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ABSTRACT

Dosage compensation is the mechanism by which the amount of X-linked
gene product is equalized between the males and females. Drosophila
accomplish this by a two fold hypertranscription of the X chromosome in males.
Five proteins are known to regulate this process and functional absence of any
one of the five causes male specific lethality. Recently, the genes known to be
involved in dosage compensation, collectively known as male specific lethals or
MSLs, have been cloned and characterized. Biochemical analyses of the
Drosophila dosage compensation machinery have linked this process to more
widely conserved processes of chromatin modification and remodeling. The
MSLs are associated in a multiprotein complex that binds hundreds of sites on
the X chromosome of male flies. The male X chromatin also has a specific
isoform of histone H4, acetylated at lysine 16. The MSL protein MOF, a histone
acetyltransferase (HAT), has been shown to be responsible for this modification.
It is thought that this modification, in combination with the activities of the other
MSLs including an RNA helicase, results in the hypertranscription of X-linked
genes in males.

Several of these MSL genes are evolutionarily conserved. Homologues of
the RNA helicase MLE are found in mammals. Additionally, homologues of
MOF, a MYST family histone acetyltransferase, and MSL3, a chromo and
chromoshadow domain-containing protein, have been found in yeasts, mammals
and flies. Because of the conserved nature of these proteins, I hypothesize that
MYST family HATs associate specifically with MSL3-like proteins, as is the case

in the Drosophila dosage compensation complex. This work explores this




hypothesis by examining activity, localization and interaction partners of MOF
and MSL3 homologues in humans and Drosophila. Specifically, I present
evidence that the Drosophila homologues are present in multiprotein complexes
and characterize the HAT activity of hMOF, a human MYST HAT and
homologue of Drosophila MOF. Possible cellular roles for the human and

Drosophila proteins are discussed.
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CHAPTER 1

Introduction

Nature has devised several mechanisms of determining sex in
organisms that undergo sexual reproduction. In addition to environmental
mechanisms that depend on temperature (in turtles and crocodilians) or
physical location of the embryo (echinuroid worms and slipper snails)
(Gilbert, 2000), there are mechanisms of sex determination that depend on the

Mendelian segregation of certain genes which are sex determining factors

(Wilson, 1905). Often, as in the cases of mammals, insects, nematodes, and

birds among others, these genes are localized to a particular chromosome.
Because the region of the chromosome bearing the sex-determining factor is
isolated in a particular sex, over evolutionary time this chromosome can
become genetically and morphologically distinct from its homologue (Ohno,
1967). When this happens a problem arises: since one sex has two copies of

the non-differentiated chromosome and the other has only one, there can

mount of gene product between the two sexes.

exist an inequality in the a
evant if there are genes on the chromosome that are

This is particularly rel
both sexes specifically genes, i.e. genes that do not have

equally important in
If, for example, males have a single X

only sex-specific functions.
s have two, there must exist some mechanism to

chromosome and female
inked gene product between the sexes. This

equalize the amount of X-1

equalization process is called dosage compensation.




A.  Dosage compensation in Drosophila

, I S, ] ] i itI'QD: Dosage compensation was f"'St

noted in Drosophila by Muller (1932) when he observed that females with
two copies of white apricot (w"), a hypomorphic allele of the gene white
causing an eye color defect, have identical eye color to males with one copy of
the gene. Additionally, he saw that males with a duplication of this gene had
much darker eyes than did wild type females with their normal two copies
(Figure 1-1). This work showed that even though there is a dosage response
in each sex, one dose of the gene in males is equal to two doses in females
thus providing the first evidence of the existence of a dosage compensation
mechanism.

Dosage compensation could occur either in males or females. In
females, it could be achieved by a mechanism similar to that of mammalian
dosage compensation.  In mammals, dosage compensation occurs by
inactivation of one of the two X chromosomes in each cell of the female body
(for a review see Heard et al., 1997). Because this inactivation is random (in
eutherian mammals), heterozygosity for X-linked genes with cell
autonomous products results in a mosaic phenotype. Analyses of X-linked
genes with cell-autonomous expression, such as yellow and forked in

Drosophila females revealed no evidence of this type of mosaicism. This




suggested that X inactivation is not the dosage compensation mechanism that
is operative in Drosophila.

An additional set of observations supported this conclusion. The X-
linked enzyme 6-phosphogluconate dehydrogenase (6PGD) has multiple
electrophoretic variants and exists in the cell as a dimer. If a female fly is
heterozygous at the 6PGD locus and has one of her X-chromosomes
inactivated, there would only be two types of 6PGD dimer formed. This
however, is not what is observed. Instead, three types of dimers are formed
(Kazazian et al., 1965; Young, 1966). The simplest explanation of the data is
that both copies of the gene are active within each cell and the two gene
products pair randomly. Taken together these data strongly suggested that
both X chromosomes in the female fly are active.

Evidence that dosage compensation in Drosophila proceeds by a
transcription-based mechanism was provided by Mukerjee and Beermann
(1965), who measured levels of tritiated uridine incorporation by salivary
gland polytene chromosomes and showed that the amount of incorporation
on the single X chromosome in males is equivalent to the combined level of
incorporation observed on the X chromosomes in the female.

Geneticists later identified four autosomal loci that result in male
specific lethality. These are maleless (Golubowsky and Ivanov, 1972;
Fukanaga et al. 1975; Tanaka et al., 1976), male specific lethals 1and 2 (Belote

and Lucchesi, 1980a, b) and maleless on the third (Uchida,1981),. These are

abbreviated mle, msl1, msl2 and msl3 respectively and are collectively called




the msls. A fifth msl gene, called mof for males absent on the first, was
identified in 1997 (Hilfiker et al., 1997). Loss of function mutations of each of
these genes result in the death of all males before or at the early pupal stage.
Measurement of tritiated uridine incorporation into RNA transcribed from
salivary gland chromosomes and X-linked enzyme levels in msl mutant
Jarvae (Belote and Lucchesi, 1980a) and measurement of steady state levels of
specific X-linked gene transcripts (Breen and Lucchesi, 1986) showed levels (of
RNA or enzyme activity) reduced by 50 - 60% in mutant male larvae. It was
then proposed that the products of the msl genes regulate the dosage
compensation mechanism (Belote and Lucchesi, 1980a; Lucchesi, 1983). The
msl genes were subsequently cloned and characterized and their protein
products were shown to associate with hundreds of sites along the X
chromosome of male flies (Kuroda et al., 1991; Palmer et al., 1993; Gorman et
al,, 1995; Zhou et al., 1995; Kelley et al., 1995; Bashaw and Baker, 1995 and
Hilfiker et al., 1997) supporting their involvement in dosage compensation.
All five MSL proteins exhibit the same distribution along the X chromosome
and association of any one of them with the X-chromatin depends on the

presence and functional integrity of the others. These observations suggested

that the MSLs form a multiprotein complex , a conclusion that was recently

demonstrated to be true (Smith et al., 2000).

The MSL proteins: The MSL1 protein has an acidic N terminus and a

coiled-coil domain (Palmer et al., 1993). Both of these are features often found



in proteins involved in transcriptional regulation. The MSL2 protein (Zhou
et al., 1995; Kelley et al., 1995; Bashaw and Baker, 1995) has a metallothionein
domain and a RING finger domain, the latter of which may be involved in
protein/protein interaction. To date, there have been no homologues of
MSL1 or MSL2 identified in Drosophila or other organisms.

The MSL3 protein is characterized by the presence of a chromo domain
and a chromoshadow domain (Koonin et al., 1995). The evolutionarily
conserved chromatin organization modifier domain was first identified based
on homology between the Drosophila proteins Polycomb (Pc) and
heterochromatin protein 1 (HP1) (Paro and Hogness, 1991). Pc is required for
appropriate silencing of the homeotic genes (Paro, 1990) while HP1 is
necessary for heterochromatic silencing (Eissenberg et al., 1990). Both of these
proteins function in large multiprotein complexes and are involved in the
silencing of large genetic regions. The chromodomain is thought to be
important for protein-protein interactions; ie. it may "be a vehicle that
delivers both positive and negative transcription regulators to the sites of
their action on chromatin” (Koonin et al., 1995). It may be in this role which
MSL3 functions. Some chromodomain containing proteins, such as HP1 and
MSL3, also have a so-called chromoshadow domain found C terminal to the
chromodomain. The chromoshadow domain is loosely related to the
chromodomain by sequence and appears to be specific to proteins involved in

the establishment or maintenance of the chromatin state (Aasland and

Stewart, 1995; Koonin et al., 1995).
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Several homologues of MSL3 have been identified in a variety of
organisms, including yeasts and mammals. Additionally, there are proteins
very similar to MSL3, but which represent a distinct group (the MRG family)
which are found in C. elegans, Drosophila and mammals (Bertram et al.,
1999). The only one among these related proteins to which a function has
been assigned is MSL3.

The MLE protein is a nucleic acid helicase with associated ATPase

activity (Lee et al., 1997; Kuroda et al., 1991). MLE is a member of the DEAD/H
box family of RNA helicases. These proteins have been shown to be
involved in many stages of RNA metabolism. Like other helicases, the

DEAD/H box helicases unwind double stranded nucleic acid (RNA:RNA,
RNA:DNA, or DNA:DNA) by binding to one of the strands and using the
energy released from hydrolysis of ATP to translocate along the strand and
unwind the helix (Gibson and Thompson, 1994). These proteins are found in

all organisms including viruses, archaebacteria, bacteria, yeast, flies, and

vertebrates. They have been implicated in DNA repair, transcription,

translation, ribosome assembly, and RNA splicing (reviewed in Eisen and

Lucchesi, 1998). Recently, mutations in genes that encode helicases or
helicase-like proteins have been shown to cause diseases such as Werner
syndrome (Gray et al., 1997) and Bloom syndrome (Ellis et al., 1995). Another

Drosophila DEAD/H box helicase is described in Appendix B of this volume

(Eisen, 1998).



Three mammalian homologues of MLE have been identified: bovine
auclear DNA helicase Il (NDHII) (Zhang et al., 1995), human RNA helicase A
(RHA) (Lee and Hurwitz, 1993) and murine RNA helicase A (Lee et al., 1998b).
Human RHA and MLE have been shown to be biochemically equivalent (Lee
et al., 1997). Targeted disruption of the murine RHA results in animals that

have problems completing gastrulation and die by embryonic day 9 (Lee et al.,

1998a).

In contrast to Drosophila MLE, which has neither a chromoshadow or
chromodomain, the conserved CHD (chromatin and helicase domain)
proteins have both a chromodomain and an active helicase domain
combined in the same molecule (Stokes and Perry, 1995; Woodage et al., 1997).

Members of the CHD family are found in the yeasts S. pombe and S.

cerevisiae, in C. elegans and D. melanogaster and in birds and mammals

(Woodage et al., 1997; Ellergen, 1996; Griffiths and Korn, 1996). The murine
CHD] protein is associated with chromatin and its intracellular localization is

cell cycle regulated (Woodage et al., 1997) but the function of this class of

pmteins is still not well understood.

The 1992 observation by Turner and colleagues that the X chromosome

of Drosophila males is specifically enriched in an isoform of histone H4

acetvlated at lysine 16 (HAcK16), suggested that histone acetyltransferases

might play a role in the dosage compensation mechanism. Evidence that this

is the case was produced in our laboratory by Andres Hilfiker and colleagues

(1997), who cloned the fifth male specific lethal gene, mof, and showed it to
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encode a protein homologous to histone acetyltransferases. The mof gene
maps to the 5C region of the X chromosome which made it somewhat
difficult to isolate genetically: without certain genetic manipulations, it is
difficult to determine if an X-linked lethal is a male specific lethal or simply
and more commonly a general lethal affecting both males and females.
Recently, Smith et al. (2000) have shown that MOF is directly responsible for

the presence of H4AcK16 in the X-chromosome chromatin of Drosophila

males.
MOF is a member of the MYST family of histone acetyltransferases

(HATs). The family is named for the initially described members: human

MOZ, yeast YBF2/SAS3, yeast SAS2 and human Tip60. The MYST proteins

that have been shown to have HAT activity tend to prefer to acetylate histone

H4 with a lesser affinity for histones H3 and H2A (Neal et al., 2000; Smith et

al., 2000; Yamamoto and Horikoshi, 1997; Smith et al., 1998). The number of
known members of the MYST family is increasing with additional MYST
HATs identified in S. cerevisize (ESA1), S. pombe (GenBank accession
number Z69795), C. elegans (GenBank accession number Z752512) humans
(HBO1) and, intriguingly, the carrot D. carota (GenBank accession number
BAA32822) (Neal et al., 2000; Hilfiker et al., 1997; lizuka and Stillman, 1999).
All of these proteins are similar over a large region that includes the putative
acetyl Co-enzyme A binding site (Lu, 1996). The mutation that allowed the

identification of the mof gene occurs in a conserved glycine residue in the

region thought to bind acetyl Co-enzyme A. Several of the MYST proteins
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including MOF and Tip60 have a single zinc finger just N-terminal to the
acetyl CoA binding site. The zinc finger in SAS3 was recently shown to be
required for HAT activity (Takechi and Nakayama, 1999). MOF, Tip60 and
ESA1 also have a second smaller region of homology N-terminal to the first,

which encompasses a chromodomain not found in some of the other MYST

HATs.

Untranslated RNA components: Richter and colleagues reported that

following treatment with RNase, MLE no longer associated with the X
chromosome in male salivary gland preparations (Richter et al., 1996). This
observation was followed by the discovery of two X-linked untranslated
RNAs that bind specifically to the X chromosome in males (Amrein and
Axel, 1997; Meller et al., 1997). The genes that code for these untranslated
RNAs are termed r0X1 and roX2, for RNA on the X. 'Expression and stability
of the roXs are under genetic control of the dosage compensation genes
(Amrein and Axel, 1997). These two RNAs are found along the X
chromosome and coat it in a pattern indistinguishable from that of the MSL
proteins. These RNAs are indeed components of the MSL complex (Smith et
al., 2000). Homozygous deletion of r0X1 has no obvious phenotype in males
or females (Meller et al., 1997) suggesting that the two roX RNAs are
redundant. In support of this hypothesis, Franke and Baker (1999) have

shown that rox1/rox2 double mutants have an altered MSL binding pattern.
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There is at least one other example of an untranslated RNA being
associated with a histone acetyltransferase in a multiprotein complex. The
steroid receptor RNA activator (SRA) gene produces an untranslated RNA
that is associated with the proteins steroid receptor coactivator (SRC1) and
activation function 2 (AF2) forming the steroid receptor complex (Lanz et al.,
1999). SRA is a transcriptional coactivator for steroid hormone receptors and
functions in the presence of the translation inhibitor cyclohexamide (Lanz et

al, 1999) and it had previously been shown that SRC1 has HAT activity

(Jenster et al., 1997).

Targeting the X chromosome: Since the MSL proteins were shown to

associate with the X chromosome in males, it has been of interest to
determine the mechanism by which they target the X chromosome. There
must be some feature (likely specified by sequence) of the X chromosome that
makes it distinct from the autosomes and a target for MSL complex assembly
or binding. The nature of such a feature has yet to be determined. In our
laboratory, Weigang Gu and colleagues (1998) have addressed the problem of
MSL complex assembly and have produced experimental evidence to support
a model in which MSL1 and MSL2 bind the chromosome initially followed

then by MLE and later MOF and MSL3. Additional work suggests that the

roX RNAs’ incorporation into the complex requires the presence of MLE

(Meller et al., 2000; Richter et al., 1996). Recently, Gu (pers. comm.) has shown

that the enzymatic activities of MOF and MLE are necessary for the




uspreading” of the MSL complex to the hundreds of sites it normally occupies
on the X chromosome.

Work in our lab and by others is focusing on the identification of
additional components of the MSL complex. Recently, Jin and colleagues
(1999) have identified a kinase, Jill, that is present throughout the
chromosomes in both sexes but is enriched to a two-fold level on the X
chromosome of males. Interestingly, the Jill kinase is capable of
autophosphorylation and of phosphorylation of histone H3 in vitro. The in
vivo targets of the kinase are presently unknown. Work is in progress to

determine if Jill kinase is associated with the MSL complex.

B. Chromatin and transcription

In spite of the analyses of the enzyme activities of at least two
components of the MSL complex, we still do not understand how it
accomplishes the two-fold increase in transcriptional activity. We do not
know if or how the complex interacts with RNA polymerase or whether it
acts at transcription initiation or during elongation. We also do not
understand the role of H4AcK16 in the hypertranscription process. In
addition to continuing the direct biochemical analysis of the MSL complex
itself, some insights into its function may be gained by the study of
homologous proteins and complexes responsible for chromatin modification

and remodeling in Drosophila and other organisms.
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If stretched out and laid end to end, the DNA that makes up the
human genome would be approximately 200 cm long. By contrast, the
diameter of the human nucleus, which houses the genetic material, is only 3-
10 microns (Alberts et al., 1994). Even in eukaryotic organisms with smaller
genomes, orderly packaging of the DNA into the nucleus is a major
molecular engineering challenge. This packing is accomplished with the use
of small basic proteins known as histones. The two classes of histones are the
H1 or linker histones and the nucleosomal histones H4, H3, H2A and H2B.
These proteins, particularly histone H3 and histone H4 are among the most

well conserved proteins known.

Two of each of the four nucleosomal histone proteins associate with

each other in an octamer around which the DNA is wrapped to form a

nucleosome. This structure is repeated along the length of the DNA

molecule yielding a “beaded string” that is coiled to folrm the chromatin fiber.

The compact chromatin fiber is highly repressive to transcription and must be
modified or remodeled in order for RNA polymerase to gain physical access
to the DNA template so that genes can be actively transcribed. Modifications
may chemically alter the nucleosome such that the DNA is less tightly bound

to it. Remodeling processes alter the placement of nucleosomes so that the

transcriptional machinery can have access to the region of the DNA template

necessary to activate transcription.

Recently a large number of transcriptional coactivator complexes have

been identified and characterized as chromatin remodeling or chromatin



13

modification complexes. These complexes do not activate silent genes but
instead increase the rate of transcription of previously activated genes by
several fold. Most complexes operate on a subset of often functionally
unrelated genes. These multiprotein complexes can be classed into two major
types: those with ATPase activity and those with HAT or histone deacetylase
activity. The first class uses the ATPase/helicase activities to displace
particular nucleosomes that may block promoter sequences while the second
class modifies nucleosomes by acetylating (or deacetylating) the histone tails

(Mizzen and Allis, 1998; Cairns et al., 1996).

Complexes that use ATP hydrolysis: The S. cerevisiae SWI/SNF

complex was the first chromatin remodeling complex to be isolated. The
eleven proteins that make up the 2 MDa complex affect the mating switch
process and sucrose fermentation (see Winston anéi Carlson, 1992). The
SWI2 protein component is a DNA-stimulated ATPase (Coté et al., 1994) and
has known homologues in Drosophila (e.g. MLE) and mammals.

SWI2 is also a component of the S. cerevisize complex RSC, an
essential chromatin remodeling complex (Cairns et al., 1996). Various
complexes from other organisms, including Drosophila NURF (Tsukiyama
and Wu, 1995) ACF (Ito et al., 1999), CHRAC (Varga-Weisz et al., 1997) and
human FACT (Orphanides et al., 1998) also have ATP-dependent nucleosome

disruptive properties. The mammalian SWI2 homologue is involved in a

human SWI/SNF complex that uses ATP to convert the normal nucleosome
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to a stable altered state and back again (Schnitzler et al., 1998). All of these
complexes have an ATPase/helicase as one of the core components of the
machinery and some of them share some other components. Thus this type
of complex can be assembled in more than one way, using some common and

some unique components.

Complexes with HAT activity: The second class of coactivator complex

are those that modify histones. There are many types of modifications that are
possible, including acetylation, phosphorylation, methylation and
ribosylation. Generally these modifications are thought to decrease the
affinity of the histone for DNA by neutralization of positive charge
(acetylation (Brownell and Allis, 1996)), increase of negative charge
(phosphorylation) or by changes in nucleosome structure, perhaps by
introducing steric hindrance. Several chromatin mociification complexes that
acetylate histones have been identified in various organisms including yeast
SAGA, (Grant et al., 1997) and ADA (Eberharter et al., 1999), yeast NuA4
(Allard et al., 1999) and NuA3 (Eberharter et al., 1998), human TFTC (Brand et
al., 1999). In addition, proteins such as the CREB binding protein (CBP) and
p300 (Ogryzko et al.,, 1996; Bannister and Kouzarides, 199), the nuclear
hormone receptor ACTR (Chen et al., 1997) the steroid receptor coactivator

SRC1 (Spencer et al., 1997) and BRCA 2 (Siddique et al., 1998), have been

shown to have HAT activity.
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The yeast SAGA, ADA, NuA3 and NuA4 complexes target histones H3
and H4 in vitro (Allard et al., 1999; Grant et al., 1997; Eberharter et al., 1998).
The SAGA and ADA complex both have the HAT GCNS5 as their catalytic
subunit (Grant et al., 1997) and acetylate nucelosomal histone H3 (Grant et al.,
1997). This histone is also the target of the NuA3 complex (Eberharter et al.,
1998) which has the HAT SAS3 as its catalytic subunit (John et al., 2000).

Perhaps the most relevant of these yeast complexes for the research
reported in this thesis is the S. cerevisize complex NuA4. The NuA4 complex
acetylates histone H4 when tested using oligonucleosomes as the substrate
(Allard et al., 1999). Esal, the catalytic subunit of NuA4 (Allard et al., 1999), is
a MYST HAT and is closely related to Drosophila MOF. Recombinant ESA1
primarily targets histone H4 where it acetylates lysines 5, 8, 12 and 16 in in

vitro assays using free histones (Smith et al., 1998).

The MSL complex: The MSL complex is special among chromatin
remodeling and modification complexes in at least two ways. First, it is the
only known complex that exhibits both histone acetyltransferase activity

(MOF) and helicase/ ATPase activity (MLE). Thus, it has the potential to both

modify and remodel chromatin. Second, the level of transcriptional

modulation is only two-fold which is much lower than that produced by

other known modification or remodeling complexes.

Recently Cho and colleagues (1998) isolated a human RNA polymerase

I complex and showed that both HAT activity and ATPase activity contribute
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to its chromatin modification and remodeling function. The HAT activity is
ascribable to CBP/p300 and PCAF (p300/CBP associated factor) while the
human SWI/SNF complex provides its ATPase activity. These workers
showed that p300 is associated with the initiation-competent,
nonphosphorylated form of polymerase while PCAF is associated with the
elongation-competent, phosphorylated form of this enzyme.  These

observations may provide a model for understanding the Drosophila dosage

compensation complex, which also has HAT and helicase activities.

C. Experimental rationale

Because so many of the proteins in the chromatin modification and
remodeling complexes have been identified and cloned by homology clues,
one might begin to find a pattern by which the proteins associate with each
other. It might then be possible to develop a paradigm by which
identification of one component would suggest its possible protein partners
and infer the function of the complex to which they belong. The experiments
discussed in this thesis are an attempt to begin realization of this goal.

Extension of this work could not only lead to a better understanding of

Drosophila dosage compensation but also of general mechanisms of

eukaryotic transcriptional regulation.
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Figure 1-1: Muller’s experiment demonstrates dose dependent expression
levels in males and females with one dose in males equal to two doses in

females (Muller, 1932). See text for details.
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CHAPTER 2

The human homologues

To date, no homologues of MSL1 or MSL2 have been identified. As
previously mentioned RNA helicase A (RHA) is the human homologue of
MLE (Lee and Hurwitz, 1993) and additional homologues have been
identified in the mouse (Lee et al., 1998b), cow (Zhang et al., 1995) and in
organisms as distantly related to flies as Arabidopsis (Wei et al., 1997). The
mammalian versions of RHA seem to have a more general role than that of
MLE in Drosophila. RHA has been shown to mediate the association of RNA
polymerase I with the CREB Binding Protein, CBP (Nakajima et al., 1997) and
with the breast cancer tumor suppressor protein, BRCAl (Anderson et al.,

1998). The protein has also been shown to interact with the alpha chain of the

interleukin-9 receptor (Sliva et al., 1999). Additionally, RHA has been

implicated in the post-transcriptional regulation of HIV-1 genes (Li et al.,
1999). Targeted disruption of RHA in mice results in early embryonic
lethality showing that RHA is essential for normal gastrulation (Lee et al.,
1998a). It seems then that, unlike Drosophila MLE which is only required in

males, mammalian RHA has a more general role in development and gene

regulation. It should be noted that there has been no suggestion to date that

RHA is involved in mammalian mechanisms of dosage compensation.
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Prior to my work on this project, Antonio Pannuti in the Lucchesi lab,
conducted a search of the human EST database and identified several ESTs
(eg GenBank accession numbers: AA460000, H15179, and N95731) with 52%
identity to Drosophila MOF. A human EST from an MSL3 related protein
(hMRG15 - MORF4 related gene, chromosome 15, GenBank accession number
AF100615) was also found. We hypothesized that these two proteins may
exist in a multiprotein complex with chromatin modification and
remodeling properties analogous to those of the Drosophila dosage
compensation complex. Experimental support for this hypothesis would
begin to describe another system of transcriptional regulation in mammals.
The experiments reported in this chapter were designed to characterize

human MOF and MRG15 and to investigate possible biochemical interactions

between these proteins.
A. Characterization of MRG15

The MRG15 ¢DNA clone was obtained from Otsuka GEN
Pharamaceutical Company (Tokushima, Japan) and completely sequenced.
The predicted protein has a chromodomain and chromoshadow domain like
its homologue MSL3 (Figure 2-1). A transcript of approximately 1.9 kb was
detected by northern analysis of Raji cell poly A* RNA (Figure 2-2). This size
was confirmed by others who also reported that GFP tagged MRG15 localizes

to the nucleus when transiently transfected into HeLa cells (Bertram et al.,
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1999). Antisera were raised against two synthetic peptides and the full-length
protein with an N-terminal 10-histidine tag generated by cloning the cDNA
into the pET19b vector (Figure 2-3). Sera raised against the full-length protein

identified a protein of 40 kDa in western analysis (Figure 2-4)

B. Characterization of hAMOF

Several hMOF cDNA clones were obtained from the IMAGE
consortium and completely sequenced. The predicted protein has a zinc
finger, a chromodomain and an acetyl] CoA binding site and exhibits
similarity to Drosophila MOF, its homologue (Figure 2-5). The longest clone
contained 1583 nt but appeared to be missing the 5' end of the cDNA as
northern analysis showed a transcript of approxima‘tely 1.8 kb (Figure 2-6).
Additionally, the available sequence does not encode a start methionine. The
available cDNA was cloned into the pET 19b vector (Figure 2-3) and expressed
in bacteria producing recombinant protein with an N-terminal 10-histidine
tag. This protein (hMOF C), along with two synthetic peptides, was used to

generate several antisera. Several of the sera raised to hMOF C were able to

identify a protein of approximately 50 kDa by western analysis (Figure 2-7).

I was able to map hMOF to the short arm of human chromosome 16 in

region 11.2 using the following information: 1) some hMOF sequence is

present in the 3' flanking region of the PRSS8 gene which was mapped to the
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region by fluorescence in situ hybridization (Yu et al., 1996); 2) a sequence
tagged site (STS SHGC-15904) is contained within the known hMOF sequence.

C. Attempts to clone a full-length hMOF cDNA

I first screened (Sambrook et al., 1989) a human heart cDNA library
ondirectionally cloned into Lambda ZAP II vector) and identified two

(n
positive clones, neither of which extended the previously known sequence. I

then screened a brain cDNA library (directionally cloned into pCMV Sport)
using a PCR-based method. Forward and reverse primers were designed to
amplify a small region at the extreme known 5' end of the existing cDNA.

The c¢DNA library to be screened was amplified, aliquoted and used as

template for the PCR reactions. Aliquots producing a band of the expected

size upon electrophoretic analysis were reamplified, divided into aliquots and

y PCR, using a set of primers internal to the initial set. This process

assayed b
nies were assayed by

was repeated three times at which point individual colo

PCR. This screening process identified one positive clone that did not extend

the known cDNA sequence.
Next, I tried a second PCR-based method to analyze brain, heart, spleen

(directionally cloned into the UniZAP 1I XR vector) and thymocyte
onally cloned into Lambda ZAP II vector, kindly donated by

(nondirecti
I used a vector primer and a

Harish Joshi) cDNA libraries. In this procedure,
gene-specific primer to amplify product from a single aliquot of the cDNA
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rary. A small aliquot of the PCR reaction was then used with a vector

1ib
primer and one of two nested gene-specific primers. These two PCR reactions
ctrophoresis. Bands

were run in parallel and the products analyzed by ele

which appeared in both reactions (suggesting a true and not false positive)
were excised, the DNA extracted, subcloned into the pTA vector (Invitrogen
s taken,

TA cloning system) and sequenced. Despite controls and precaution
this method only generated false positives. Brief attempts were made to use

inverse PCR and asymmetric PCR, but neither of these methods generated

any additional hMOF sequence information.
I then focused on 5' rapid amplification of cDNA ends to try to isolate

the remainder of the 5' end. I began by using the GibcoBRL protocol and

materials with both total and poly A* RNA from Raji cells, a B cell lymphoma
I used a series of gene-specific

line known to express hMOF (Figure 2-6).
primers with Superscript reverse transcriptase to generate the first strand

¢DNA. The Gibco BRL protocol then uses terminal deoxytransferase to
produce a known 3' end on the cDNA. An anchor primer and nested gene-
specific primer are subsequently used in a PCR reaction to amplify the

product. I was unable to generate any specific product while using this

protocol.
I considered the possibility that if the efficiency of the terminal

deoxytransferase addition of the 3' sequences were low, then the remainder of
the protocol would not be productive. That would explain the lack of any

specific product from the GibcoBRL system. I then began using the Clontech
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protOCOl and materials. The Clontech protocol uses a ligase-based reaction to
add known sequence the 5' end of the cDNA. Initially, the "libraries” were
generated using a modified oligo-dT primer with AMV reverse transcriptase

as suggested by the manufacturer. Subsequent work using this protocol
resulted only in false positives (among them B-catenin, ribosomal protein L3

and elongation factor K). I made several improvements to the protocol by
using gene-specific primers (alone or in pairs) to prime the reverse
transcription and by using Superscript II at 50 degrees to make the first strand
¢DNA. These changes eliminated the occurrence of false positives, but I still
was unable to extend the hMOF sequence.

Aliquots of libraries previously made for use with the Clontech system
were obtained from Elizabeth Stillwell (Harish Joshi lab). These libraries used
Superscript II at 50 degrees with the modified oligo-dT primer, random
primers, or random primers with a gene specific primer (not related to
hMOEF). PCR reactions with these libraries using hMOF specific primers
(Table 2) and the provided reverse primer did not produce hMOF-related
product.

Examination of the longest h(MOF ESTs that existed at the time showed

that they all terminated within 5 nucleotides of each other (Figure 2-8). This

suggests that there is some sequence Of structural feature that makes it

difficult for the RNA-dependent DNA polymerase to proceed through the

region. The sequence may encode a hard pause or result in a structural

anomaly that makes the area refractory to in vitro reverse transcription.
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Later analysis of the human EST database showed a sequencing error in
the five-prime-most known region of the cDNA. The corrected sequence is
given in the text of this document, though the Appendix A (Neal et al., 2000)
has the incorrect sequence. The correct sequence can be found using the
GenBank accession number AF260665. The Human Genome Project has
since sequenced through the 16p11.2 region. Using the genomic sequence, I

have been able to predict the full-length protein sequence of hMOF.
D. hMOF is a histone acetyltransferase

The His-tagged recombinant protein was used in a histone acetyl
transferase liquid assay. This C-terminal portion of hMOF (Figure 2-5) was
shown to have HAT activity directed primarily toward histone H4 with some
activity directed toward H3 and H2A (Figure 2-9). Thié specificity is similar to
that of other MYST family HATs. The enzymatic characterization of hMOF is

summarized in Neal et al., 2000 (Appendix A).
E. Immunoprecipitation of hMOF and MRG15
To determine if MRG15 and hMOF interact, antibodies generated and

described above were used in immunoprecipitation experiments with Raji

cell or HeLa cell nuclear extracts (Santa Cruz). Despite being able to pull down

hMRG15 and hMOF separately, western analysis of the immunoprecipitates
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did not provide any evidence for association between hMRG15 and hMOF
(Figure 2-10).

At this point in time, the EST database revealed another cDNA
(hMSL3L1, GenBank accession number AC0004554) more similar to
Drosophila MSL3 than is hAMRG15. This human MSL3 homologue maps to
Xp22.3 and is characterized in Prakash et al., 1999. Given its higher degree of
similarity to MSL3, it seems more likely that hMOF interacts with hMSL3
than with hMRGI15.

In addition, several human MRG proteins were described by Bertram et
al. (1999). These proteins are related to MORF4, a protein that maps to 4q1.2
and had been incorrectly thought to be a mortality factor (Bertram et al., 1999).
MRG15, which maps to 15q24, is the only one of the MORF4 related genes
with a chromodomain. The others, MRGX (Xq22), MRG1 (1g4.1-2), MRG5
(5p14-15.1), MRG11 (11p telomere) and MORF4, havé a region of homology
that encompasses only the chromoshadow domain (Bertram et al., 1999).
Interestingly, the hMSL3L1 gene has a second translation start site that
produces a protein that lacks the chromodomain (Prakash et al., 1999) making
it similar to the MRG proteins (MRGS5, MRG11, MRGX, MORF 4) that lack the
initial chromodomain.

These considerations provided a plausible explanation for the negative
co-immunoprecipitation results. They also indicated that testing the

hypothesis of specific association between MYST HATs and MRG15/MSL3

family members would be much more difficult that originally expected.
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Given that a significant percentage of the Drosophila genome had been
sequenced and that the EST database appeared to be very extensive, the
likelihood that additional MOF or MSL3 homologues existed could be

expected to be small. Therefore, it appeared more promising to test the

hypothesis in Drosophila.
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Figure 2-1: The predicted sequence of MRG15 as compared to Drosophila
MSL3. Homologies as determined by BLOSUM 62 are boxed. The chromo
domain is underlined in blue and the chromoshadow domain is under-

lined in red.
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Figure 2-2: Northern analysis of MRG15. PolyA* RNA isolated
from human heart probed with full length MRG15 EST (GenBank

accession number AF100615) identifies a transcript of
approximately 1.9 kb. Identical results were obtained using

polyA* RNA from HeLa or RAji cell and from several other

human tissues.
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Figure 2-4: The pET 19b vector (Novagen). hMOFC and hMRG15
were subcloned into pET19b using the restriction sites shown.
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Figure 2-5: Western analysis of hMRG15. Rat polyclonal

immune serum identifies a 40 kDa band (lane 1) that is not
recognized by preimmune serum (lane 2). 30 ug of Raji cell

nuclear extract was run in each lane.
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4.4 kb

1.9 kb

Figure 2-6: Northern analysis of hMOF. PolyA+ RNA isolated
from Raji cells was probed witha a 470 bp Aval fragment from an
hMOF EST (GenBank accession number AA460000). A transcript
of 1.8 kb is identified and identical results are obtained using
polyA+ RNA from HelLa cells and from several other human

tissues.
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Figure 2-7: Western analysis of h(MOF. Rabbit polyclonal immune
serum identifies a 50 kDa band (lane 1) that is not identified by the

preimmune serum (lane 2). 30ug of Raji cell nuclear extract was

run in each lane.




ame direction sequence

hMOFGSPl reverse CTTGTCTACCCACTCGT

hMoFGSPZ reverse GCCCTCCTGGTCGTTGACTC
hMOFGSP3  reverse GGCACAGGTACGTTCTC

HMOI reverse GTCGTTCACTCGAGACTGGATCACTTCAGC
HMO2 reverse GTGCTTACCGGTCGCCGGCACAGGTACGTTTCT
HMO3 reverse GAATGCCAGGTGCTATCCGGTC
HMO4 reverse TTCTCTGAGTTCTTCTGTACAGCATCCTTCACTG
HMOS reverse GCTCAGGCTGCTCTGCGAG
hMOFPCR1  reverse TCATGCTCCTTCTCCAAG
KMOFPCR2  reverse GTCCATCTCTGCATAAGTCT
hMOFPCR3  reverse CCGGCACAGGTAGCTTTCT
hMOFPCRg reverse gé?gGgCAGGTGCTATCC

OFPCR5 reverse AGGCTGCTC

RR:OFPC% reverse CTTTTGGTTGCGAGTG
KRMOFGSP3r  direct GAGAACGTACCTGTGCC
hMOFGSP2r  direct GAGTGAACGACCAGGA
hMOF5 direct GAGGGGACCGCCCC
hMOF6 direct GTCTCTCCGCCGACC

Table 2: Primers used in attempts to clone a full length hMOF cDNA. See text

for details of RACE analyses and other PCR based screening methods used.

35
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Figure 2-8: BLAST search using the available h(MOF sequence showed that

he five longest ESTs all terminated within 2-4 nucelotides of each other.
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Figure 2-9: Histone acetyltransferase activity of h(MOF. Lane 1: no
protein extract. Lane 2: pET19b vector only. Lane 3: GCNS5. Lane 4:
ESA1. Lane 5: hMOFC. Panel A: Coomassie stained gel. Panel B:
Fluorogram of labeled histones in Panel A gel.
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Figure 2-10: Immunoprecipitation of MRG15 and hMOF.
Proteins were immunopreciptitated from Raji cell nuclear
extract using the polyclonal rabbit antiserum against hMOF
and the polyclonal rat antiserum against MRG15. Precipitated
roteins were then analyzed by western blot for the presence ot
hMOF or MRG15 using the same sera. Identical results were
obtained using HeLa cell nuclear extract. Lane 1: MRG15
preimmune IP. Lane 2: MRG15 immune IP. Lane 3: hMOF
reimmune IP. Lane 4: hMOF immune IP. Left panel:
anti-MRG15 western blot. Right panel: anti-hMOF western blot.
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CHAPTER 3

The Drosophila homologues

dTip60, a Drosophila MYST HAT, bears a striking similarity to MOF.
The prosophila TIP60 (HIV TAT interacting protein, 60 kDa) homologue
(GenBank accession number ALO033125), which maps to the tip of the X
chromosome (4B1-2), is 53% identical to MOF (Figure 3-1). Database searches
sso revealed a Drosophila homologue of MRGI15 (GenBank accession
aumber AF 152245). This protein maps to 88E9-11 and has 42% identity to the

human protein (Figure 3-2).
The existence of another Drosophila MYST HAT (dTIP60) and at least

one other MSL3 homologue (dMRG15) suggested the existence of a second

MSL-like complex in Drosophila. Given the observation that the yeast

homologues ESA1 (yMOF) and yMSL3 interact via their chromodomains
(Coté, pers.comm.), it is reasonable to propose that MYST HATs have specific
MRG/MSL3-like partners with which they interact (Neal et al., 2000), and
more specifically that dTIP60 interacts with dMRG15. The experiments

described in this chapter were designed to test this hypothesis.

A. Establishing the cell lines that express tagged proteins

In order to assay for an interaction between the proteins, I generated

two stable Schneider 2 Drosophila cell lines (MOF-HA/MSL3-Flag and dTIP-
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A/ dMRGlS'Hag) each transfected with two constructs designed to produce

d',fferenﬂy tagged proteins upon copper sulfate induction of a

meta\lothioﬂie“ promoter. The MOF and dTIP60 cDNAs were cloned into
the PMTHA vector (Figure 3-3) while the pMK33cFLAG vector (Figure 3-4)
as used with MSL3 and dMRGI15. These vectors were derived from the
pMK33 /pMtHy vector by Weigang Gu and Antonio Pannuti in our lab. The
expressed proteins were tagged at their C termini. Commercially available
antisera anti-HA and anti-Flag were used for immunoprecipitation and
western analysis.

The plasmids were transfected into Schneider 2 cells, a Drosophila cell
line shown to be of male origin, based on the lack of expression of SxI, the
presence of the histone H4 isoform acetylated at lysine 16, and the binding of
the MSL proteins to the X chromosome (Gu and Pannuti, pers. comm.). After
wransfection, stable lines with integrated exogenous bNA were selected using
hygromycin.

Having shown by western analysis that both proteins were expressed in
each cell line (Figure 3-5), I next used immunofluorescence to establish that

the vast majority, if not all, of the cells expressed each of the transfected

cDNAs (Figure 3-6a, b).

B. Intracellular localization of dTIP60 and dMRG15
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Cells were treated with copper sulfate to induce the metallothionein
promoter in the absence of the selective agent hygromycin. Stable lines
remain stable for many generations in the absence of hygromycin and
hygrom)'dn inhibits induction and leads to greater variability in expression.
[nduction with 50 uM CuSO, of cloned lines expressing MOF-HA only
(Produced by others in the lab) showed a localization pattern that mimicked
the wild type pattern. Therefore, 1 proceeded on the assumption that any
reproducible patterns observed at low levels of induction of dTIP60 and
dMRG15 would represent the normal pattern of intracellular localization of
these proteins in wild-type cells.

MOE-HA/MSL3-Flag cells treated with 50 pM CuSO, had tagged
protein localized in their nuclei; the two proteins colocalized on the putative
X chromosome as expected (Figure 3-7). In the other cell line, dTIP60-HA and
dMRG15 were generally dispersed throughout the t'\ucleus and no further
sublocalization could be determined. The pattern of dTIP60-HA localization
was similar to that observed for GFP-tagged human TIP60 (Yamamoto and
Horikoshi, 1997) while the pattern of dMRG15 localization was similar to that
of GFP-tagged human MRG15 (Bertram et al., 1999).

Analysis of several dividing cells showed no obvious association of
dTIP60 or dMRGI5 with mitotic chromosomes (Figures 3-8 and 3-9).
Consistent with this observation, there are no published data that show
chromosomal association of the human homologues of these proteins. In

contrast, MOF-HA has been shown in this and other work to maintain its

|-
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as_c,ociatiol’l with the X chromosome throughout mitosis (Figure 3-10,

Lavender et al., 1994; Gu, pers.comm.). Likewise, MSL3 is also associated with

the mitotic X chromosome in these cells (data not shown).

o [mmunoprecipitation analysis of dTIP60 and MRG15

Nuclear extracts from the MOF-HA /MSL3-Flag cell line were incubated
with anti-Flag agarose (Sigma) and the precipitated complexes were analyzed
by western blot. As shown in figure 3-7, MOF-HA and MSL3-Flag are

colocalized as was expected (Smith et al., 2000). Similar treatment of nuclear

extracts from the dTIP60-HA/dMRG15-Flag cell line yielded dMRG-Flag

protein in the immunoprecipitate but failed to identify any associated dTIP60-

HA protein (Figure 3-11).
D. Preliminary identification of proteins associated with dMRG15

The absence of evidence to support an interaction between dMRG15

and dTIP60 did not exclude the possibility that these two proteins are present

in separate multiprotein complexes. Nuclear extracts were prepared from

cells metabolically labeled with ™S - methionine. Proteins precipitated with

anti-Flag antibody (M2 antibody sepharose, Sigma) were separated on a

denaturing gel and analyzed by fluorography. The results show that dMRG15

is associated with distinct proteins of various sizes suggesting its presence in
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nave HAT activity in the liquid assay. Using 12CA5 anti-HA agarose (Roche),
anti-HA sepharose (Santa Cruz) or HA.1lb anti-HA agarose (Berkeley
Antibody Company), I was unable to precipitate dTIP60-HA protein (Figure 3-
13). These results suggest that there is no HAT associated with dMRG15 in

this putative complex.
E Search for other Drosophila homologues of MSL3 using sequence analysis

A BLAST search of the HTGS (high throughput genome sequence)
database using the full sequence of MSL3 or dMRG15 returns a long list of
sequences many of which share only short regions of similarity with a small
region of the query protein. Additionally, use of the entire gene sequence
does not give greater priority to any particular regioﬁ of the protein (e.g. the
chromodomain) that may be important for identifying possible homologues
on the basis of sequence similarity only.

Various algorithms have been designed to collapse similarities
between proteins into a single consensus sequence. One of these algorithms,
COnsensus Biasing By Locally Embedding Residues (COBBLER) determines
the consensus sequence by considering not only how often a particular amino
acid residue appears in a particular location but also its general frequency in a
Particular protein context (Henikoff et al., 1995). This in effect "weights"

Particular amino acids which occur in certain contexts. The COBBBLER
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(EyMIKWKGWNEMHNTWEPEENL) which is published on the World
wide Web at the site www.block.fherc.org. This sequence is derived from
yp1 and pe-related proteins whose chromodomains are distantly related to
he chromodomains of MSL3 and MRG. A BLAST search using this chromo
COBBLER block fails to identify either dMRG15 or MSL3 (Figure 3-14).
additionally, there is no published COBBLER block for the chromoshadow
domain.

In light of these considerations, I designed new COBBLER blocks using

the chromo and chromoshadow domain sequences from the known
MRG/MSL3 proteins. I chose 71 amino acid-long regions (Figure 3-15) which
encompass either the chromo or the chromoshadow domain of 6 proteins: 5.
pombe MSL3 (GenBank accession number Z98977.4) S. cerevisiae MSL3
(GenBank accession number Z71255), D. melanogﬁster MSL3 (GenBank
accession number X81321), D. melanogaster MRG15 (GenBank accession
number AF152245), H. sapiens MSL3 (GenBank accession number AF117065)
and H. sapiens MRG15 (GenBank accession number AF152245). These
sequences ~ were loaded into the COBBLER block program at
http://dot.imgen.bcm. tme.edu and consensus sequence COBBLER blocks were
generated (Figure 3-15). When used to search the nr data base, inclusive of all
non-redundant coding sequences in GenBank, both of the newly generated

consensus sequences separately .dentified all six proteins (in addition to many

other related sequences) used to generate the consensus. When the newly
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g nerated COBBLER blocks were used to search the high throughput genome
sequence (HTGS) database (restricted to Drosophila sequences), a number of
sequence contigs were identified. A comparison of the lists generated from
the chromo COBBLER block and the chromoshadow COBBLER block
revealed only two contigs (GenBank accession numbers AC019950 ad
AC018039) present on both lists (Figure3-16). Analysis of the sequence of
these two contigs shows that one of them is MSL3 (AC018039) and the other is
dMRG15 (AC019950). This suggests that at this time MSL3 and dMRG15 are
the only two proteins of this type in the Drosophila database. Although this
analysis was initiated before the Drosophila genome sequencing was

completed, the same results are obtained by searching the entire Drosophila

genome. These data are summarized in Table 3.
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Xhol EcoRV BamHI Spel

S ]
ATG HA HA TAG

MT promoter

Act 5C

poly A sig

AmpR
copia LTR

Figure 3-3: The pMTHA vector used to express dTIPGO-HA
and MOF-HA. Vector design by A. Pannuti and W. Gu.
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Xhol EcoRv Spel
| I |
Flag  TAG
MT promoter
Act 5C
poly A sig
MK33cFla
HygR P 9
0 8.57 kb
AmpR
copia LTR

Figure 3-4: The pMK33cFLAG vector used to express
MSL3-Flag and dMRG-Flag. Vector construction by
A. Pannuti and W. Gu.
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250 —

98 —

64 —

~C—MSL3-FLAG
50 — SR —dMRG15-FLAG

—-— o
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36 —

30 —
16 —

anti-Flag

250 —
-  <— MOF-HA
98 —

— e S —

64 — - <C— dTIP60-HA
SO0 —

36 —

30 —

anti HA

Figure 3-5: Western analysis of the stable cell lines used. Each lane
contains 35mg of nuclear extract from the transfected cell lines indicat-
ed. Lane 1: untransfected Schneider 2 cells. Lane 2: uninduced MOF-
HA/MSL3-Flag cells. Lane 3: uninduced dTIP60-HA /dMRG15-Flag
cells Lane 4: induced MOF-HA /MSL3-Flag cells (200uM CuS0O4).
Lane 5: induced dTIP60-HA /dMRG15-Flag cells (200 uM CuSO4).
Upper panel: Anti-Flag western blot with mouse monoclonal anti-Flag
M2 ant.ibodies (Sigma). Lower panel: Anti-HA western blot with
mouse monoclonal anti-HA 12CA5 antibodies (Roche).
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MOE-HA /MSL3-Flag cells express both tagged proteins
antibodies (Santa Cruz) were used to
anti-Flag M2 monoclonal antibodies
MSI.3-Flag. Secondary antibodies

ither Cv5 (red-MOF-HA) or FITC (green-

Figure 3-6a:
Rabbit anti-HA monoc lonal
localize MOF-HA while mouse
(Sigma) were used to loc alize
lackson Labs) labeled with e

MSL3-Flag) were used to isualize the proteins using confocal
microscopy. The merged image (yellow) 1s showed in the lower a
panel

L———x———*







Figure 3-7: MOF-HA and MSL3-Flag colocalize. Rabbit anti-HA
monoclonal antibodies (Santa Cruz) were used to localize MOF-HA
while mouse anti-Flag M2 monoclonal antibodies (Sigma) were used
to localize MSL3-Flag. Secondary antibodies (Jackson Labs) labeled
with either Cy3 (red-MOF-HA) or FITC (green-MSL3-Flag) were used
to visualize the proteins using epifluorescence microscopy. DNA is
labeled with DAPI (blue). CY3 and FITC are merged in the lower
right panel.

e
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-8 dTIP60-HA is not associated with mitotic chromosomes.
were used to

Figure 3
Rabbit anti-HA monoclonal antibodies (Santa Cruz)
localize dTIP60-HA. Secondary antibodies (Jackson Labs) labeled
with Cy5 (red, dTIP60-HA, A and C) were used to visualize the
protein using epifluorescence microscopy. DNA is labeled with DAPI

(blue,B and D). Arrows indicate mitotic cells.
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Figure 3-9: dMRG15-Flag is not associated with mitotic chromosomes.
Mouse anti-Flag M2 monoclonal antibodies (Sigma) were used to
localize dMRG15-Flag. Secondary antibodies (Jackson Labs) labeled
with FITC (red, dMRG15-Flag, A, C and E) were used to visualize the
protein using epifluorescence microscopy- DNA is labeled with DAPI
(blue, B, D and F). Arrows indicate mitotic cells.

__—»




Ficure 3-10: MOF-HA is associated with mitotic chromosomes
Rabbit anti-HA monoclonal antibodies (Santa Cruz) were used to

localize MOF-HA. Secondary antibodies (Jackson Labs) labeled with

Cv5 (red. dTIP60-HA) were used to visualize the protein using

DNA is labeled with DAPI (blue)
MOF-HA staining is prevalent in a
PI'(‘\Umdl’I\' the X

epifluorescence microscopy.
\rrows indicate the mitotic cell.
specific region of the pl't‘nn'!.lph.lwu'H,

canromosome
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-11: Immunoprecipitation of the Droso hila i .
Figu,rf n:nl\ Lumprecipitﬂt?d from nuclear extractpfromi;;(c)itsclzfj (Pzr(?ote;\r,}s
“-erf) ) stable cell lines mdma;e_d MSL3'-Flag and dMRG15-F|, aud
Cu"E.:l ted proteins were precipitated using the using moyse m(%nogl 1
ASSQLEIAS, M2 antibodies (Sigma). Anti-Flag Ip F-HA MSL3-F?na
antt- r extract (lanes 1 and 2) and of dT1P60-HA/dMRG15- -
nucli‘; Lanes 1 and 3: 25 ug (from nuclear extract)
and ‘mldear extract. Right panel.: Anti-Flag weste
(from lonal anti-Flag M2 antibodies (Sigma). Left Panel: Anti-HA
blot with mouse monoclonal anti-HA 12CAS5 antibodies (Roche)
0 the secondary .

monOC
?:St-eirn[:ila rity in background bands is attributed t
S

antibodY'
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Figure 3-13: Histogram of HAT activity analysis of proteins associated with
dMRG15-Flag, MSL3-Flag or MSL1. The MSL1 IP represents purified MSL
complex with MOF HAT activity. HAT activity (MOF) is also found in the
MSL3-Flag IP. The number of associated counts is much lower because MSL3-
Flag is overexpressed and much of the free protein is likely not associated

with MOF. There does not appear to be any HAT activity associated with
dMRG15. MSL1 is precipitated with a rabbit polyclonal antibody to the pro-
tein. The other samples had proteins precipitated by mouse monoclonalanit-
Flag M2 antibodies (Sigma).



Chromodomain

hMSL3
MRG15
MSL3
dMRG15
ScMSL3
SpMSL3

LYDAKIVVVIVGKDEKGRKIPEYLIHFNGWNRSWDRWAAEDHVLRDTDENRRLQRKLARKAVARLRSTGRK

FHGPLLYEAKCVKVAIKDKQVKYFIHYSGWNKNWDEWVPESRVLKYVDTNLQKQRELQKANQEQYAEGKMR
LYTSKVLNVFERRNEHGLRFYEYKIHFQGWRPSYDRCVRATVL

LKDTEENRQLQRELAEAAKLQIRGDYSY
CFHGPLIYEAKVLKTKPDATPVEYYIHYAGWSKNWDEWVPENRVLKYNDDNVKRRQELARQCGERSKKDNK

GGRCLAFHGPLMYEAKILKIWDPSSKMYTSIPNDKPGGSSQATKEIKPQKLGEDESIPEEIINGKCFIHYQ
RVLCFHGPLLYEAKIVDTEMKGDVTTYLIHYKGWKNSWDEWVEQDRILQWTEENLKTQKELKNAAISTRQK

CHROMO COBBLER BLOCK

YLIHYKGWNPSWDEWVPEDRVLKWTDENAKKQRELK

Chromoshadow domain

hMSL3
MRG15
MSL3
AMRG15
ScMSL3
SpMSL3

PGDQPPPPSYIYGAQHLLRLFVKLPEILGKMSFSEKNLKALLKHFDLFLRFLAEYHDDFFPESAYVAACEA
PDAPMSQVYGAPHLLRLFVRIGAMLAYTPLDEKSLALLLNYLHDFLKYLAKNSATLFSASDYEVAPPEYHR
PEKSMVFGAPHLVRLMIKMPMFLNASPISNKKLEDLLPHLDAFINYLENHREWFDRENFVNSTALPQEDLQ
HPDTPLSELYGSFHLLRLFVRLGSMLSYSALDQQSMQNLLTHVQDFLKFLVKNSSIFFSMSNFINVDPEYV
LVPIRIYGAIHLLRLISVLPELISSTTMDLQSCQLLIKQTEDFLVWLLMHVDEYFNDKDPNRSDDALYVNT
RQQYPDTEMCDLYGVEHLIRLFVSLPELIDRTNMDSQSIECLLNYIEEFLKYLVLHKDEYFIKEYQNAPPN

CHROMOSHADOW COBBLER BLOCK

SQIYGAPHLLRLFVKLPEMLSYTPMDEKSLEC LLNHLDDFLKYLVKHKDEFF

Figure 3- 14: Sequences used in the COBBLER analyses and the resulting COBBLER blocks.
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(AC01995Q Drosophila melanogaster, *** SpumNC. . .
AC018039 Drosophila melanogaster, *++ smmt;;
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Summary of BLAST and COBBLER analyses

Query Results

dMRG15 >100 proteins

MSL3 >100 proteins

published

Chromo block HP1, Pc and others (no MSL3, no dMRG15)
MSL3 chromo MSL3 (no dMRG15)

MSL3 chromoshadow MSL3 (no dMRG15)

dMRG15 chromo dMRG15 and MSL3
dMRGI15 chromoshadow dMRG15 (no MSL3)

Chomo

COBBLER block dMRG15 and MSL3 (and 5 others)
Chromoshadow

COBBLER block dMRG15 and MSL3 (and 1 other)

d advanced BLAST default parameters,
Table 3: Summary of BLAST and COBBLER analyses. All searches use :
li?nited to the HTéS informationand limited to Drosophila. The first two sets used the protein database.

£9



Discussion

gions
ondu
-

Two Major conclusions can be drawn from the work .

i ST s, KMICE " | rk described herein.
ot 8 ® Potential to be involyeq ip
romatin modification and perhaps chromatin remodeling. Second, the
a-‘ﬁociation between MYST HATs and MSL3/ MRG15-like proteins is not
qndon that is, these proteins do not associate indiscriminately. The Jack :f
Coimmunoprecipitation evidence for an association between any of the
qudied proteins other than MOF with MSL3 Suggests that there must be some
factors OF constraints that govern the pairing of these proteins.

Based on the known association of MOF with 'MSLB, I developed and
wsted the hypothesis that MYST HATSs generally pair with MSL3/MRG15-like
proteins. Given the level of the known human sequence information
available at the time, it is, in retrospect, clear that the experimental approach
chosen to test the hypothesis was too simplistic. Clearly, additional, as yet
wncharacterized, human MSL3/MRG15-like proteins could exist and one of
these may interact with hMOF. In contrast, the situation in Drosophila

¥pears more amenable to experimental investigation. Using COBBLER

blocks to search the entire Drosophila genome, I was unable to find any other

tins similar to MSL3 or dMRG15. Furthermore, MOF and MSL3 were
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B > ,
w
h
4
10 interact by
wi
l‘nO
- of the® .
5" of dTIP60 with dMRG15. This suggests that dTIP60 may interact
iation
# protein partner that has only one or no chromodomains

:th gome other
ot ofore, 15 not a member of the MSL3/MRG1S5 family. It is also possible
theref®™™
rldl

a . interadion with dMRG15 was not detected by my experimental
that !
aPProaCh'

their presence in a specific multiprotein complex. In

5 Promising parameters, I was unable to demonstrate an

gvolutiO““Y considerations
B.

It is perhaPS not surprising that the proteins involved in chromatin
deling and modification have been so well conserved during evolution.
remo

h problems of overcoming chromatin repression of transcription occur in
The

1 eukaryotic species, though these problems may become more severe with
a

increased organismal complexity. This is evidenced by phylogenetic analysis
of the MSL3/ MRG15 family. There is only one member of the family present
in the yeast, 5. cerevisige. The open reading frame YPR023C (yMSL3) encodes
a protein that interacts with the essential MYST HAT ESA1 via their
chromodomains (Eisen, Coté, Lucchesi, in prep). Though the specific genes
that are under the control of the NuA4 complex have yet to be identified, it is
likely that this complex is important for modulation of transcriptional rate of
some, perhaps essential genes, in the S. cerevisiae genome. This is suggested

by the observation that a kanamycin-mediated disruption of the ESA 1 gene

leads to arrested growth (Smith et al., 1998).

| -
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yeast S. pombe and the Nematode (. elegans o b
The

ave only one
mber of the MSL3/MRG15 family. 1, Contrast, Py
n meé

Osophila have
oW f the family, MSL3. ang dMRGs5, MSL3 ma
embers © ’
m
two

have arisen
duplication of dMRG15 ang been recruited to the
h a

male-specific

mpensation machinery allowing dMRG15 to retain its function in
co
dosage

In this respect, it will be of interest tq determine the mutant
sexes.
poth

enotype of dMRG15.
P

[ should note here that there appear to be no homologues of either

or msl2 in any other organisms. It coylq be that these two proteins
" as dosage compensation specific adapters for the more general
se;"implex found in Drosophila males ag well as female, yeast and
. ;mals. Evidence to support this idea was provided by Gu and colleagues
::o have shown that, of the five known MSL proteins, MSL1 and MSL2 bind
polytene chromosomes first and that neither will bina without the other (Gu
etal, 1998). In addition, Copps et al. (Copps et al., 1998) have shown that the

, ipitated
MSL1 and MSL2 proteins interact in vitro (each can be Immunoprecipitate

i i MSL2
with antibody to the other) and in the yeast-two-hybrid system via the
RING finger.

The situation in mammals appears to be more complex. There are at

least two MSL3/MRG15 genes in mammalian species, one of which (MSL3L2

i mi

s predicted to produce multiple splice variants. Analysis of the gfenohiCh
*quence and several cDNAs predicts two protein products, one of w

. Similar results
acks an N-terminal chromodomain (Prakash et al., 1999)
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E llnd for the D]()S()phi a hOr
l l ! gh Western ana
]) sis of MS! 3

chromoshadow domains, is synthesized (Gormap et al., 199
o 5) The i
protein
Products of the MSL3L1 gene have not been analyzed and so it j
| | 1t 1s not known if
Ll ple protein Species are present in viyo,

Because Prakash ef al. (1999), who characterized the MRG proteins, did
eins, di

ot recognize the presence of the chromoshadow domain, there has been no
discussion of the significance of a chromoshadow domain in the absence of a
Chrom,;,domain. Recent evidence has shown that chromoshadow domains
form homodimers (Brasher et al., 2000; Cowieson et al., 2000). 1t is possible,
therefore, that the chromoshadow domain can function in the absence of the
chromodomain.

It is worth noting that the prediction of leucine zippers at the C-
terminal end of MORF4, MRGX and MRGI15 (Be;tram et al, 1999) and
MSL3L1 (Prakash et al., 1999) are likely to be in error. The leucine zipper
motif requires a leucine at every seventh residue and a coiled-coil domain.
Though the MRG proteins fulfill the first requirement, domain prediction

programs (e.g. http:// dot.imgen.bem.tme.edu:9331 /seqg-search/struc-

predicthtm] and http://www.rockefeller.edu/ rucs/toolkit/structure2.html )

do not identify a coiled-coil domain for the MRG proteins.

There are multiple MYST HATs in S. cerevisiae, C. elegans, D.

melanogaster and H. sapiens. Within this family, the MOF protein has been

well conserved with homologues in yeast, Worms, plants and humans (Neal
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in
Jitro assays suggested that the protein may be involyeq i g,
e regulation of

HIV genes (Kamine et al., 1996). Later work showed that the HAT
activity of

Tipb0 can be inhibited by interaction with HIv TAT (Creaven et al., 199
et al,, 9).

These workers also identify Mn-SOD as a gene with Tip60-dependent
= naen

wanscriptional activity and suggested that the TAT-mediated inhibition of
Tip60 HAT activity decreases the expression of genes (such as Mn-SOD) that
would normally interfere with viral propagation.' Several groups have
reported that the transcriptional activity of TAT is regulated by TAT
acetylation, notably by the histone acetyltransferase p300 (Ott et al., 1999;
Kiernan et al., 1999). Recently, Gavaravarapu and Kamine (2000) showed that

Tip60 inhibits the activation of CREB protein by protein kinase A. This

oceurs via an interaction between Tip60 and CREB and is not dependent on

HAT activity of Tip60 (Gavaravarapu and Kamine, 2000)

In addition to the interactions just discussed, a number of papers have

ins i i ha
Shown that Tip60 interacts with various other proteins including the alp

i Dechend et
®ain of the interleukin-9 receptor (Sliva ¢t al,, 1999), NFxB p50 (Dec



1099) and the androgen receptor (Brady et al °9

9 :
“[ 99). T1p60 also induces

_ sation through the estrq

: transad‘vah BEN receptor and p
~‘ d dependent manner.  Thjg work
lig?

. ceptor coactivator 1 (SRC 1) (Brady et

al., 1999),

As discusseq |
. . In the
mtrodudion’ SRC1 is a histone acetyltransferage as well

| (Spencer et al, 1997,
. associated with an untranslateq RNA that is a
co.

activator (Lan, et al,,
1999)

The phylogenetic increase in complexity ¢gqp with the MSL3/MRG15
proteins is not observed with the MYST HATs;, If, however, chromodomains
function as “a vehicle that delivers both Positive and Negative transcription
regulators to the sites of their action on chromatin" (Koonin et al., 1995), then
it may not be surprising that there are multiple MYST HATs found in all of
these organisms, since the MSL3/MRG15 proteins could target the HATS to

the appropriate genes. This increase in MSL3/MRG15 family complexity may

reflect the increase in the complexity of transcriptional regulation in higher

organisms.

C Future directions

The human homologues: The work with hMOF was initiated with the

ultimate goal of determining if there is a human MSL-like complex. Now

A



1999), this work has since been recanted (Bryce ¢ 4 1999) and
- and the function is

now unknown. It would also be of interest to determi
ine if MRGI5 is

sssociated with a HAT activity.

The Drosophila_homologues: 1 have found no evidence for an
interaction I'Jetween dTIP60 and dMRGI5, but there are other proteins
sssociated with dMRG15. These should be identified ang characterized. Many
of the experimental questions asked of dTIP60 could have been answered, had
[had a precipitating dTIP60 antibody. It is likely that the C-terminal Flag tag
was masked and therefore not available to the antibc;dy. One solution may
be to tag it at the N-terminus. Additionally, polyclonal anitsera generated to
dTIP60 would be useful in characterizing the localization and partners of
dTIP60. Once dTIP60 is isolated, it should be tested for histone

acetyltransferase activity. Any proteins shown to be associated with dTIP60

should also be characterized.

It is still not known how changes in chromatin modulate the

the nature of various forms of chromatin

transcriptional rate; i.e. how

remodeling and modification increase the access of RNA polymerase to the
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- The study of transcription coactivators and chromatin
a .

5 temP : o
and remodeling complexes is informing the study of the

dosage compensation mechanism. As more data are gathered

nique nature of this particular Drosophila complex, those who

u _ o '
= sophila dosage compensation are making invaluable contributions
pro
studY

owing pody of biochemical work on transcriptional coactivator
r

o .
t s. The work on the MSL complex and the proteins characterized in
X€5-

comp]e

thesis is well positioned to help elucidate these mechanisms of
5

thi

nscfiptional regulation.
tra
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MATERIALS AND METHODS

ion of poly A* RNA: Total RNA was isolateq from celjq for
OIatlo . . .
' Northern analysis using the Qiagen RNeasy Migi ki, After
aﬂd
]U\CE o, the poly A* RNA was selecteq using the RNAeasy Oligotex
. ~ationy
tificd
@
mRNA N

analysis: The 12 Lane Multiple Tissue Northern Bjo; was
n
Norther

DNA fragments as follows: the
th¢

~350 bp Aval fragment from
Pl’obed i

e ~750 bp EcoRI/ Bam HI from from hMRG15. The filter was
yMOF and th ith ClonTech Express Hyb solution at 68 degrees for 30
pmhybridized Wing addition of the probe, hybridization continued for one
minutes- Fonowwas washed in 2X SSC, 0.05% SDS 3 times for 10 minutes
our. THE fllt:set of washes were performed with 0.1x SSC, 0.1% SDS 2
= secon' tes each. Probe was removed by placing the filter in 0.5%
e mlr: for 10 minutes and then allowing the 0.5% SDS to coo] for
¢ps at 95 degre

The filter was then exposed to film overnight to ensure removal
; efi
10 minutes.

of the probe.

Vester. mmllﬁiS' roteins were separated on denaturmg
Western ysis: P |
i locked in
/ i eis. r blocked

t i ] 0- BS)- Af er
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ry (mouse monoclonal anti-Flag M2 from Sigma, mouse

N
’ w] h pl’lma
. HA 12CAS from Roche) and secondary (HRP conjugated

0" o Amersham Pharmacia) antibodies, filters were washed and

ing: All sequencmg was done off-site at the Jowa State

ecular Biology Sequencing Core Facility using the

ession of HIS-tagged proteins: The hMOFC and MRGI15 constructs
Exp

erated using muta

were 8°
 first €as€ the primers 5’ GTA CAG AAG AAC CAT ATG AAG TAC
in the fiF ’

he yy60e07 EST clone and in the second case, the primers 5" GAA

genic PCR to introduce necessary restriction sites.

5 AGC AGG GGG GAT CCT GCT CAC TTC 3’'were
CTG

used with t
A CAC AGC TTT C 3" were used with the cDNA clone (GenBank

C GCC GAA GCA G 3’ and 5 GAG TGA GAG GGA

1cC TC
accession number AF 152245) to generate the respective PCR products which

were subcloned into pCR 2.1 TA (Invitrogen) and subsequently into pET 19

for tagging and bacterial expression.

Plasmid constructs were transformed into BL21(DE3) pLysS cells

(Stratagene) and grown to OD,,,=-6 before induction with 0.4 mM IPTG.

Cells continued to grow under induction for 2.5 hours at 30° before

harvesting.
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ion of Flag tagged proteins: All Flag tagged proteins were

e
gy . :
., mutagenic PCR to introduce necessary restriction sites. PCR

d u_h'ln

NC e subClO“Cd into pCR2.1 TA (Invitrogen) and subsequently into

PrO for tagging and transfection. Primers 5 TTG TCG ACA TAA
-F

p G AGA AGT AAA ACY and 5 AAG ATA TCC TGT GCA TTT CGC
struct dMRG15-Flag. Primers 5 GTT GAT ATC CAA

o used to <o

3! Wet'
AA ATT AAC CAC 3’ and 5" CGC GAT ATC TTT GGA GCGCTT

AC ATC
¥ o used 0 construct dTIP60- Flag.

3' Wer

EIPVESSion of ATIP-60 HA tagged protein: dTIP60-HA was generated

g mutagenic PCR with primers 5 ATG CTC GAG AAA ATT AAC CAC
usin

AA TAT GAG ¥ and 5 CTG ATA TCT TTG GAG CGC TTG GAC 3. The

CR product was subcloned as above.
P

“traditional’ ¢DNA Library Screening: General manipulations were
done as described in Sambrook et al.,1989.

HAT Activity Assays: Assays using calf thymus histones (Sigma) as
substrates were preformed in a buffer with 50 mM Tris pH 8.0, 10% glycerol, 1
mM PMSF, 1 mM DTT. Reactions were allowed to pr()ceed at 30° C for 20

minutes, after which a portion of the reaction mixture was spotted on
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[solation of HeLa/Raji/Schneider 3 cell extracts.

Cells were 8
: Pun down
jnd lysed 1P 10mM HEPES pH 8.0, 1.5 mm MgCL,, 10mM Kc}, 209 M

» £0UMM sucrose,

0.05% NP40. Nuclei were incubated on ice for 10 minytes spun d

Jashed in the initial lysis solution withoyt NP40. Nuclej were Iy::: :d
M HEPES pH 7.4, 25% gycerol, 420mM NaCl, 1.5 MgCl, 0.2 mM EDTA
After incubation on ice for 30 minutes with intermittent vortexing, the |
nixture Was Spun final time and the nuclear proteins extracted in the

Cell transfections: Cell were transfected according to the protocol
provided by Invitrogen. Briefly, circular plasmid DNA was mixed with .25M
CaCl, HEPES was added (with constant mixing) to a final concentration of
IM. The calcium/DNA precipitate was allowed to form for 30 minutes before
being added to the Schneider 2 cells. Cells were incubated in the presence of
the precipitate for 16 hours at 23.5°C. Cells were then washed and

resuspended in medium. After 48 hours, selection was begun using 200ug/ml

hygromycin. Selection continued for approximately three weeks before the

selective agent was removed.
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red three times in PBS and fixeq in 4%,
W

; .100, 1% BSA in PBS for 20 min
Triton X utes, washeq in PBS 5
nd blocked in

0, oo 1
pBT (0.2% Tween 20,1% BSA in PBS) for 39 Minutes. The cells Wwere

cubated in the primary antibody (mouge monoclonal anti-Flag M2 from
Sigma, rabbit polyclonal anti-HA from Clontech) diluteq in PBT overnight at
p. After two more washes in PBS, the slides were blocked in PBT with 0.12%
jonkey serum for 30 minutes, washed once more in PBs and incubated in the
secondary antibody (Jackson Labs) diluted in PBT at room temperature and in
the dark. Slides were mounted in VectaStain with DAP] andviewed using

epifluoresence or confocal microscopy.

Rapid amplification cDNA ends: RACE was performed according to

the protocols provided with the GibCo BRL or Clontech RACE systems. Any

changes to these protocols are noted in the text.

Immunoprecipitation: 250 mg of nuclear protein were incubated with

100u] anti-Flag M2 antibody-agarose (Sigma) for 1.5 hour at 4 degrees. Bead-

antibod}’-protein ternary complex was spun down and the unbound fraction

®moved. Beads were washed six times in PBS with 1mM PMSE. Proteins
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° and penicillin

and gtreptomycin or in HyClone serum free Schnejger 2 med
me iUm

uppleme“ted with penicillin and streptomycin
; :

primer synthesis: All primers were synthesized by GibCo BRL
Y oligo

synthesis facility.

Peptide synthesis: All oligopeptides were synthesized by the Emory

University Peptide Synthesis facility (Atlanta, GA)

Antisera generation: All polyclonal antisera were generated by Pocono
Rabbit Farm and Laboratory (Canadensis, PA) according to their standard

protocols for injection of immunogen and collection of sera.

Metabolic labeling: Approximately 10° cells were labeled with 0.5 mCi

- methionine (Amersham Pharmacia) for 16 hours in media with 10% the
usual amount of methionine. Cells were then spun down and resuspended
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ENVOI

[ conclude this volume with the following two pieces of information which 1

place here simply because they need to be recorded:

First, although Drosophila melanogaster are now quite cosmopolitan, they

likely originated in West Africa (Lachaise, 1988).

econd, during the first lecture of the 1996 Cold Spring Harbor Course on

Advanced Drosophila Genetics, Professor Michael Ashburner suggested that

Drosophila melanogaster migrated to the Western Hemisphere during the

trade in African people (Ashburner, pers. comm.).
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Open questions

A forest of
principles
Horace Barlow

I am astonished at Lewis Wolpert’s
claim that all the big principles in
!)nology are understood — especially
in developmental biology. If one knew
all the principles then new facts would
simply slot into their expected places,
as they do in any well understood
aspect of physics. But in all areas of
bfology bewildering new facts are
discovered at an increasing rate.
frankly do not believe that Wolpert
has a conceptual scheme where each
new fact simply evokes an acquiescent
n0(.i of the head. Either he is goading
us into protest or his ‘principles’ are
very different from mine.

What can we expect of principles
in biology? Consider ‘the principle of
quasi-optimal design.” There are
physical limits that dictate the relative
sizes of parts of different-sized
animals. Thus, a mouse’s eye is many
times larger than an elephant eye
scaled down in proportion to the size
of the mouse: the latter would have a
minute pupil giving appalling spatial
resolution and admitting very little
light. Similarly, the elephant’s legs
would break every time it stood up if
they were simply the mouse’s legs
scaled up in size.

These ‘design principles’ are our
minds’ generalization from particular
instances that have been embodied
in genomes under the action of
natural selection. We have
successfully found a few such
generalizations, but we emphatically
do not understand all the physical
limiting factors that have moulded
the genomes of all species, and [
have not even heard mention of
limiting factors in development,
although they must surely exist.

Now consider a problem in
neuroscience. The neocortex of the
brain is large in primates and huge in

humans; comparative neuroanatomists
have told us that it stores knowledge
of the world, and if they are right, we
can understand the selective advan-
tage it gives us. Neurophysiologists,
on the other hand, tell us how the
neocortex represents sensory stimuli
but say nothing about how this
representation is analysed, stored,
accessed or used. Only a fool could
hold that no new principles might
emerge from reconciling these two
astonishingly different accounts.

I think my examples illustrate the
general nature of biological principles.
There are not just a few universal
ones like the great conservation laws
of physics. Instead, they form a forest,
and quasi-optimal design is but one
tree in it — or perhaps just a branch
of the Tree of Adaptation. Wolpert
might claim that adaptations are all
examples of a single general principle
which we already know, but this is
unhelpful because we need to know
what factor is limiting in each
particular case: optics will not help
you to understand the elephant’s leg
bones or neocortical size. If we did
understand all the relevant limiting
factors, we would be closer to knowing
why a species has evolved toa
certain average size, why the mass of
its neocortex is a particular fraction of
its body mass, and so on for many
questions that we do not yet even
know enough to ask. It is an
absolutely safe bet that there are many
new principles waiting to be found.

Mendel discovered both a whole
range of new facts and the principle
by which they could be understood,
but few are so lucky nowadays. Thus,
my request to the good fairy
godmother of science would be
“Please give me exact references to
some facts that require new concepts
for their understanding”. I would add
“Please pick facts pointing to
concepts appropriate for my energies
and abilities; I could not handle a tree
of Darwinian or Mendelian size, but I
would greatly enjoy some of the
conceptual fruit still to be found in
plenty out among the leafy branches
of the Biological Forest of Principles”.

I s e

The Morgan lineageé
Guil Winchester

Intellectual pedigrees convey th(.:
longevity and continuity of scicntlﬁc
lineages. The Drosophila community
founded by Thomas Hunt Morgan
and the Columbia Fly Room is still
flourishing after cighty-five years.

Figure 1

The pedigree is skewed to show how the
Drosophila renaissance in the 1980s
descends from the Columbia Fly Room.
Descendants who founded schools in other
organisms are also shown, but their ‘heirs’ are
not (unless they move back into flies).
Individuals are listed only once. Thus,
interactions within labs can be deduced but
not the spread of ideas and techniques via
the movement of postdocs. The pedigree is
divided vertically into filial generations and
horizontally into sublineages. At the top left
are the ‘triumvirate’' who ‘invented’
Drosophilia as a genetic organism, Morgan
and his two graduate students Sturtevant and
Bridges. All three moved to Caltech when
Morgan founded the Division of Biology
(1928), and the pink band contains Morgan's
direct line, which formally descends through
Sturtevant. 'F,’ graduate students are those
selected by Sturtevant himself (A History of
Genetics. New York: Harper and Row; 1965),
plus Lindsley. Delbriick is also on Sturtevant's
Caltech pedigree and illustrates the
movement into ‘lower’ organisms in the
1930s-1940s, followed by the move back
into flies in the 1960s-1970s. (Delbriick was
a cofounder of the 'phage group; Benzer
founded Drosophila neurogenetics.) The
beige and yellow bands also descend from
Columbia. Muller, a semi-detached member
of the Fly Room, moved often and founded
several schools; only his Texas and Edinburgh
heirs are shown here. Stern was the most
successful of the Fly Room postdocs: he and
Hadorn (an amphibian embryologist who
moved into flies via a postdoc with Stern)
pioneered Drosophila developmental biology.
In the lowest band are two Caltech postdocs:
Dobzhansky founded a school of Drosophila
population genetics at Columbia; Beadle
‘invented' Neurospora as a tool for
biochemical genetics and succeeded Morgan
as head of Caltech's Division of Biology. Two
of Beadle's heirs moved back into flies:
Mitchell in the 1950s and Hogness in the
1960s. The Hogness laboratory pioneered
Drosophila molecular biology and launched
the Drosophila renaissance.
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