade2-101(och) arg4-1 his3-4200 leu2-3 leu2-
112 1ys2-801(amb) trp1-A901 ura3-52 thr tyr Ahhfl{HIS3] Ahhf2[LEU2]/pUK421

(CEN3 ARSI TRP1 GALI/HHF2) (7).
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The plasmid pUK499 containing the yeast histone H4-2 gene (URA3, CENS3,
ARSI, Amp', and Ori) has been used previously for histone mutagenesis (5,7). A plasmid

derived from pUK499 containing modifications to either the S. cerevisiae histone H4-2
gene or the T. thermophila histone H4-1 gene was constructed. Cloning of the T.

thermophila gene into pUK499 and construction of the plasmid pScTt was described

previously (5).

Construction of histone stuffer

Oligonucleotide cassette mutagenesis techniques can be used to add, delete, or
substitute nucleotides in a known sequence of DNA (11). During this process, methods
that can reduce the frequency of vectors containing unmodified DNAs are desired.
Unmodified vector DNA containing a wild-type gene will result in false positives and
distort the ratio of viable to non-viable transformants. A common method used to decrease
the frequency of unmodified DNA is through the use of a “stuffer” DNA fragment. Using
this method, a non-coding fragment of DNA is used first to replace the portion of the gene
which is to be modified using oligonucleotide mutagenesis. With the fragment of non-
coding DNA interrupting the gene of interest, the function of the protein product is
rendered non-functional. Oligonucleotide cassettes can then be used to replace the stuffer in
the gene. A percentage of these replacements will restore the original function of the gene
and protein product. With this method, any colonies that are identified as viable are so

because of the introduction of the oligonucleotide cassette.

Unfortunately, transformation with a vector containing stuffer increases the

frequency of false negatives, distorting the ratio of viable to non-viable sequences. This
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possibility can be alleviated prior to transformation by cutting with a restriction enzyme
restriction site unique to the stuffer. Restriction digestion will linearize any plasmid
containing stuffer effectively removing the possibility of plasmid replication in the cell. To
increase the probability that vector containing stuffer will be removed prior to

transformation, unique sites for more than one restriction enzyme can be engineered into

the stuffer.

For modification of the histone H4 genes, a “stuffer” was cloned into the pUK499
and pScTt plasmids. Initially, a 44-mer primer 5'-GCGGCCGCGGCGCGCCGTTTAA
ACGGCCGGCCGCGGCCGCGGCC-3' was self annealed and extended via PCR
amplification. The 72 base pair double stranded product contained multiple restriction sites
for the restriction enzymes Not I (GCGGCCGC), _Asc I (GGCGCGCC), Pme I
(GTTTAAAC), and Fse I (GGCCGGCC). The PCR product was cleaned by using a
QIAquick PCR purification kit (QIAGEN), polished with Mung Bean Nuclease to create
blunt ends and cloned into the Nru I (TCGCGA) site in pBR322. Cloning of the PCR
product was verified by subsequent restriction digestion analysis with Not 1. Native
pBR322 contains no Not I restriction site. The primers 5'-ATTCCTTGCGGCGGCGG-3'
and 5'-GTAGGAGTTCCACAGGG-3' were used for PCR amplification of a 1430 bp
fragment of plasmid pBR322 from positions 571 to 2001 respectively containing a Sal I
site and Bsp EI site flanking the cloned octamer polylinker. This PCR product was inserted
into pUK499 cut with Sal I and Bsp EI to create a “stuffer” in the center of the histone H4

gene.
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Cloning of mutagenesis cassettes

pUK499 vector suitable for ligation was produced in microgram amounts following
restriction digestions with Sal I and Eco RI enzyme. The products of these digestions were
separated with 0.8% agarose gel electrophoresis in 0.5x TAE buffer. Following staining
with ethidium bromide (0.5 pg/ml), the resulting vector (8 kb) was extracted from the gel
and isolated using dialysis tubing by standard methods (11). This cleaved vector was
incapable of self-ligation and was confirmed to produce no transformants in either bacteria
or yeast suggesting that only vector free of stuffer was present. This vector was essentially

missing the 3' half of the histone H4 gene.

Mutagenesis cassettes were developed as a series of primers (Integrated DNA
Technologies) and were purified via HPLC prior to shipment from the manufacturer.
Independent PCR a;npliﬁcation, using each of these primers in combination' with the
universal forward primer, provided the necessary 3' half of the histone gene, including
modifications to the region of interest. PCR amplification was accomplished using either
the S. cerevisiae histone H4 or T. thermophila histone H4 sequence previously cloned into
the multiple cloning site of pUC19 as a template. The resulting 623 bp PCR product
contained the entire 3' half of the histone gene (196 bp) as well as 427 bp of downstream
flanking region. This product exactly duplicated the 3' half of the histone H4 gene missing

from pUK499, except for the modifications that were introduced to the region of interest.

Mutagenesis cassettes

The first cassette “Sal-256”, 5'-GCCAGCTATCCGTCGACTAGCTANAANAGG
TGGTGTCANGANAATTTCTG-3' (Integrated DNA Technologies), altered four codons

54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




in the histone gene. At each of these positions, equal molar amounts of A, T, C, and G
were incorporated (represented by N). This 50-mer cassette generated a spectrum of 256
possible histone proteins including the wild-type sequence. In this spectrum, each of the
original arginines (positions 39, 40, and 45) is potentially replaced by lysine, threonine or
isoleucine, while the lysine (position 44) is potentially replaced by arginine, threonine or
methionine. The second primer, “Sal-RK”, 5'-GCCAGCTATCCGTCGACTAGCTARA
ARAGGTGGTGTCARGARAATTTCTG-3' (Integrated DNA Technologies), altered the
same four positions in the histone gene. At each of these positions however, equal molar
amounts of only A and G were incorporated (represented by R). This 50-mer cassette
generated a smaller set of 16 possible histone proteins including of the wild-type sequence.

Only arginine or lysine codons were generated at each position.

Transformation of Yeast

Transformation of yeast cells was accomplished with a standard protocol for high
efficiency transformation (6) with slight modification. UKY403 yeast cells were grown in
20 ml glass flasks (Difco) in a shaking water bath at 28°C from a glycerol stock inoculate
overnight to a concentration of approximately 2 x 107 cells/ml. The culture was harvested in
a sterile 50 ml glass centrifuge tube (Corning) by centrifugation at 3,000 x g for 5 minutes.
Cells were resuspended in 25 ml sterile dH,0 and centrifuged again, resuspended in 1.0 mi
100 mM LiAc and transferred to a 1.5 ml microcentrifuge tube for centrifugation at 12,000
x g for 15 seconds at room temperature. Cells were resuspended to a final volume of 500
ul in 100 mM LiAc. The cell suspension was then transferred in 50 pl aliquots to new
microcentrifuge tubes and centrifuged to form a pellet. To each tube was added: 240 ul
PEG (50% w/v), 36 ul 1.0 M LiAc, 25 ul single stranded salmon sperm carrier DNA (2
mg/ml), 50 pl dH,0, and plasmid DNA (5 ug). The mix was vortexed, incubated at 30°C
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for 30 minutes, and the tubes were then heat shocked in a water bath at 42°C for 25 minutes

to induce transformation.

Transformation mixes were then centrifuged at 3,000 x g for 15 seconds, aspirated

to remove the transformation mix and 1.0 ml of stérile dH,0 was used to gently resuspend

the cell pellet. 200 pl of cells were transferred in a 10 fold dilution series on SG ura plates

and incubated at 27°C for 3 days. In order to obtain high efficiencies, fresh yeast cells were

used for each series of transformations.
Screening for Viable Yeast Colonies

Following transformation with each of the cassettes generating 256 possible

proteins, colonies were grown on SG ura plates and 1000 colonies were individually

transferred via toothpick to YPD plates and then subsequently to fresh SG ura plates. The

plasmid pUK499 contains a uracil marker (URA3) and a modified histone H4 gene under

control of the dextrose promoter. Therefore, growth on SG ura plates selects for the

presence of the pUK499 plasmid due to the uracil requirement, while cells continue to

produce wild type histone H4 from the histone H4 gene on plasmid pUK421 under control
of the galactose promoter. Replica plating positive SG ura colonies to YPD media

effectively switches off the galactose promoter leaving only the modified histone H4
expressed in the cells. This process is known as the “glucose-shift-viability assay” (5,7).

Viable colonies on YPD were produced after two to three days of growth at 27°C. All

colonies that grew on YPD media (YPD") also grew on SG ura’. Glycerol stocks for each
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colony with modified histone were made by adding 800 pl of liquid cell culture to 250 pl of

pre-sterilized glycerol. These tubes were stored at -70°C for future use.

PCR from yeast cells

PCR amplification of the histone H4 genes from yeast cells was accomplished
using a standard protocol (3) with slight modification. Each yeast colony containing a
modified histone H4 gene was grown in 3 ml of YPD media overnight at 28°C in a shaking
water bath. Cultures were then resuspended with gentle stirring and a 50 pl aliquot was
transferred to a 1.5 ml microcentrifuge tube. 100l of a solution containing 2.5M LiCl, 50
mM Tris-HCI (pH 8.0), and 62.5mM EDTA was added to the cells, followed by an equal
volume of phenol:chloroform and 0.2 g of Superbright glass beads (3M Company, St.
Paul, Minnesota; type 100-5005). This mixture was vortexed for 2 minutes and centrifuged
for 5 minutes at 12,000 x g in a desktop microcentrifuge. The supemafant was transferred
to a fresh microcentrifuge tube and DNA was precipitated by the addition of 300ul of ice
cold 95% ethanol with 300 mM sodium acetate on ice for 20 minutes. Samples were
centrifuged 12,000 g at 4°C for 30 minutes and the resulting pellet was washed with cold

70% ethanol and dried under vacuum for 2 to 5 minutes. The DNA was resuspended in 20

ul of TE buffer.

The isolated DNA was cut with Not I enzyme, prior to PCR amplification of the
histone H4 gene. pUK421 plasmid contains a Not I site in the GALI promoter, whereas

the plasmid pUK499 containing the modified histone genes does not. The Not I enzyme

can be used to selectively digest the pUK421 intemal to the primer sites used for PCR.

This leaves the pUK499 plasmid as the only intact template for PCR amplification of the

histone H4 gene.
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PCR amplification of the histone H4 gene was performed by adding 1 pl of the
extracted yeast DNA as template to 35.75ul of sterile dH,0. The PCR reaction was
performed in a total volume of 50 pl, including: 5u1 10x PCR Buffer IT (100 mM Tris-
HC], pH 8.3, 500 mM KCI), 3 pl of 25 mM MgCl,, 4ul dNTP (10mM each dNTP), 0.5l
of each primer (0.4 pmoles/ul) “5'SCH4specific” 5-CGGGCGCGAAATGCAGACCAG
ACCAG-3', “3'SCH4specific” 5-TAACAGTCTTTCTCTTGGCG-3', and 0.25pl (1.25

units) of AmpliTaq Gold™ (Perkin Elmer, Foster City, CA). All reactions were performed

in thin walled 0.2 mL reaction tubes. Samples were subjected to a hot start for 10 minutes
at 97°C, followed by 10 cycles of 30 seconds at 96°C, 30 seconds at 60°C, and 1 minute at
72°C, 25 cycles of 20 seconds at 94°C, 30 seconds at 60°C, and 1 minute at 72°,a 10
minute extension at 72°C and subsequent hold at 4°C. A 5ul aliquot of the PCR sample was
checked on a 1.5% 0.5x TBE gel stained with ethidium bromide and visualized under
ultraviolet light after electrophoresis at 100V for 80 minutes. PCR products were then
cleaned using Microcon-100 microconcentrators (Amicon, Beverly, MA) following the
manufacturers' instructions. 3ul of the cleaned PCR product was run on a 1.5% 0.5x TBE

gel to determine the concentration.
PCR Sequencing Reactions

5 pl aliquots of the cleaned PCR product were used as templates for sequencing.
The primer “5"H4” §'.CGCTTAATTTATTCTTTTCTC-3' sits just upstream of the histone
H4 gene on the pUK499 plasmid. This primer will hybridize only to the yeast histone H4

promoter on the plasmid containing the modified histone H4 gene. A 0.5l (5 pmol) aliquot

of 5’H4 primer was added to the mixture along with 4 pl of sequencing reaction mixture
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provided by the UCLA Core Sequencing Facility and 0.5 pl of sterile dH,0 was added to
each tube to bring the final volume to 10pl. All tubes were subjected to 25 cycles composed
of: 10 seconds at 96°C, 5 seconds at 50°C, and 4 minutes at 60°C in a Perkin Elmer 2400
PCR machine (Perkin Elmer, Foster City, CA) using thin walled 0.2 mL reaction tubes.
Following amplification, reaction products were transferred to a 1.5 mL microcentrifuge
tube and 25p! of a 95% EtOH solution containing 300 mM sodium acetate was added.
Samples were centrifuged at 12,000 g for 30 minutes; the pellet was washed with 70%
ethanol and dried under vacuum. The resulting dried pellet was given to the UCLA Core

Sequencing Facility for sequencing.

RESULTS

Amino acid replacements using the Sal-256 cassette in T. thermophila histone H4

Introduction of the Sal-256 cassette into the core of S. cerevisiae histone H4 yields
70 colonies out of 1069 colonies tested on dextrose media. Sequencing of 15 of 70 viable
colonies from dextrose media generated a set of 11 different sequences. All of these
sequences were determined to be combinations of arginine and lysine. No threonine,
isoleucine, or methionine replacements were observed. Coupled with the fact that the
percentage of viable colonies (6.5%) is close to the percentage expected with only arginine
and lysine replacements (6.25%), this strongly suggests that ail arginine and lysine

replacements are viable in the T. thermophila context.
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Amino acid replacements using the Sal-256 cassette in S. cerevisiae histone H4

Introduction of the Sal-256 cassette into the core of S. cerevisiae histone H4 yields
58 viable colonies out of 1,338 colonies tested on dextrose media. This percentage (4.3%)
is less than would be expected if all 16 arginine and lysine only combinations functioned in
the context of S. cerevisiae histone H4 (6.25%). The DNA sequences from the 50 colonies

viable on dextrose media with Sal-256 cassette modifications in the S. cerevisiae context

were analyzed.

From the 50 colonies, 13 different sequences were determined (Table 4.1). Of these
13 sequences, 5 (including the wild-type sequence) were composed of only arginine and
lysine replacements, while the other 8 had predominately arginine and lysine replacements,
but also included methionine, isoleucine, and/or threonine. Replacement of lysine for
threonine was not observed in any viable protein. At the first and fourth modified positions
(histone H4 positions 39 and 45), the wild type amino acid arginine was only replaced by
lysine. The second and third modified positions (histone H4 positions 40 and 44) were
more open to modification. At position 40, replacement of arginine with threonine is viable
only when a lysine is also present in position 45. Similarly, replacement of arginine with
isoleucine at position 40 is viable when positions 39 and 44 are replaced with lysine and
methionine, respectively. At position 44, replacement of lysine with methionine occurs in 6

of the 13 histone H4 sequences known to be viable in yeast.

Modifications with the Sal-RK cassette

In order to confirm the surprising result that the set of arginine and lysine

replacements in the S. cerevisiae context was different than the T. thermophila context, a
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second set of cassettes (Sal-RK) was tested. This cassette generated the set of 16 sequences
with arginine and lysine replacements. With the Sal-RK cassettes in the S. cerevisiae
context, 34 out of 100 colonies tested were viable on dextrose media. This value is in close
agreement with our Sal-256 results. From the Sal-256 results, we expected 5 out of the 16
sequences (31.3%) to be viable with the Sal-RK cassette. With the Sal-RK cassette in the
context of the T. thermophila histone H4, 98 out of 98 colonies tested were viable on
dextrose media (100%). These results confirmed the analysis with the Sal-256 cassette and

suggested that only arginines and lysines are viable in the context of the T. thermophila

histone H4.

DISCUSSION

The very low rate of nonsynonymous substitution suggests that the evolutidn of
histone H4 is highly constrained by the essential role it plays in the cell. Modifications to
histone H4 that affect the structure and function of the protein would therefore be expected
to be deleterious. This hypothesis can be tested by introducing a set of modifications into

an absolutely conserved region and monitoring viability of yeast in a permissive laboratory

setting.

It is reasonable to expect that more similar amino acids are (by charge or size) more
easily replaced by one another. For instance, Dayhoff et al. (4) noted that of all of the
amino acids, lysine most easily replaces arginine and arginine most easily replaces lysine.
Both of these residues are positively charged and share similar shapes. Conservation of
overall protein structure dictates that with single residue replacements, amino acids most
similar to the wild-type residues are favored for replacement. The wild-type sequence for

the region of interest contains an arginine-arginine pair closely followed by a lysine-
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arginine pair. These residues are believed to play an important role in the wrapping of
negatively charged DNA around the nucleosome. Alignment of all known histone H4
proteins suggests that these residues are extremely conserved, as no alternative amino acids
are known in naturally occurring histone H4 proteins at these locations.

At each of these amino acid positions, sets of new amino acid combinations were
introduced through cassette mutagenesis of the histone H4 gene. The first cassette, Sal-
256, generates 256 possible histone H4 proteins through a random modification of the
second codon position for each of the four amino acid positions 39, 40, 44 and 45. The
256 sequence set contains all possible arginine and lysine combinations in addition to
possible replacements by methionine and threonine at position 44 and isoleucine and
threonine at positions 39, 40 and 45. A priori, it might be expected that due to similarities

in charge and size, only arginines and lysines would function at each of these positions.

In the context of the T, thermophila histone H4 sequence, 16 of the 256 sequences
generate viable yeast cells. All 16 of these sequences are argihine and lysine combinations
only. These data agree with the hypothesis that positive residues most easily replace one
another. In the context of the S. cerevisiae histone H4 sequence, however, 13 of the 256
sequences generate viable yeast. Of these 13 sequences that yield viable yeast, 5 were
determined to contain only arginine and lysine combinations. One of these 5 was the wild-
type sequence. The remaining 11 combinations of arginine and lysine only were non-viable
in this context: this was an unexpected result with regards to the fact that all arginine and

lysine combinations were viable in the T. thermophila context.
A more detailed analysis of the 5 viable arginine and lysine sequences in the S.

cerevisiae histone H4 suggests that all of the 4 non-wild-type sequences (RKKK, KKKR,

RKRK, and KKKK) each contain 2 or 3 differences with respect to the wild-type sequence
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(Figure 4.3). It is surprising that some arginine and lysine only sequences that have only 1
or 2 changes with respect to the wild-type are not viable in this context. A hypothesis
suggesting that the frequency of viable sequences increases when sequences are close to the
wild-type is not supported by this data. Only 1 of the 13 cassette sequences that yield viable
cells in S. cerevisiae histone H4 context has one amino acid difference with respect to the
wild-type. Only 4 of the 16 cassette sequences that yield viable cells in T. thermophila
histone H4 context have one difference with respect to the wild-type sequence. This data

suggests that the changes at each position might be interactive.

Of the 13 viable sequences in the S. cerevisiae histone H4 context, 8 contained at
least one position that was neither arginine or lysine (Table 4.1). This result is surprising
relative to previous results demonstrating that the entire set of only arginine and lysine
replacements was viable in the T. rhénnophila histone H4 context. Of these 8 sequences, 6
contained a methionine replacement at position 44. Only 1 sequence was found to contain a
viable replacement of lysine by arginine at position 44. Tt is very surprising that the
positively charged amino acid lysine was more easily replaced at this location by a non-
polar methionine than a similar, positively charged, arginine. No threonine replacements at
position 44 were viable, although 3 of the 8 sequences contained a threonine replacement at

position 40. Only one sequence contained an isoleucine at position 40 and that sequence

also has a methionine at position 44.

Positions 39 and 45 contain only arginine and lysine residues in roughly equal
amounts in the cells that are viable from the Sal-256 cassette. However, arginine and lysine
residues are not interchangeable in the context of S. cerevisiae histone H4. Among the
sequences that yield viable cells from the Sal-256 cassette in the S. cerevisiae context, there

are 3 sets which have identical internal positions (40 & 44) (Figure 4.4). These internal
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positions have only lysine replacements. The outer positions (39 & 45) for these 3 sets
have four alternative arrangements of arginine and lysine (Figure 4.4). Functional
sequences do not occur in equal abundance, suggesting a bias towards the replacement of
lysine over arginine. The remainder of the non-wild-type sequences that are viable in the S.

cerevisiae context require specific amino acid replacements at positions 39 and 45 (RKRK,

RRMR, RTMK, KIMR).

In order to confirm the number of viable sequences with only arginine and lysine
residues, a second cassette Sal-RK was constructed. This cassette altered the second
position of each of the four codons only with an A or G and gave rise to only arginine and
lysine replacements. Using the Sal-RK cassette, all 16 of the possible arginine and lysine
combinations are viable in the T. thermophila histone H4 context. When using the S.
cerevisiae context, the ratio of viable to non-viable yeast (31.3 %) suggests that 6nly 5 of
the 16 possible arginine or lysine combinations are viable. In both cases, evidence from the

Sal-RK cassette supports the previous analysis with the Sal-256 cassette.

Curiously, all of the non-arginine or lysine replacements in the S. cerevisiae context
occurred only in two positions (40 and 44). At positions 39 and 45, arginine was replaced
only by lysine in a manner similar to the T. thermophila context. Positions 40 and 44
appear to be more free to vary than positions 39 and 45. A new set of oligonucleotide
cassettes could be generated to test this hypothesis. Positions 39 and 45 could be held to
either arginine or lysine and a wider spectrum of replacements could be inserted at positions
40 and 44. Tt would be interesting to determine if the arginine at position 40 can be replaced
by methionine in a similar manner to the lysine at position 44. It would also be interesting
to determine what (if any) other amino acids besides methionine, threonine, and isoleucine

can be used to generate viable histone H4 proteins.

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



To more fully investigate the modifications of positions 40 and 44 in the Sal-256
cassette that yield viable cells, an alternate cassette could be generated. Ideally, this cassette
would test isoleucine in position 44 and methionine in position 40 as well as regenerate the
set of alternatives tested by the Sal-256 cassette. The use of codon ANR at positions 40 and
44 generates all five possible amino acids R,K,T,LM in the ratios of 2:2:2:1:1 respectively.
The use of codon ARA at positions 39 and 45 generates two possible amino acids (R & K).
Due to the skewed representation of isoleucine and methionine at positions 40 and 44, these
codons generate the equivalent of 256 sequences. 192 of these sequences have been
previously interrogated using the Sal-256 cassette and, of that number, 13 different
sequences are known to be viable in the context of S. cerevisiae histone H4. 64 of the 256
sequences haye; never been assayed for viability and contain methionine at position 40
and/or isoleucine at position 44. Therefore, the expected viabilvity for this new cassette will
range from 7.8% (only the known 20 [due to the skewed representation of M and I] viable
sequences are viable using the new cassette) to 32.8% (all of the 64 new methionine and
isoleucine sequences are viable in addition to the previous 20). The ratio of viability can
easily be determined using the glucose shift viability assay. In the case where the viability
is slightly above 5%, sequencing of 50 random viable clones should give a 95% probability
of sequencing all viable sequences completely. In the case where the viability is closer to
30%, sequencing of 50 viable clones should give a wide variety of new sequences each of
which should contain methionine or isoleucine replacements at positions 40 and 44

respectively.

Comparing the histone H4 proteins of T. thermophila and S. cerevisiae there are 21
amino acid differences, one deletion, and one insertion for a total of 23 differences. These

differences are scattered throughout the protein (5). Despite this large difference, the T.
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thermophila protein can successfully replace the S. cerevisiae histone H4 in vivo although
yeast utilizing the T. thermophila histone have altered phenotypes (5). It is possible that the
differences between these two wild-type histone contexts are responsible for the different
sets of viable alterations observed between these sequences. Less latitude might be
expected of yeast utilizing the T. thermophila histone H4 due to an already compromised
phenotype. Potentially, this only explains the discovery of successful non-arginine or
lysine residue replacements in the S. cerevisige histone H4 context. However, the number
of viable modified sequences in the S. cerevisiae context is fewer than in the T. thermophila
context. The discovery that all arginine and lysine replacements are viable in the T.

thermophila context but not in the S. cerevisiae context was most unexpected.

By using oligonucleotide cassette mutagenesis, a universally conserved region in
histone H4 can be modified and yield viable yeast cells. At 's.ovme positions in the protein,
positively charged residues (arginine and lysine) can only be replaced by similarly positive
residues in the context of both the S. cerevisiae histone H4 and T. thermophila histone H4
when assayed in yeast. However, at position 40 and 44, there exists a dramatic difference
in the variety of amino acid replacement between the contexts of S. cerevisiae and T.
thermophila histone H4. In the context of T. thermophila histone H4, only arginine and
lysine residues are accepted. In the context of S. cerevisiae histone H4, a much wider
variety of residues can be accepted. This suggests that, at some positions, positively
charged residues can be replaced by polar or non-polar residues in the core of histone H4.
T. thermophila and S. cerevisiae histone H4 proteins have 23 amino acid differences
scattered in regions outside of the area that was the focus of this study. Therefore, it is
likely that the viability of amino acid replacements to this region of histone H4 are to a large
degree affected by the type and location other amino acid residues in the protein and their

interactions in the maintenance of histone H4  structure and function.
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Figure 4.1

Aligned sequences of histone H4 in Saccharomyces cerevisiae (Sc) and Tetrahymena
thermophila (Tt). The amino acid sequences for each codon are given above and below the
nucleotide sequences for each species. Bars between the sequences indicate nucleotide
matches. The nucleotides modified to create a Sal I restriction site used for vector
construction are shown. Boxes indicate the arginine and lysine residues at positions 39, 40,
44, and 45 which were modified in this study. Four arrows point to the second positions of
the codons which were altered with either N (in the case of the Sal-256 cassette) or R (in
the case of the Sal-RK cassette). Indications of helix (H) and loop (L) are given for the
amino acids involved with the histone fold.
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Figure 4.2

Tertiary structure of the histone fold from histone H4. Positions that were modified in this

chapter are shown by arrows.
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Figure 4.3

Viable sequences from the set of 256 possible variants in both the S. cerevisiae context and
T. thermophila context. Boxes indicate sequences found only when in the context of the S.
cerevisiae histone H4. Circles indicate sequences common to both the S. cerevisiae and T.
thermophila histone H4 contexts. The remaining sequences are found only in the context of
the T. thermophila histone H4. Sequences are displayed with reference to the one letter
amino acid codes for the wild-type amino acids (RRKR) at positions 39, 40, 44, and 45.
Numbers at the top of each column indicate the number of differences with respect to the

wild-type sequence. Solid lines indicate amino acid sequences that differ between each
other by one amino acid replacement.
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Figure 4.4

Three common sequence sets for amino acid replacements at positions 40 and 44 in the S.
cerevisiae histone H4 context. Viable sequences are indicated by (+) whereas non-viable

sequences are indicated by (-). The number of viable sequences is given in parenthesis for
each of the sequence motifs.
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Table 4.1

Viable sequences from the Sal-256 cassette mutagenesis in the S. cerevisiae histone H4
context. Amino acid positions are noted at the top of the table. Sequences are grouped by
common amino acids listed on the left with the wild-type sequence (w.t.) given first. The
number of amino acid differences with respect to the wild-type is noted for all sequences in

the last column. The majority of viable sequences from this set have two or three
differences with respect to the wild-type sequence.
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44 45 # dif.

pos. 39 40

w.t. R R K R 0
R K K K 2

RK K K K R 2
K K K K 3
R R M R 1

RKM R K M R 2
K K M R 3
R T K K 2

RKTM K T K K 3
R T M K 3
K I M R 3
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Chapter 5
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DERIVATION OF OLIGONUCLEOTIDE CASSETTES FROM AMINO
ACID REPLACEMENT MATRICES

ABSTRACT

An accepted point mutation (PAM) matrix is used for the development of
oligonucleotide cassettes for amino acid replacement in histone H4. Using a PAM matrix, a
set of codons predicted to have a high probability of successful replacement were tested in
five positions in a highly conserved region of S. cerevisiae histone H4. Our results suggest
that this method can be used to efficiently search for novel functional proteins. Speculation
on the predictive power of different PAM matrices is offered. The predictive power of any

PAM matrix can be measured using yeast viability as a measure of success.
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INTRODUCTION

Mutagenesis is an invaluable technique for the investigation of proteins. The ability
to generate a variety of mutant proteins by inserting a variable cassette of amino acid
sequences (cassette mutagenesis) adds to our knowledge of protein structure and activity
and can be used for many related bioengineering purposes. Cassette mutagenesis has
yielded important discoveries such as the isolation of antibody fragments with high
affinities for arbitrary compounds (7,24); screening of peptide libraries for desirable
properties (27,30,37); creation of drug-specific mutants for gene therapy (11); and
identification and mapping of important residues in proteins such as herpes simplex virus

type 1 thymidine kinase (10), glucoamylase (6), or human rhinovirus based HIV-1

immunogens (36).

Many strategies have been developed for the search of sequence space through
mutagenesis (39). One potential strategy focuses on the replacement of amino acids at a
single specific position in a protein. In this case, R amino acid replacements can be
generated where R varies from 1 to 19 non-wild-type residues. This strategy is useful for
locating critical and non-critical positions, such as the glutamic acid residue at position 461
in B-galactosidase (14) or the “helix clamp” in HIV-1 reverse transcriptase (8). Possible
long range successful interactions of amino acid replacements are neglected by this
approach. While this technique might demonstrate a number of viable replacements, the
majority of the sequences are bound to be close to the wild-type sequence, as the search

space is closely centered on the wild-type protein (29,31,32,35).

Another potential strategy is the replacement of R residues at n positions in the

protein of interest (where n is larger than 1). The space of possible sequences in this set
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grows as a function of R" giving a space that quickly becomes much too large to search
exhaustively (18). When working with yeast (or most eukaryotic cells), high efficiency
transformation rates of 10*-10° cells/ug of DNA set an upper limit on the number of novel
protein sequences that can be assayed in vivo. This transformation efficiency sets a limit on
the size of the sequence space that can be investigated and therefore the number of positions

and/or replacements at each position that can be simultaneously altered in a protein.

With this upper limit in mind, the researcher is forced to reduce the number of
positions and/or replacements at each position to match the maximum transformation
efficiency. The number of positions » can be chosen a priori by the researcher depending
on the question which is being asked. In some cases, the researcher might be interested in
understanding the potential variability in a highly conserved, critical region. In other cases,
the researcher might be interested in the coupled interactions of non-conserved positions in
the protein. Therefore, the number of positions (n) to be varied is determined by the
researcher. Similarly, at each position, the number of amino acid replacements can be
varied to match the desired purpose of the study and yet conform to the upper limit of
transformation efficiency. In this case, the number of non-wild-type replacements, R,
varies from 1 to 19 at each specified position j. This generates the relationship N = Il R,
where N is the total number of sequences that are to be investigated and R; is the number of
replacements at each specific position. The researcher is left to decide two variables: the
number and location of positions to be varied (n) and the set of replacements for each
position to be varied (R)). Both of these choices are generally determined in light of the
question being asked. There are a variety of methods that can be used to select the best set
of replacements at each position that is to be varied. The method described here utilizes an

accepted point mutation (PAM) matrix as a basis for this selection for the modification of a

highly conserved region in histone H4.
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Modifications to a highly conserved region in S. cerevisiae histone H4

Studies on the evolution of histone H4 proteins in lower eukaryotes suggest that
the amino acid sequences of Saccharomyces cerevisiae and Tetrahymena thermophila have
substantially diverged with respect to the consensus sequence derived from all known
histone H4 sequences (22). The histone H4 sequences of different species of Tetrahymena
also show substantial divergence from each other (38). Using a system in which the
endogenous histone H4 genes of Saccharomyces can be replaced by a histone H4 gene
introduced to the cell, Fogel and Brunk (22) demonstrated that the Tetrahymena histone H4
can replace Saccharomyces H4 in vivo yielding viable yeast cells. This result suggests that
a larger set of modified histone H4 sequences might also generate viable cells when used to
replace the endogenous histone H4. Several viable modifications to an extremely conserved
region in histone H4 were the subject of the previous chapter. An amino acid replacement
cassette for the modification of a region of nine amino acid residues that is absolutely
conserved in all histone H4 proteins between positions 38 and 46 was designed. Viable
yeast containing modifications to this region should offer insights into the highly conserved
nature of the histone fold (2,3,43). Within this region, four arginine and lysine residues at
positions 39, 40, 44, and 45 were the focus of chapter 4. Assuming that these positions
were potentially less free to vary due to charge restrictions (as was the case for modification
of positions 39 and 45), we wished to alter the five residues at positions 38, 41, 42, 43,

and 46 (Figure 5.1; Figure 5.2). A cassette was constructed that generated a wide spectrum

of possible sequences with the highest predicted functionality using a PAM matrix. The
results suggest that a large number of modifications to this region are viable and that the
PAM matrix is a useful tool for the design of oligonucleotide cassettes. The predictive

power of the PAM matrix might be tested in a series of additional experiments.
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MATERIALS AND METHODS

A PAM matrix was originally defined as the matrix relating the replacement of one
amino acid such that the new amino acid was successfully accommodated in the structure
and function of the protein (17). A PAM matrix can be derived by either the common
ancestor method (17) or through the use of a distance matrix (21). In the common ancestor
approach, a phylogenetic tree is used to infer ancestral sequences and the matrix derived
from the comparison of present day sequences to inferred ancestral sequences. In the use of
a distance matrix, only present day sequences are compared. Regardless of the method,
apparent amino acid replacements (A;) are tallied into ‘a symmetrical pairwise exchange
table (PET). The relative mutability of a given amino acid (m)) is calculated as the number

of observed changes for that amino acid divided by its frequency of occurrence in the PET.

With the apparent amino acid replacement information and relative mutabilities, a
replacement probability matrix can be derived which gives the probability that a residue in
column j of the matrix can replace the residue in row ! in a specified unit of evolutionary

time and yield a functional protein (28). Non-diagonal terms for the replacement probability

matrix have the values:
M; = AmAJ3A,
where A is an element of the pairwise exchange table (Table 5.1), 4 is a proportionality

constant, and m; is the relative mutability of amino acid j (Table 5.2). On-diagonal terms

for the replacement probability matrix have the values:
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The probability of observing a change in a position containing any amino acid is
proportional to the mutability of that amino acid. The same proportionality constant, 4,
holds for all columns in the replacement probability matrix. For the 1 PAM, 4 is set such
that the average of the off-diagonal terms is equal to 1%. Matrix multiplication of the 1
PAM can be used to derive other evolutionary distances. An evolutionary distance
produced by 250 matrix multiplications (250 PAM) is generally accepted as a useful

balance between similar and divergent sequences.

The Jones PET91 and relative mutability index

- Dayhoff et al. (17) used 72 sequence families consisting only about 1300
sequences to determine PAM matrices. With the recent dramatic increase in sequence
information for protein data (12), Jones et al. (28) generated a more extensive update of the
Dayhoff matrix using 16,130 protein sequences and 59,190 accepted point mutations from
the SWISS-PROT database (5). The Jones “Pairwise Exchange Table 1991 (PET91;
Table 5.1) is equivalent to the original pairwise exchange table (MDM78) derived by
Dayhoff et al. (17). The PETO1 gives information about the individual kinds of amino acid
replacements and their frequency of occurrence in the database. Although many more
sequences were used in the PET91, the PET91 was strikingly similar to the MDM78. The
various amino acid replacement matrices have been compared previously (25.41,42).
Although other replacement matrices exist, the PET91 matrix was chosen as a

representative of a broad range of proteins that exist in the SWISS-PROT database.
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The relative mutability of each amino acid was determined by dividing the number
of replacements by the total number of occurrences for each specific amino acid in the
PET91 database (28) (Table 5.2). The PET9! and the relative mutability index can be
combined to generate an “accepted point mutation” or 1 PAM matrix (Table 5.3). The 1
PAM matrix gives the probability that a specified amino acid will be replaced by another
specified amino acid after an evolutionary interval that gives an average of one amino acid
replacement per 100 residues. The on-diagonal terms in the 1 PAM matrix are far bigger
than the off-diagonal terms due to the lack of sufficient evolutionary divergence of proteins
in the database. The 1 PAM provides the necessary information to simulate further
evolutionary change through matrix muitiplication. It is left for the researcher to choose the
most appropriate PAM matrix in light of the questions being addressed. For instance, the
250 PAM matrix (250 matrix multiplications of the 1 PAM matrix) is commonly used for

sequence alignment software and to determine the accuracy of programs to construct

evolutionary trees.

In our construction of a suitable amino acid replacement matrix for oligonucleotide
cassette design, a computer algorithm using FutureBasic II (STAZ Software Inc.) was
developed for matrix multiplication. This algorithm was used to construct a PAM matrix
that would be a good predictor of acceptable amino acid replacement in the highly
conserved histone H4 protein. Matrix multiplication of the 1 PAM matrix from Jones et al.
(28) was used until the time when the first off-diagonal term was about equal to its
corresponding. This PAM matrix is referred to as a the “PAM critical.” For the PET91
matrix and associated relative mutability index, this equality occurred after 125 matrix

multiplications (125 PAM) (Table 5.4). In the 125 PAM matrix, the replacement of
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methionine by leucine (2194) is about equal to the retention of methionine (2203) (Table
5.4).

Construction of “‘optimal” oligonucleotide cassettes

Using this 125 PAM matrix, we selected amino acid replacements that would
generate substantial variability and simultaneously should yield functional proteins with a
high probability. This amino acid replacement cassette was referred to as the “best
cassette.” Alternatively, a cassette was generated from the Jones 125 PAM matrix that
would have a great deal of variability and yield functional proteins with a relatively low
probability, this amino acid replacement cassette was referred to as the “worst cassette.”

Together, these two cassettes could be used to test the predictive power of the PAM matrix.

For the construction of oligonucleotide cassettes using the Jones 125 PAM matrix,
the complete set of possible triplet nucleotides (3,375) was computed using standard
[UPAC nucleotides A, T,C, G, R, Y,M,K, S, W, H, B, V, D, N,whereR=AorG; Y
=CorT;M=AorC;K=GorT;S=CorG;W=AorT; H=A,CorT;B=C, Gor
T:V=A,CorG;D=A,GorT;and N= A, C, G or T (each nucleotide is present in
equal amounts). Most of the codons code for multiple amino acids. The different type of
amino acids replacements associated with each multiple amino acid codon and the
frequency of occurrence for each amino acid was determined. For each amino acid
replacement, the probability of replacement of the original amino acid by each of the amino
acids specified by the replacement codon was calculated. The PAM score for the
replacement codon is 10,000 times the weighted mean of the probability of replacement of

the original amino acid by the various amino acids specified by the replacement codon.
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The standard deviation of the PAM scores gives a measure of the closeness with
which the PAM replacements are clustered. An “optimal” nucleotide substitution cassette is
one that maximizes diversity as well as generates a high probability of amino acid
replacement yielding functional proteins. For optimal nucleotide substitution, a low
standard deviation of the PAM scores is desired. Dividing the PAM score by the standard
deviation of the PAM scores (M/SD) for a replacement codon provides a metric to compare
replacement codons. It is expected that replacement codons with high M/SD will yield a

relatively high percentage of functional proteins.

Although each codon generates the same set of amino acids and relative frequencies
of occurrerice, the relative merit of each codon is dictated primarily by the wild-type amino
acid at the position that is being modified. For instance, a codon that generates arginine and
lysine residues in equal abundance will have a very high PAM score at positions 39 and 40
where the wild-type amino acid is arginine. However, using the same codon at position 33,
where the wild-type amino acid is alanine, will generate a lower PAM score since it is less

expected that arginine and lysine will replace alanine.

Construction of “optimal” oligonucleotide cassettes using 125 PAM

Microsoft Excel 5.0 was used to sort through the 3,375 possible codons and their
associated amino acids. All triplets that gave a possibility of a termination codon were
removed from the set of codons. The list was further condensed by removing codon triplets
that produced a set of less than 7 possible amino acids leaving codons that would give a
wide range of possible amino acid replacements. For each amino acid, the remaining

codons were sorted by PAM score and the associated metric M*SD or M/SD to determine
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the most suitable codon(s) for the replacement of that amino acid. Even though each codon
generated a specific set of amino acids and relative frequencies, the average PAM score for
the entire set is predicated on the amino acid being replaced. Using this approach, the
codons RBT, RMM, DYC, and DYT were selected to replace the amino acids alanine
(position 38), glycine (positions 41 and 42), valine (position 43) and isoleucine (position
46), respectively. These codons will generate the largest variability and highest viability
(Figure 5.3). The codon RBT generates the amino acids threonine, alanine, serine, glycine,
isoleucine, and valine with equal probability. RMM generates lysine, asparagine, glutamic
acid, alanine, aspartic acid, and threonine in unequal probabilities. With RMM, threonine
and alanine are represented with probability 0.25, while all other amino acids are
represented with probability 0.125. DYC and DYT generate the amino acids phenylalanine,
serine, valine, alanine, isoleucine, and threonine all with equal probability. Using these
four codons at the five specified positions a space of 6 x 8 x 8 x 6 x 6 or 13,824 possible

sequences, of which one is the wild-type sequence.

Testing “optimal”’ cassettes in S. cerevisiae histone H4

Optimal cassettes were tested for viability in the context of S. cerevisiae histone H4
using the same methods described in chapter 4 with the following exceptions. For PCR,
the cassette “Jones-Sal” 5’-GCCAGCT ATCCGTCGACTARBTAGAAGARMMRMM
DYCAAGCGTDYTTCTGGT-3" was constructed (Integrated DNA Technologies). This
primer was used in conjunction with the universal forward primer to PCR amplify the 3’
half of S. cerevisiae histone H4 using pUC19 plasmid containing the full length histone H4
gene as a template. The Jones-Sal primer also introduces a Sal I site at the same position as

described for primers in chapter 4. After ligation and transformation of plasmid containing
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the Jones-Sal cassette, yeast cells were initially grown on SG ura . Subsequent assays were

made using dextrose (YPD) media.

Construction of a histone 32 PAM matrix

For the construction of the histone H4 specific pairwise exchange table, all
complete known H4 sequences were downloaded from GenBank (Release 96.0) using
BLAST (1). Redundant sequences from this set were eliminated, leaving 51 sequences that

differed by at least one amino acid from every other sequence (Figure 5.4). By employing a

user-derived phylogenetic tree in PAUP 3.1.1 (40), 22 of the 51 sequences were used to
produce an additional 19 sequences representing ancestral node sequences on the tree
(derived ancestral sequences) (Figure 5.5). Since histone H4 is highly conserved, contains

no intervening sequences, and is a relatively small protein, the final set of 70 histone H4

sequences could be easily aligned by eye for the calculation of a pairwise exchange table

(Table 5.5) and relative mutability index (Table 5.6).

The pairwise exchange table and relative mutability index were used to construct a 1

PAM specifically from the histone H4 sequence data (Table 5.7). Matrix multiplication
software was used to derive the PAM critical for the histone H4 sequence data set (32
PAM: Table 5.8). In establishing a PAM critical, matrix multiplication was continued until
the third amino acid, serine, had an off-diagonal term approximately equal to the on-
diagonal term. Cysteine was the first amino acid for which the off-diagonal term was
approximately equal to the on-diagonal term. However, there are very few cysteine
residues in the histone H4 database and matrix multiplication was continued. Similarly, the

off-diagonal term was approximately equal to the on-diagonal term for methionine relatively
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early in matrix multiplication. Multiplication was continued as methionine is also under
represented in the histone H4 database (most of these methionine residues are initiation
amino acids). The first well represented amino acid for which the off-diagonal term was
approximately equal to the on-diagonal term was serine. At this point, matrix multiplication
was halted and the resulting matrix was used as a PAM critical matrix. “Best” and “worst”
cassettes were then calculated from the histone H4 amino acid replacement matrix for future

analysis to test the predictive power of the histone H4 matrix relative to the PET91 matrix

(Figure 5.3).

RESULTS

Amino acid replacement with the PET91 “best” cassette

To determine the percentage colonies containing a functional histone H4 sequences

after transformation with the PET91 “best” cassette, 1,103 colonies growing on SG ura’

media were transferred via sterile toothpick to YPD media. These cells were grown for 2
days at 28°C until and colonies formed. Of the 1,103 colonies, 101 grew successfully on
YPD (9.2%). This ratio is surprisingly high with respect to the extreme conservation found
in this region. Using the “best” codons derived from the PET91 matrix, the total number of
sequences generated is 13,824. From the ratio of viability, 9.2% of these sequences (1,272

sequences) are functional in yeast.

Four of the colonies found to be viable on YPD media were chosen at random for
PCR sequencing using the methods described in chapter 4. The wild-type amino acid

sequence in this region is alanine (A), glycine (G), glycine (G), valine (V), and isoleucine
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(I) at positions 38, 41, 42, 43, and 46 respectively. Each of the four colonies gave a
different histone H4 sequences (Table 5.9). Based on this very limited amount of
sequencing, it appears that of the five positions the isoleucine at position 46 is the most
conserved. The glycine and valine at positions 42 and 43 are also found in three of the four
sequences. Positions 38 and 41 appear most free to vary. At position 38, alanine is
replaced by either glycine or valine and at position 41, glycine is replaced by threonine or
alanine. Most striking is the successful replacement of valine by phenylalanine at position

43 in one of the four sequences.
Construction of other oligonucleotide cassettes

Construction of non-optimal codons for substitution follows the same approach as
for optimal codons, but with the a requirement for lqw PAM scores instead of high PAM
scores. The appropriate metric, in this case, is the mean PAM multiplied by the standard
deviation (M*SD). Nucleotide substitutions generated under these conditions will provide a
tight cluster of replacement amino acids that give low predicted PAM scores. Such
replacements should yield a relatively low percentage of functional proteins. In selecting
non-optimal nucleotide substitutions, termination codons (stops) and very improbable
amino acid replacements should be avoided as they dramatically reduce the fraction of
potentially functional protein sequences. The “worst” codons generated for histone H4
positions 38, 41, 42, 43, and 46 are shown in Figure 5.3. Selection of optimal and non-
optimal cassettes for positions 38, 41, 42, 43, and 46 was based on the histone H4 amino

acid replacement database. These codons are also shown in Figure 5.3.

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without perrﬁission.



DISCUSSION

Dayhoff and Eck (15) and Dayhoff et al. (16,17) suggested that the stability of
proteins is less affected by replacement of amino acids with similar physico-chemical
properties than by those with different physico-chemical properties. Feng et al. (20) also
suggested that the most common evolutionary changes in proteins are replacements
between amino acids of similar structure or between amino acids that can be exchanged by
single-nucleotide substitutions. It has been generally demonstrated that amino acid
positions that have a large effect on protein structure or function are conserved over
evolutionary history. Positions that do not effect the protein structure are relatively free to

vary and can accept a wider variety of non-wild-type amino acid replacements.

Delagrave and Youvan (19) suggested that an optimal mutagenesis strategy must
simultaneously alter as many residues as possible while still generating the largest number
of functional proteins. Non-functional proteins only serve to increase the number of
sequences that must be analyzed before arriving at a functional modification. Several
methods have been developed with this “optimal” search strategy in mind including
combinatorial cassette mutagenesis (CCM), which uses all 20 amino acids at each position
(33,34); target set mutagenesis (TSM) (23); recursive ensemble mutagenesis (REM) (18);
and exponential ensemble mutagenesis (EEM) (19). Each of these strategies employ some
type of simultaneous mutagenesis strategy to increase the probability of generating
functional mutants while avoiding extensive random mutagenesis at only one location (19).

Sequence space is too large to effectively search without a simultaneous variation of

regions of interest.
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In an effort to limit the search space, Arkin and Youvan (4) developed strategies
based on Dayhoff and Eck (15) and Dayhoff et al. (16,17) that would yield amino acid
replacements which were physico-chemically similar to the wild-type sequence. This
strategy should limit the potential search space to amino acid replacements which would
yield a high probability of functional modifications. Each set of nucleotide substitutions
was considered “optimal” if the resulting nucleotide mixture maximized the probability of
obtaining each of the amino acids in the desired set with equal probability (4). Such

nucleotide substitution schemes could be developed for any position in the protein.

In an extension of this method, Goldman and Youvan (23) used 29 homologous
light harvesting I (LHII) proteins as a database to construct a target set of seven positions
for mutagenesis of the Rhodobacter capsulatus LHIL protein. Specific mixtures of
nucleotide substitutions were chosen to maximize the probability of the generating
replacements previously determined to produce functional proteins. Mixing and matching
combinations of replacements previously identified to be functional were used, thereby
increasing the probability of producing new functional proteins. In comparison to
conventional CCM techniques, Goldman and Youvan (23) demonstrated that this target set
mutagenesis showed a 100-600 fold improvement in the yield of functional proteins when

compared to random cassettes techniques (using [NNN] at each position).

In cases where no phylogenetic sequence data is available, recursive ensemble
mutagenesis (REM) can be used to generate a “pseudophylogeny” (44). After one iteration
of conventional CCM using [NNS] codons and sequence analysis of positive mutants,
viable replacements can then be used as a target set in the same way phylogenetic

information is used in TSM (18). The codon NNS generates all 20 amino acids using the

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




genetic code and only gives the possibility of one stop signal (UAG). Exponential
ensemble mutagenesis (EEM) uses a similar method to generate libraries with a high
probability of function alterations (19). In EEM, non-overlapping groups of 5 to 6 amino
acids are randomized in the first round using the codon [NNS] and functional mutants are
discovered. The successful mutants from each set of 5 to 6 amino acids are then combined
into larger non-overlapping groups and the positions re-mutagenized. Theoretically, entire
proteins could be altered using this bottom-up approach by building up successful
alterations. Stemmer et al. (39) criticized the EEM technique for its lack of ability to search
for novel long range interactions due to the limits of small cassettes. Combinatorial multiple

cassette mutagenesis (CMCM) (13) was developed to alleviate some of these concerns.

A key trade off to any successful search strategy of sequence space is to increase
efficiency by increasing the number of functional proteins (4), while exploring as much
variability as possible and increasing the search space to the upper limits of a
transformational capacity. Any amino acid replacement matrix could be used to determine
non-functional and functional modifications that have occurred over evolutionary history.
To make the TSM method more “global” as a search strategy, the PET91 matrix derived by
Jones et al. (28) was used in this study as an index of functional and non-functional

replacements that have occurred over evolutionary history.

Viable modifications in S. cerevisiae histone H4

By using the Jones-Sal oligonucleotide cassette, it was determined that 9.2% of the
sequences from this set are viable in the context of the S. cerevisiae histone H4. Using the
codons for this optimal cassette, 13,824 potential sequences are generated. 9.2% or 1,272

of these sequences are viable in yeast. This is a suprisingly high number with respect to the
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absolute conservation of these residues over evolutionary history. However, this cassette

was developed using knowledge of successful replacements in a wide variety of proteins

(the PET91 matrix).

Limited sequencing of four viable colonies gave rise to four new sequences in the
context of S. cerevisiae histone H4 (Table 5.9). The isoleucine at position 46 is conserved
in all four sequences. However, it is quite surprising that the amino acids threonine,
aspartic acid, and phenylalanine can replace the two glycines and one valine at positions 41
through 43. The glycine and valine at positions 42 and 43 are also found in three of the
four sequences. Positiqns 38 and 41 appear most free to vary. It is interesting to note that
positions 38 and 41 each have two successful replacements, positions 42 and 43 have one
successful replacement and position 46 has no successful replacements. The fact that each
of the four colonies sequenced has different replacements to this region and that multiple
amino acid replacements are observed in single sequences suggests that our ratio is not
biased by the unlikely inclusion of false positives. It will be interesting to characterize a
larger set of these colonies for sequence and corresponding growth rate relative to yeast

utilizing the wild-type histone H4.

Using “best” and “worst” cassettes derived from the PET91

Using the PET91, the “best” codons for the positions that we wish to vary in
histone H4 were determined. A set of “worst” codons that would be predicted to generate
the lowest PAM score for those positions were also determined. A comparison between
these two cassettes should shed light on the predictive power of the PET91 matrix. The
ratio of viable and non-viable colonies on dextrose media could be correlated to the average

PAM score for each set of codons. It is expected that the “worst” codons will have a
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sufficiently different ratio to the “best” codons such that the difference in the ratios can be

observed by testing 1,000 colonies.

A test for the predictive power of alternate PAM matrices

Cassettes derived with the PET91 matrix contain codons with PAM scores relative
to a very large set of diverse proteins in the SWISS-PROT database. When making
modifications to a specific protein, it is unclear whether such a “global” matrix will be a
better or worse predictor of successful replacements than a matrix developed from
sequences for the specific protein of interest. Using Dayhoff’s common ancestor method,
an aligned set of 70 histone H4 proteins was generated. This set was used to determine a
PAM critical matrix that can be used for the determination of PAM scores and appropriate

codons for amino acid replacement at any position.

Using cassettes derived from the H4 PAM critical, the percentage of the cassette
sequences that yield viable cells can be compared with relative efficiency of amino acid
replacement predicted from the PET91 matrix. In essence, this strategy tests the predictive
ability of a “global” matrix (in the case of the Jones PAM matrix) relative to a “local” matrix
(in this case histone PAM matrix). Since histone H4 is an extremely conserved protein, the
frequency and type of amino acid replacements might be expected to be very different from

the total set of proteins in the SWISS-PROT database.

Comparing cassettes with the largest PAM score differential

A PAM matrix can be used as a predictor of functional and non-functional

alterations while designing cassettes for mutagenesis strategies. The predictive power of
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this and other amino acid matrices can be tested by constructing a series of oligonucleotide
cassettes that introduce alterations as dictated by the matrix. The relative predictive power
of two different matrices (for instance, the PET91 and the H4 PAM) can similarly be tested
by using cassettes containing nucleotide substitution schemes that exploit the difference
between codons predicted to be successful by one matrix and not successful by another.

With a wide discrepancy in PAM scores, differences in the ratio of colony viability will be

easy to determine.

Modifications in different histone H4 contexts

In chapter 4, a series of oligonucleotide cassettes were tested in both the context of
the S. cerevisiae and T. thermophila histone H4. A surprising difference was discovered in
the set of viable sequences between these two contexts. It would therefore be interesting to
test cassettes derived with both the PET91 and H4 PAM in the context of both the S.
cerevisiae and T. thermophila histone H4. The positions that were modified using the
PETO1 matrix in this chapter flank the regions that were modified in chapter 4. 9.2% of
these PET91 derived sequences work in the context of the S. cerevisiae histone H4 protein.
Similar modifications to the T. thermophila histone H4 context might be expected to give a

different set of viable modifications as was the case for positions 39, 40, 44, and 45.

Conclusions
The use of a PAM matrix for the development of oligonucleotide cassettes was
demonstrated. The PAM matrix can be used to develop cassettes that are predicted to have a

high probability or a low probability of success in the protein. Using the PET91 matrix, a

cassette predicted to have a high probability of successful replacement of five positions in a
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highly conserved region of S. cerevisiae histone H4 was tested. Our results suggest that
this method can be used to efficiently search for novel functional proteins. We have also
described techniques that can be used to test the predictive power of both the PET91 matrix
and other matrices developed more specifically for the protein that is to be modified by
using yeast viability ratios as a metric of success. For the histone H4 protein, it is unclear
which matrix (PET91 or H4 PAM) will be more useful as a predictor of successful

replacement. Future mutagenesis experiments will help to clarify these issues.
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Figure 5.1

Histone H4 sequences for Saccharomyces cerevisiae (Sc) and Tetrahymena thermophila
(Tt). The amino acid sequences for each codon are given above and below the nucleotide
sequences for each species. Boxes indicate the alanine at position 38, glycines at positions
41 and 42, valine at position 43 and isoleucine at position 46 which were modified using a
cassette derived from the Jones PET91 matrix. The nucleotides modified to create a Sal I
restriction site used for vector construction are shown. Arrows indicate codons which were
modified on the basiS of highest average PAM score. Indications of helix (H) and loop (L)
are given for the amino acids involved with the histone fold.
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Figure 5.2

Tertiary structure of the histone fold from histone H4. Positions that were modified in this

chapter are shown by arrows.
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Figure 5.3

Codons derived using two amino acid replacement matrices (Jones PET91 and histone H4
PAM) for each of five positions in the histone H4 gene. The optimal codons, number of
amino acids, and the average PAM value for that set of amino acids is given for each
cassette (“best” or “worst”) and for each specified amino acid. Average PAM values for the

complete sequence is given below followed by the number of sequences produced by the
codons.
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Jones Best Jones Worst H4 PAM H4 PAM

Best Worst
Alanine RBT HKK/HKS MHK/MHS MNR
(position 38)
6 12 12 16
0.7532 0.5266 0.3265 0.1702
Glycine RMM NWC/NWT MHK/MHS YNT
(position
41,42) 8 8 12 8
0.6241 0.2191 0.1422 0.1739
Valine DYC VRV/VRD MNG YNC/YNT
(position 43) ‘
6 18 8 8
0.6131 0.2935 0.1471 0.1053
Isoleucine DYT RRY/RRD MNG YNC/YNT
(position 46)
6 12 8 8
0.7222 0.2442 0.2551 0.1159
Average 1.3 x 10" 1.8 x 10° 2.4 x 10° 6.3 x 10°
PAM
Total 13,824 165,888 110,592 65,536
Sequences
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Figure 5.4

Aligned set histone H4 sequences used to create a pairwise exchange table and relative
mutability index specific for histone H4. All histone H4 sequences were downloaded from
GenBank (Release 96.0) and common sequences combined to give 51 unique sequences.
The highly divergent Entameoba histolytica sequence (9) listed as the last entry in the
alignment was not used in subsequent analysis. For the user derived tree, only T.
paravorax and T. thermophila as representatives for a much larger set of Tetrahymena
histone H4 sequences. 19 internal nodes were derived using PAUP and are numbered 1-
19. All known unique histone H4 sequences, including internal node sequences, were
aligned by eye. Dashes represent gaps in alignment and X represents missing data from the
sequences. The histone 1 PAM was derived from 70 unique sequences.
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Figure 5.5

User derived tree used for the construction a pairwise exchange table. 19 ancestral node
sequences (numbered 1-19) were determined from this analysis. The tree topology was

based on a loose interpretation of phylogenies derived by SSU rRNA sequence
information.
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Table 5.9. Viable sequences determined for the Jones “best” cassette. Amino acid
positions are noted at the top of the table and the wild-type (w.t.) amino acid
sequence is given first. The number of differences with respect to the wild-type
sequence is noted in the last column.

__pos. 38 41 42 43 46  #dif.

w.t. I 0

> <Q |2
HrQa |@
oo |[Q
me << | <
(U Pt pod ok
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A FIELD INVERSION GEL ELECTROPHORESIS REGIME FOR THE
ENHANCED SEPARATION OF DNA FRAGMENTS BETWEEN 10 TO 50
KILOBASE PAIRS

ABSTRACT

Asymmetric field inversion gel electrophoresis was used to enhance the separation
of DNA molecules in the 10 to 50 kb range. Comparisons to constant field gel
electrophoresis are offered. A very short pulse of high electric field (22.5 V/cm) in the
forward direction was followed by a long pulse of low electric field (1.25 V/cm) in the
reverse direction. The integrated forward electric field was twice that of the integrated
reverse electric field. With this regime, the separation of 10.1 kb and 9.1 kb DNA
fragments was increased two fold and the separation of 24.0 kb and 10.1 kb fragments
four fold relative to their separation under constant electric field gel electrophoresis. This
FIGE method is an easy technique for the increased separation ahd subsequent isolation of

similarly sized small endonuclease restriction fragments for mapping and cloning purposes.
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INTRODUCTION

Standard agarose gel electrophoresis is commonly used to separate DNA fragments
between 500 bp and 20 kb. Field inversion gel electrophoresis (FIGE) has been used to
separate DNA fragments between 20 and 2,000 kb (2,3,7,8) but is most commonly applied
to fragments larger than 100 kb. FIGE is useful for genome separation and mapping (12),
the identification of bacteria and viruses (6,14), and yeast artificial chromosome projects

(1) among others.

In some cases, it is important to promote the separation of similarly sized bands for
increased resolution of restriction digest patterns for identification or extraction. Using
standard gel electrophoresis, fragments over 15 kb fall into a range of limited mobility
independent of the agarose percentage. A FIGE regime capable of promoting the separation
of small fragments between 10 and 50 kb is presented. This method uses a very short pulse
of high forward electric field followed by a longer pulse of low reverse electric field and
can enhance the separation of bands 1 kb different in length (10.1 kb and 9.1 kb) 2 fold

relative to separation using constant field gel electrophoresis.

MATERIALS AND METHODS

DNA Samples for Electrophoresis

A ladder of lambda phage DNA digested with Hind I was used as a length
standard control for all runs (Life Technologies, Gaithersburg, MD, USA). For sample
lanes, a set of bands with equal intensity were constructed including full length linearized

lambda phage DNA (48.5 kb), lambda phage DNA cut with Xba I (24.5 kb and 24.0 kb),
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plasmid pDH4 DNA linearized with Eco RI (10.1 kb), and plasmid pUK499 DNA (9)
linearized with Eco RI (9.1 kb). Plasmid pDH4 is a derivative of pUK499 that contains a
1.0 kb DNA insert. For ease of analysis, the two Xba I bands were treated as 24.0 kb. All

enzyme digestions were performed with manufacturers procedures (Life Technologies,

Gaithersburg, MD, USA).
Electrophoresis Equipment

All gels were made using UltraPURE agarose (Life Technologies, Gaithersburg,
MD, USA) and 0.5x TBE buffer (45 mM Tris, 45 mM Boric acid, and 1.25 mM NaEDTA
adjusted to pH 8.3). Gels were run in 0.5x TBE buffer for eight hours and then stained
with ethidium bromide (0.5 pg/mL). A horizontal gel apparatus constructed from lucite
with a distance 12.0 cm between electrodes and overall dimensions of 13.4 cm (length),
6.3 cm (width) was used for all experiments. During electrophoresis, the temperature was
maintained at 23°C by recircularization of the buffer. For constant field gel electrophoresis,
DNA fragments were separated in 0.8% and 0.6% 0.5x TBE gels at 1.7 V/cm were run in

the same electrophoresis apparatus without field inversion. All relative band separations

were measured after eight hours.

Asymmetric Field Inversion Gel Electrophoresis

An EC 452 power supply (E-C Apparatus Corp., St. Petersburg, Florida, USA)
was used for all experiments. Pulsing of the forward and reverse electric fields was
provided by a homemade electronic switcher between the power supply and the

electrophoresis chamber. Pulse timing was generated by a 555 timer chip, which produced
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a square wave with a pulse time that could be switched between 0.4 and 0.7 ms. This
square wave (as measured by an oscilloscope) drove a series of 7493 binary counters that
multiplied the original pulse length by factors of two, producing twelve different pulse
lengths varying from 0.4 ms to 1.434 seconds. The pulse generator was followed by a
7490 decade and a 7408 “AND” gate, which produced a 1:9 ratio of the forward pulse
duration (T,) to the reverse pulse duration (T). These time pulses were used to drive a

photovoltaic relay (PVD 3354) which applied the forward power supply and reverse power
supply to the gel.

This FIGE regime was predicated on a very short forward electric field pulse so that
the larger DNA molecules did not become completely streamlined. The electronic switcher
was capable of switching a maximum of 300 volts; thus, V, was limited to 270 volts to
provide a reasonable margin of safety. To determine that band inversion was not affecting
the results, all fragments were run in separate lanes as well as all in one lane relative to the

lambda Hind III ladder. Band inversion was not detected (data not shown).
Evaluation of Relative Migration

Following electrophoresis, gels were photographed using GEL analysis software
(version 2.0, Ultra Violet Products,) and migration distances were measured with a
fluorescent ruler. The relative separation (A) of two DNA bands is defined as the separation

between the bands divided by the mean migration distance of the bands:

A =2(m-my)/(m+m,)
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where m, and m, are the migration distances of the smallest band and the largest band,

respectively.

RESULTS AND DISCUSSION

The net movement of DNA molecules in FIGE is determined by the electric field in
the forward (E,) and reverse direction (E), the time E, is applied (T,) and E is applied (T),
temperature, and gel concentration (8). The net migration is proportional to the ratio (R) of
the integrated forward electric field to the integrated reverse electric field (R=E,T,/ET).
R must be greater than one for net forward movement to occur. We used an R of two to
provide a reasonable net migration of the DNA molecules based on previous studies (3,7).
The ratio of V, to V_ was adjusted to be1:18 so that the integrated forward electric field was
twice the integrated reverse electric field. These FIGE parameters were similar to those
offered previously (5,11,13). However our approach uses a much stronger E, pulse for a
shorter time (on the order of 4 ms to 1 second). Previous reports tend to focus on methods
of increasing the separation of large DNA molecules on the order of hundreds or thousands
of kilobases. Using the parameters E, = 22.5 V/em, E_ = 1.25 V/iem, T, = 1/10 cycle, T. =
9/10 cycle, the relative separation (a) of the different DNA molecules was determined for
various T, (Figure Al.1). Under these conditions, optimal separation of the 10.1 kb and
9.1 kb bands can be achieved with a T, of 32 ms giving a A of 0.40. In comparison with
constant field gel electrophoresis on standard 0.8% or 0.6% agarose gels at the identical

average forward electric field of 1.7 V/cm, the maximal separation of 10.1 kb from 9.1 kb

fragments is only 0.19 and 24 kb fragment separation from 10.1 kb fragment is only 0.22.
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The relative mobility as a function of T, was calculated for all fragments (figure
A1.2). When T, is sufficient for the molecules to become completely streamlined with E,,
the net mobility of the DNA molecule is maximized. Therefore, increasing T, does not
increase the net mobility. For example, with the 4.4 kb band, any forward pulse time
greater than 64 ms has a maximum net mobility; whereas, at 64 ms the mobility of 48.5 kb
DNA fragments is still increasing. The maximum net mobility of small DNA molecules is
generally higher than the maximum net mobility of large DNA molecules (except in the case
of very short T,). A comparison of the relative separation between 48.5 kb fragments and

all others in the set is shown in figure A1.3.

This FIGE regime presents a high E, for a duration too rapid for long DNA
molecules to assume a highly streamlined conformation. Following the forward pulse, the
DNA molecules are reoriented into a conformation that has low mobility in the forward
direction. The low E. does not produce significant streamlining in the reverse direction and
minimized the backward migration of the DNA molecules. With T much longer than T,

the DNA molecules assumed a steady state conformation during the reverse pulse.

The time required for a DNA molecule of a specific size to become streamlined in
this situation can be estimated from figure 2. When T, becomes too short to allow the DNA
molecule to fully streamline in the forward direction, the net mobility of the molecule is
decreased. Apparently, the 48.5 kb DNA molecules take longer than 1.4 seconds to
become substantially streamlined, while 4.4 kb strands are fully streamlined in 64 ms or
less under these conditions. Maximum separation between any two bands occurs ata T, for
which there is greatest difference in mobilities. Comparing figures Al.2 and Al.3, it is
apparent that the optimal separation between two DNA molecules occurs when T, is just

short enough to begin to lower the mobility of the smaller DNA molecule. Thus for

129

Reproduced with permission of the copyright owner. Further reproduciion prohibited without permission.




maximum separation, neither of the DNA molecules achieves a fully streamlined
conformation in the forward direction. Surprisingly, this applies even when the DNA

molecules are an order of magnitude different in length (4.4 kb versus 48.5 kb).

One major potential drawback of FIGE is the phenomenon of band inversion. In
this situation, high molecular weight DNA molecules move faster than low molecular
weight DNA molecules. Under standard FIGE conditions, band inversion is associated
with DNA fragments on the order of megabases. By running the fragments of the DNA
ladder in separate lanes as well as together in a single lane, potential band inversion could
be observed. No band inversion was detected for the fragment sizes and conditions shown
here. The speeding up of large molecules as T, becomes much smaller than their optimum

as is the case with larger DNA molecules in standard FIGE conditions was not observed.

This FIGE regime sigr;iﬁcantly enhances the separation of DNA fragments under
50 kb relative to constant field gel electrophoresis. Similar regimes offered previously
focus on the separation of DNA molecules 200 to 2200 kb in length (10) or use with
polyacrylamide gels (7). Carle and Olson (3) reported a two to three percent increase in the
separation of DNA fragments smaller than 15 kb using FIGE. Others have attempted to
increase the resolution of lambda phage DNA restriction fragments using FIGE; however
separation of fragments smaller than 15 kb was not substantially increased relative to
constant field conditions (4). DNA molecules in the 5 kb to 50 kb size range are particularly

useful for restriction fragment analysis, extraction, and subsequent cloning. Relative to the

FIGE regime described here, constant field electrophoresis generally performs poorly in
this range. Even for DNA molecules of very similar size (10.1 kb and 9.1 kb), separation

can be enhanced several fold over conventional gel electrophoresis when using this FIGE

regime.
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Figure Al.1

Relative separation of DNA fragments as a function of the forward pulse time using FIGE.
Relative separation (A) varies from zero, where the two bands have identical migration
distances to two, where the larger band does not migrate at all. FIGE conditions included a
forward electric field of 22.5 V/cm , reverse electric field of 1.5 V/cm, forward pulse time
1/10 of the total cycle, and reverse pulse time for 9/10 of the total cycle. Forward pulses
ranged from four milliseconds to slightly over one second.
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Figure A1.2

Relative mobility of DNA molecules as a function of the forward pulse time using FIGE.
Smaller molecules make the transition to a streamlined configuration in a much more rapid

time than do larger molecules. The maximum separation between any two bands occurs
when there is the greatest difference in relative mobility.
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Figure Al1.3

Relative separation of 48.5 kb DNA fragments compared to various smaller DNA
fragments as a function of the forward pulse time. Appropriate forward pulse times for
maximal separation decrease as a function of the size of the smaller fragment being
separated.
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Appendix 2
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PROKARYOTIC GENOME SIZE AND SSU rRNA COPY NUMBER:

ESTIMATION OF MICROBIAL RELATIVE ABUNDANCE FROM A
MIXED POPULATION

INTRODUCTION

In recent years, PCR amplification of prokaryotic small subunit ribosomal RNA
(SSU rRNA) genes has generated a more complete understanding of prokaryotic ecology
and evolution. PCR has been used to effectively determine the presence or absence of an
organism from a sample. However, the relative abundance of organisms in a mixed
population is not necessarily reflected in the amount of PCR products. The use of an
appropriate internal standard in competitive PCR will allow the determination of the amount
of SSU rRNA sequences for a specific taxa or group present in a complex sample. The
amount of the SSU rRNA sequences can then be used to determine the relative abundance
of the specific taxa or group in the original complex. Such determinations require
knowledge of genome sizes for the organisms in the sample and SSU rRNA copy number
for the specific taxa or group of interest. Estimates for the genome size of 303 prokaryotic
taxa and estimates for SSU rRNA copy number of 108 taxa collected from the literature are
reviewed. This information, in combination with quantitative PCR, can be used to calculate
the relative abundance of specific prokaryotic taxa or groups in a given sample. Such

measurements are most valuable in applied and environmental microbiology.
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QUANTIFICATION OF BACTERIAL POPULATIONS USING SSU rRNA

Competitive PCR

Molecular techniques have recently provided a means for the identification of
organisms independent of the ability to culture them in the laboratory (8,9,168,169,229).
PCR amplification (156) of the small subunit rRNA (SSU rRNA) genes, has dramatically
improved the ability to characterize prokaryotes present in a sample. An appropriate choice
of PCR primers allows for a wide variety of SSU rRNA sequences to be specifically
amplified from a complex sample (33). If universal primers are used, almost all SSU rRNA
sequences from a mixed sample can be PCR amplified. However, if a set of specific PCR
primers are chosen, only the SSU rRNA sequences of a small group or a single species of
prokaryote will be PCR amplified. Although these methods are powerful and can determine
the presence or absence of an organism, they do not always provide a measure of relative
abundance of the organisms. There is no guarantee that all SSU rRNA sequences will be

PCR amplified with equal efficiency.

Competitive PCR (154,176,182), using specific primers and the amplification of an
internal standard, can be used to determine the amount of targets present in a sample. If the
internal standard has an identical sequence to that of the target except for the modification of
a unique restriction site (usually only 2-3 base pair differences) then during PCR

amplification, the internal standard will be amplified in exactly the same manner as the

target (15,83,151). When a known amount of internal standard is mixed with a DNA
sample, the ratio of target sequence (0 internal standard sequence can be determined by

analyzing the PCR product after digestion with the restriction endonuclease unique to the

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




internal standard following amplification. The ratio of internal standard to target in the PCR
product is identical to the ratio of internal standard to target in the original sample.
Knowing the amount of internal standard added to the sample, the amount of target in the
original sample can easily be calculated. If the internal standard sequence and the target
sequence differ by the modification of a unique restriction site in the target to another
unique restriction site in the internal standard, then the PCR product may be analyzed with
each of the unique restriction enzymes. This produces complementary information and

significantly increases the accuracy of determining the ratio of internal standard to target in

the PCR product.

Relative Abundance of Taxa

It is of major interest to determine the relative abundance of a specific organism in
an original sample. In order to calculate relative abundance of a specific organism in an
original sample, one must know the amount of target SSU rRNA sequences in the original
sample, the copy number of SSU rRNA genes in the target organism, and the weighted

average of the genome sizes for all organisms in the original sample.

The copy number of SSU rRNA genes and the genome size for many prokaryotes
are available in the literature. With recent advancements in DNA sequencing technology,
this information is accumulating rapidly as is the number of completely sequenced
prokaryotic genomes. A variety of methods including field inversion gel electrophoresis,

pulsed field gel electrophoresis, hybridization, and subsequent C,t curve analysis have

been used to estimate genome size. By surveying the literature, genome size estimates for

303 prokaryotes were gathered (Table A2.1). There are fewer estimates for SSU rRNA
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gene copy number to be found in the literature (108 included in this survey). These
estimates of SSU rRNA gene copy number are the result of restriction digestion, gel
electrophoresis, and Southern hybridization using an SSU rRNA probe. Estimates of both
genome size and SSU rRNA gene copy number are available in the literature for 89
organisms (Table A2.1). In order to determine the relative abundance of a particular

prokaryote in a population distribution, this information is a crucial resource.
Summary

This compilation of genome size and SSU rRNA gene copy number provides a
guide for making a reasonable estimate of genome size and SSU rRNA gene copy number
for a wide variety of organisms. Even if the SSU rRNA gene copy number for a specific
taxa of interest is not given in the literature, a reasonable estimate can often be made from
the copy numbers of closely related taxa. Similarly, although the exact composition of taxa
in a sample is seldom known, a reasonable estimate for the average (weighted arithmetic
mean) of the genome sizes can be determined from the genome sizes of taxa likely to occur
in the sample. We have displayed taxa for which genome sizes and SSU rRNA gene copy
number are available as a taxonomic tree to facilitate making these types of estimations. The
data presented here allows one to make an estimation of the relative abundance of a taxain a

sample based on the abundance of SSU rRNA present in the sample.
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GENOME SIZE AND SSU rRNA COPY NUMBER ESTIMATES

Taxa Names

A list of organisms identified by genus and species was developed from the
literature. These organisms were arranged taxonomically according to the RDP SSU rRNA
Prokaryotic Taxonomic List (145) (Table A2.1, Figure A2.1). Organisms not explicitly
found in the RDP database were grouped with the most appropriate taxa (32). These taxa
are identified by a “?” symbol in the last digit of their RDP taxonomic number. Genus and
species names were cross-checked to insure .appropriate placement (100,201).

Synonymous names were placed in parenthesis in Table A2.1.

Genome and SSU rRNA Estimates

For species with multiple estimates of genome size in the literature, an average and
standard deviation was recorded (Table A2.1). In the event that the complete genome
sequence for an organism was known, the exact number of base pairs was listed instead of
any previous estimates. SSU rRNA copy number estimates were collected from the
literature and organized in a spreadsheet (Microsoft Excel 5.0). In cases where estimates of
SSU rRNA copy number varied for a particular genus (an infrequent situation), the most
commonly cited and/or most recent estimate was used for Table A2.1. If SSU rRNA copy

number varied from strain to strain for a particular species, the range was included in Table

A2.1.

144

Reproduced with permission of the copyright owner. Further reproduction prohibiied without permission.




Phylogenetic Analysis

The majority of SSU rRNA sequences were downloaded from the RDP database in
a pre-aligned format. Sequences downloaded from GenBank Release 104.0 (17) were
aligned with the RDP database. This set of aligned SSU rRNA sequences was used to
create a user-derived tree for the set of 89 organisms having estimates for both genome size
and SSU rRNA copy number using PAUP 3.1.1 (214). The user-derived tree was
developed using the RDP grouping numbers as a guide (Figure A2.1). Species identifiers
at the tips of each branch are listed in Table A2.1. The genome size (Mb) and SSU rRNA

copy number for each organism is provided as a part of the species identifier for ease of

comparison on the tree.
Genome Size Analysis

Genome size estimates for 303 prokaryotes following the RDP taxonomy are given
in Table A2.1, including mean and standard deviation where a range of values appeared in
the literature. The variation in genome size estimates for a number of taxa including several
Pseudomonas species, Desulfovibrio vulgaris, Mycobacterium avium, Clostridium
acetobutylicum, Lactococcus lactis, Streptococcus agalactiae, and Bacillus cereus was quite
large. For Mycoplasma species and related taxa of RDP grouping 2.16.4, the standard
deviation of reported genome size in the literature was very low. A histogram of genome
size over all taxonomic groupings is displayed in Figure A2.2. The distribution roughly

spans one order of magnitude with a mean and standard deviation of 3,604 kb = 1,997 kb.

However, 78% of the genomes fall between 0.6 kb and 4.8 kb. 25% of the genomes fall

under 2.0 kb and 75% are under 4.8 kb. The genome of Mycoplasma genitalium G-37 1s
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completely sequenced and is the smallest genome reported with only 580,070 bp (76).
Cyanobacterial taxa form a tail of large genome organisms, with the genome of Scytonema

sp. estimated to be the largest at 1 1,593 kb (94).

Relationship of Genome Size and SSU rRNA Copy Number

The relation between genome size and SSU rRNA copy number for 107 organisms
is shown in Figure A2.3. The genome size and SSU rRNA copy number might be
expected to be positively correlated. However, no correlation is apparent (y = 2267.5 * x;
r* = 0.128). The organisms with 10 to 12 SSU rRNA genes (the largest number observed)
have genome sizes less than 5 Mb, whereas organisms with the largest observed genomes

(10 to 11.6 MB) have only 6 SSU rRNA genes.

SSU rRNA Copy Number Analysis

A histogram of SSU rRNA copy number for 103 taxa is given in Figure A2.4. The
mean SSU rRNA copy number is 3.8 with a standard deviation of 2.9. SSU rRNA copy
number ranges from 1 (over 10% of the taxa) to 12 in some strains of Bacillus cereus
(105). The relationships between the 89 taxa with a value for both genome size and SSU
rRNA copy number, are displayed in a user-derived tree, constructed following RDP
taxonomic classification (Figure A2.1). In most cases, genome sizes and copy numbers
were very similar within the major taxonomic groupings. For instance, all Archaea have

similar genome sizes (2449 £ 357 kb) and are restricted to two or fewer SSU rRNA genes.
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Summary

Genome sizes for a total of 303 prokaryotes are presented in this review. It is clear
that the methods used to determine each estimate have varying degrees of accuracy. In
particular, it appears that older citations generally have a higher variance in genome size
estimation, perhaps as a result of methods used (data not shown). For ease of calculation,

all citations were treated with equal merit in making estimates of genome size averages

(Table A2.1).

Over 40% of the organisms surveyed have 1 or 2 SSU rRNA genes. Curiously, no
organisms with a copy number of 5 were found in this survey. This anomaly could be the
result of a small sample size. However, the abundance of organisms with 6 and 7 SSU
rRNA genes suggests that organisms with 5 SSU rRNA genes might be precIuded by
some type of selection pressure on SSU rRNA gene copy number. It is particularly

interesting that some Azomonas and Bacillus species have strain dependent differences in

copy number.

The user-derived tree is based on RDP taxonomy and general relationships of
groups. This type of tree may offer insights into the evolution of both genome size and
SSU rRNA copy number. The tree is also useful for choosing neighboring values for the
estimation of copy number or genome size where the values for a specific organism are not
available in the literature. Using the tree, a few potential anomalies can be seen in relation

to rtRNA copy number estimation for the 89 taxa available in the literature. For instance,
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Aquifex pyrophilus is reported to contains 6 copies of SSU rRNA (199), however, all
neighboring taxa to A. pyrophilus have only 2 SSU rRNA copies.

METHODS OF ESTIMATING BACTERIAL RELATIVE ABUNDANCE

An Estimation Method

It is of major interest to determine the relative abundance of a target organism in an
environmental or complex laboratory sample. The amount of target SSU rRNA sequences
in a sample can be determined by quantitative PCR with specific primers and an internal
standard. In addition, the number of SSU rRNA genes in the target organism and weighted

average of the genome sizes for the other organisms in the sample must be known in order

to determine the relative abundance of a target organism.

Using quantitative PCR with specific primers and an internal standard, it is possible
to measure the amount of SSU rRNA for a specific target in a given sample (15, 83). In
cases where SSU rRNA copy number and/or genome size are unknown, estimates can be
made using averages from neighboring organisms or groups based on the RDP taxonomy
shown in Figure A2.1. The closest relatives are likely to have similar genome sizes and

SSU rRNA copy numbers to the taxa of interest.

As an example, to determine the amount of Bacillus subtilis present in an
environmental sample, a known amount of internal standard DNA is added to a known
amount of total genomic DNA and the mixture is PCR amplified with a set of primers

specific for B. subtilis SSU rRNA. From the amount of internal standard sequence in the
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PCR product, the amount of B. subtilis tDNA present in the original sample can be
calculated. Assume that measurement indicates 20 pg of B. subtilis DNA is present in a
total of 100 ng of genomic DNA. From the literature we know that B. subtilis has 10 SSU
rRNA genes. From our knowledge of the organisms present in the sample, assume that we
estimate the weighted average of the genome sizes in the sample to be 3.6 x 106 bp. From
this weighted average it can be calculated that 100 ng of genomic DNA represents 2.5 X 107
organisms. The B. subtilis specific SSU rRNA PCR product is about 1200 bp in length,
thus 20 pg of this product corresponds to 1.5 x 107 SSU rRNA genes. Since each B.
subtilis has 10 SSU rRNA genes, 20 pg of this product corresponds to 1.5 x 106 B.
subtilis. In this case, the sample of 100 ng of genomic DNA represents 2.5 x 107
organisms of which 1.5 x 106 are B. subtilis. Thus, in this sample, B. subtilis make up 6%

of the organisms.

Summary

Estimation of the in situ relative abundance of a specific prokaryotic taxa or group
from a sample is a crucial step in microbial ecology studies. This is especially true in terms
of monitoring temporal variance of bacterial population distributions from environmental or
medical samples. Competitive PCR amplification provides a measure of the amount of taxa
or group specific SSU rRNA genes present in the sample. Knowledge of genome sizes and
SSU rRNA copy numbers is required to determine the relative abundance of the specific
organisms present in the sample. With future advances in genome sequencing, estimates of
genome sizes and SSU rRNA copy numbers will become more numerous and more

precise. In turn, these offer even more data from which to make measurements of
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prokaryotic relative abundance in situations where it was previously only possible to

identify either the presence or absence of prokaryotic taxa.
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Figure A2.1

User derived tree reflective of RDP Prokaryotic Taxonomic List groupings. The 89 taxa
have values for both genome size and SSU rRNA copy number and are in Table A2.1. See
Table A2.1 for definitions of species identifiers. Numbers in parentheses give genome size
(bp x 10%) and SSU rRNA copy number.
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Figure A2.2

Histogram of known and estimated genome sizes for prokaryotic organisms found in the
literature (N=303). The distribution has a m=an of 3,604 kb and standard deviation of

1,996 kb. The data do not follow a normal distribution (X2 =25.19).
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Figure A2.3

Distribution of prokaryotic genome size versus SSU rRNA copy number for 103 taxa. For
taxa with more than one SSU rRNA copy number reported in the literature, each value was
used in the histogram, bringing the total number of entries to 120. Increased genome size

shows virtually no correlation with increased copy number (y = 2268 * x; r* =0.128).
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Figure A2.4

Histogram of SSU rRNA copy numbers for the set of 103 taxa with estimated copy

number. The mean rRNA copy number is 3.8 with a standard deviation of 2.9. The data
are not normally distributed
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IMAGE EVALUATION
TEST TARGET (QA-3)
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