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Abstract 

Essent ia l ly a l l h igher organisms are made u p of t w o or more types of 

tissues. The specific ident i ty of those tissues is dependent on the genes that are 

expressed w i t h i n the cells of the part icular tissue type. The correct set of genes 

must be expressed and genes, that are not part of the set specific to that tissue, 

must be kept s i lenced. In addi t ion , i n most cells, the dec i s ion whether a gene 

w i l l be active or not is made early i n development a n d therefore must be passed 

on to daughter cells . The focus of this thesis is an inves t iga t ion in to the 

m e c h a n i s m or mechan i sms e m p l o y e d b y eukaryotes to s i lence genes a n d to 

ma in t a in that s i lenced state throughout deve lopment . The m o d e l system our 

laboratory has been u s i n g to investigate s i lenc ing is pos i t ion effect var iegat ion 

(PEV) i n D. melanogaster. In P E V a gene is si lenced i n a certain p ropor t ion of the 

cells of a tissue i n w h i c h it is n o r m a l l y expressed due to its p r o x i m i t y to an 

heterochromat ic b reakpoin t . The dec i s ion whether a gene w i l l be active or 

inac t ive is m a d e ear ly i n deve lopmen t a n d that d e c i s i o n is passed o n to 

daughter cells w i t h reasonable f ideli ty. Thus P E V m i m i c s n o r m a l development 

i n m a n y ways . Th i s has l ed our lab, and several others, to try to dissect the 

mechanisms u n d e r l y i n g P E V w i t h the hope they w i l l shed some l ight on the 

more general s i lencing mechanisms that occur d u r i n g n o r m a l development . 

In Chapter 2 of this thesis I describe the c lon ing and characterization of a 

gene i d e n t i f i e d i n a screen for d o m i n a n t suppressors of the va r i ega t i on 

associated w i t h P E V [Su(var)s]. The gene encodes H D A C 1 , an h is tone 

deacetylase homologous to H D A C 1 from m a m m a l s and R p d 3 f rom S. cerevisiae. 
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Specific mis-sense mutat ions i n HDAC1 cause s t rong dominan t suppress ion of 

P E V w h i l e n u l l or h y p o m o r p h i c mutat ions have no effect on the var iega t ing 

phenotype . I present a m o d e l p r o p o s i n g that the mis-sense muta t ions are 

acting as ant i -morphic mutat ions that "poison" the deacetylase complex. 

The l eve l of var iega t ion of a gene subject to P E V is ve ry sensitive to a 

w i d e var ie ty of factors, some, w h i c h m a y be act ing d i rec t ly and some, w h i c h 

may be act ing ind i rec t ly . H D A C 1 local izes to a large n u m b e r of sites on the 

poly tene ch romosomes of D. melanogaster (Pi le a n d W a s s e r m a n , 2000) and 

therefore appears to regulate a large number of genes. Thus it is a poss ib i l i ty 

that the Su(var) mutat ions i n HDAC1 are affecting P E V indi rec t ly . In Chapter 3 

I present data f rom chromat in immuno-prec ip i t a t ion experiments (X-ChIP) that 

p r o v i d e s c o m p e l l i n g e v i d e n c e that H D A C 1 is a c t i n g d i r e c t l y o n the 

euchromat ic reg ion subject to s i lencing i n P E V . I propose a m o d e l l i n k i n g the 

histone deacetylase act ivi ty of H D A C 1 to the funct ion of other proteins k n o w n 

to be i n v o l v e d i n the s i lencing associated w i t h P E V . 
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Literature Review 

Eukaryo tes are complex organisms that mus t prec ise ly regulate their 

genes to su rv ive . A s an example , i n a m u l t i c e l l u l a r o rgan i sm, w i t h m a n y 

different tissue types, the ident i ty of a tissue is de te rmined by the combina t ion 

of genes that are active. Thus mechanisms mus t exist to activate the correct 

genes i n a par t icular tissue and then remember that pattern th rough subsequent 

cell d iv i s ions . O n the other hand, it w o u l d be deleterious or lethal, i f genes that 

were supposed to be inact ive, were expressed, and therefore complementa ry 

mechanisms mus t exist to inactivate specific genes and ma in t a in that inactive 

state th roughout subsequent cel l d iv i s ions . This thesis w i l l be concerned w i t h 

the latter p r o b l e m : wha t is the m e c h a n i s m or mechan i sms that eukaryotes 

employ to silence genes and then to pass this decis ion on to daughter cells? The 

m o d e l sys tem our lab has used to address this ques t ion is pos i t i on effect 

var iegat ion i n Drosophila melanogaster. 

Gene Silencing and Position-Effect Variegation (PEV) 

C l a s s i c a l P E V occurs w h e n a c h r o m o s o m a l rea r rangement abuts a 

n o r m a l l y e u c h r o m a t i c r e g i o n of a c h r o m o s o m e to a n he t e roch roma t i c 

breakpoint . Genes located i n the euchromat in , i m m e d i a t e l y adjacent to the 

breakpoint , often d i sp lay a mosaic phenotype i n the tissues i n w h i c h they are 

n o r m a l l y expressed. In some cells the gene or genes are fu l ly active and the 

cells appear no rma l , however , i n others, the gene(s) is s i lenced, and the tissue 

appears mutant . Th i s s i lenc ing phenomenon m i m i c s n o r m a l deve lopment i n 

that the dec i s ion as to whether a gene w i l l be active or s i lenced appears to be 

made ear ly a n d then is passed o n to daughte r cel ls . S ince the genes i n 
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euchromat in are not muta ted (see below) but are s i lenced due to the p r o x i m i t y 

of the heterochromatic breakpoint , P E V has been e m p l o y e d as a m o d e l system 

for d i s sec t ing the s i l e n c i n g effects of c h r o m a t i n s t ructure , i n pa r t i cu l a r 

heterochromat in . M o r e details on the nature of P E V w i l l be p r o v i d e d be low. 

For n o w suffice it to say this approach has been frui t ful and the dissect ion of 

P E V has p r o v i d e d t remendous insights into the structure of he terochromat in 

and some of the mechan isms of s i lenc ing e m p l o y e d b y eukaryotes to cont ro l 

gene expression. One feature of gene expression that has become apparent i n 

recent years is that r egu l a t i on of gene express ion , i n c l u d i n g s i l enc ing , is 

dependent o n chromat in structure. 

Th i s chapter w i l l p r o v i d e a br ief r ev i ew of ch roma t in structure and its 

role i n gene regula t ion fo l lowed by a rev iew of the phenomenon of P E V and the 

role of some of the more w e l l characterized chromat in proteins that have been 

isolated as modif iers of P E V . The focus of the thesis w i l l be histone deacetylase 

one ( H D A C 1 ) , a p ro t e in that was iden t i f i ed i n a screen for muta t ions that 

modi fy P E V . 

C h r o m a t i n Structure 

M u c h is n o w k n o w n about the basic structure of chromat in . C h r o m a t i n 

is a d y n a m i c assemblage cons i s t ing of a p p r o x i m a t e l y 50% D N A a n d 50% 

pro te in . A b o u t one-half of the prote ins are histones, a g r o u p of five basic 

p ro te ins , w h i c h are a m o n g the mos t h i g h l y c o n s e r v e d p ro te ins i n a l l 

eukaryotes. H i s tones H 2 A , H 2 B , H 3 and H 4 are k n o w n as the core histones 

and they associate to fo rm an octamer. Ini t ia l ly , H 3 and H 4 fo rm heterodimers 

that associate to f o r m a tetramer. The tetramer then associates w i t h two 

2 



heterodimers of H 2 A and H 2 B to form an octamer that is shaped l ike a flattened 

sphere. A p p r o x i m a t e l y 146 base pairs of D N A w i n d about 1.7 times a round the 

outside of the sphere i n a left-hand supercoi l . This structure, the nucleosome, 

forms the basic b u i l d i n g b lock of a l l eukaryot ic chromat in . The fifth histone, 

histone H I , also ca l led the " l inker histone", b inds to nucleosomes and protects 

approximate ly 20 add i t iona l base pairs of D N A outs ide the nucleosome ( H o r n 

and Peterson, 2002; L u g e r et al. , 1997; Turner , 2002; W o r k m a n and Kings ton , 

1998). 

X- ray crystal lographic analysis of the nucleosome at a resolut ion of 2.8 A 

has been comple ted and provides the f o l l o w i n g picture of nucleosome structure 

(Luger et a l . , 1997). The core his tones con ta in t w o func t iona l ly separable 

regions, the central "histone fold" domain , and the amino- and carboxy-terminal 

t a i l d o m a i n s . The h i s tone f o l d d o m a i n s of the h is tones are i n v o l v e d i n 

h i s t o n e / h i s t o n e in terac t ions that s tabi l ize the n u c l e o s o m e a n d also make 

contac t .wi th the D N A as it w i n d s a round the nuc leosome. W h e r e the D N A 

makes contact w i t h the nucleosome, its s tructure is h i g h l y ordered . Those 

regions of the his tones not i n contact w i t h D N A , the a m i n o - and carboxy-

terminal tails, appear to be m u c h more flexible and extend out and between the 

D N A gyres. 

T h e a p p a r e n t l y s i m p l e s t ruc tu re of the n u c l e o s o m e l e d e a r l y 

invest igators to assume it was a passive structure that f o rmed a scaffold for 

D N A archi tecture bu t d i d not p l a y a role i n r e g u l a t i n g genetic ac t iv i ty . 

H o w e v e r , the first ind ica t ions that this was far f rom accurate were reported 

almost 40 years ago w h e n A l l f r e y et al . (1964) observed a correla t ion between 

acetyla t ion of his tone residues and active t r ansc r ip t ion of genes. W i t h the 
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emergence of a possible role for histone modi f i ca t ion i n the regula t ion of gene 

activity, the search for further histone modif ica t ions revealed that histones are 

subject to a s u r p r i s i n g n u m b e r of pos t - t rans la t iona l mod i f i ca t ions . These 

modif icat ions inc lude lys ine acetylation, lys ine and arginine methyla t ion, serine 

phosphory l a t i on and ub iqu ina t ion of H 2 A (Spotswood and Turner , 2002). A s 

noted above, the amino- and carboxy-terminal tai l domains of a l l core histones 

extend out f rom the core nucleosome particle and it was in i t i a l ly assumed that 

a l l m o d i f i c a t i o n s w o u l d occur i n these d o m a i n s . H o w e v e r v e r y recent 

exper iments have revealed modif ica t ions occur to the g lobular , histone fo ld 

d o m a i n , as w e l l (Briggs et al . , 2002). The existence of further modif ica t ions 

cannot be r u l e d out. A l l of the modi f ica t ions have the potent ia l to alter the 

structure of the nucleosome and / or the structure of the chromat in fiber. 

It has been suggested the pattern of modi f i ca t ion on a nucleosome forms 

a "histone code" w h i c h not on ly regulates whether a gene is expressed or not, 

but also modula tes express ion levels of active genes. In add i t ion , the histone 

code c o u l d p r o v i d e the epigenetic m a r k that a l l ows a ce l l to pass expression 

patterns o n f rom one generat ion to the next (Strahl and A l l i s , 2000). The large 

n u m b e r of po ten t ia l modi f ica t ions c o m b i n e d w i t h the w i d e var ie ty of sites 

avai lable for m o d i f i c a t i o n creates the o p p o r t u n i t y for an ext remely complex 

code to be created o n a nucleosome; i n fact, several thousand different patterns 

are possible (Turner, 2002). His tone H 3 alone can be acetylated at six lysines, 

me thy la t ed at f ive lys ines (and this can be m o n o - , d i - or t r imethyla t ion) , 

m e t h y l a t e d at one a rg in ine a n d p h o s p h o r y l a t e d at ser ine 10. A s i m i l a r 

complex i ty of modif ica t ions exists on H 4 , s l ight ly less on H 2 B and s t i l l less on 

H 2 A . In add i t ion , since the nucleosome is an octamer conta in ing two of each of 
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the core h is tor ies , i t i s p o s s i b l e that each h i s t o n e m a y b e m o d i f i e d 

independent ly . 

F ina l ly , there is the potential for, and the l i k e l i h o o d of, inter-nucleosomal 

in te rac t ions that are also affected b y h i s tone m o d i f i c a t i o n s . C o m p l e t e 

e luc ida t ion of the histone code, i f i ndeed it does exist, w i l l require that m a n y 

genes be p robed for every possible modi f ica t ion and the pattern observed must 

be corre la ted w i t h t ranscr ip t iona l act iv i ty , or the po ten t i a l for act ivi ty , and 

t ranscr ipt ion levels. The pattern observed at one locus must then be compared 

to that of other genes to determine similari t ies and differences. H o w e v e r , this is 

on ly the first l eve l of analysis. The pattern m a y also cont ro l the pos i t ion ing or 

locat ion of a gene w i t h i n specific compartments of the nucleus (see be low) or 

p lay a role i n her i tabi l i ty of the expression pattern and thus cel l l ineages w i l l 

also have to be examined before a complete pic ture w i l l be generated. W h i l e 

this task m a y appear daunt ing , this area of research is one of the most active i n 

m o l e c u l a r b i o l o g y a n d some consensus, r e g a r d i n g the effect of h is tone 

modif ica t ions , is emerg ing . For example me thy l a t i on of his tone H 3 lys ine 4 

appears to be a w i d e l y used mark for gene activity, w h i l e methy la t ion of lysine 

9 on H 3 appears to mark a gene for repression (see be low) . 

The nucleosome is on ly the first l eve l of ch romat in packaging . A typica l 

ce l l m a y con ta in about one meter of D N A that mus t be packaged into an 

organelle as sma l l as the nucleus and thus chromat in can not exist as a s tr ing of 

nucleosomes. Exac t ly what the higher order structure of ch romat in is has been 

the subject of in tens ive s tudy and remains content ious ( H o r n a n d Peterson, 

2002). In vitro ch roma t in reconst i tu t ion studies suggest that, as the d iva len t 

cat ion concentra t ion is increased to phys io log i ca l levels , the nucleosome first 
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condenses into a 30 n m fiber and then into h igher order i r regular aggregates. 

The format ion of these h igher order aggregates in vitro requires the histone tails 

to be present on the core histones (Hansen, 2002; L u g e r et al. , 1997). The higher 

order i r regular aggregates were made more regular , s tab i l ized and compacted 

b y the a d d i t i o n of a l inke r histone, such as H 5 (Carruthers and Hansen , 2000). 

In vivo, s tudies that f o l l o w e d decondensa t ion of the chromosomes f o l l o w i n g 

mitosis suggest they first decondense to a 100 - 130 n m fiber that may further 

decondense to a 60 - 80 n m fiber for short in tervals . O n l y occasional , very 

short, stretches of a 30 n m fiber were observed (Belmont and Bruce, 1994). This 

observat ion suggests that the basic structural uni t of chromat in is a 100 n m fiber 

(Tumbar et al . , 1999) that m a y present a considerable obstacle to factors that 

must mod i fy the histones on a nucleosome to regulate gene expression. 

H o w then, do the factors that regulate t r ansc r ip t ion g a i n access to a 

gene? Th i s is accompl i shed w i t h two types of ce l lu lar complexes , one w h i c h 

relies o n adenos ine t r iphosphate ( A T P ) to p r o v i d e the energy to r e m o d e l 

chromat in and one w h i c h modif ies the histones to stabil ize an active or inactive 

state ( N a r l i k a r et a l . , 2002). Three types of A T P dependen t r e m o d e l i n g 

complexes have been classified based on the k i n d of A T P a s e e m p l o y e d by the 

complex: the S W I 2 / S N F 2 family; the ISW1 fami ly ; and , the M i - 2 fami ly . Each 

f a m i l y m a y have severa l different complexes that differ i n the pro te ins 

associated w i t h the A T P a s e . A l t h o u g h each fami ly increases the accessibility of 

nuc leosomal D N A , they appear to do so b y s l igh t ly different mechanisms that 

may reflect the different chromosomal context i n w h i c h the genes they regulate 

are located (Nar l ika r et al., 2002). 
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A T P d e p e n d e n t r e m o d e l i n g complexes w o r k i n con junc t ion w i t h 

complexes that, o n one hand , conta in histone acetyltransferases ( H A T s ) that 

hyperacety la te h is tone tails creat ing a c h r o m a t i n s t ructure corre la ted w i t h 

t ranscr ip t iona l ac t iva t ion (Reid et al . , 2000; V o g e l a u e r et a l . , 2000). O n the 

other, they either contain , as i n the case of the N u R D complex , or w o r k w i t h 

complexes that conta in , h is tone deacetylases ( H D A C s ) that hypoace ty la te 

histones creat ing a structure correlated w i t h repress ion of gene act ivi ty and 

he te rochromat in (Xue et al . , 1998; Z h a n g et a l . , 1998). Exac t l y h o w these 

complexes are targeted to a specific site is not k n o w n for certain but evidence is 

accumula t ing that at least some sequence specific factors can recognize their 

cognate sequences i n the context of the chromat in fiber and recruit bo th an A T P 

dependent r e m o d e l i n g complex and a histone m o d i f y i n g complex (Nar l ika r et 

a l , 2002). 

He te roch roma t in a n d E u c h r o m a t i n 

E a r l y cy to log is t s s t u d y i n g euka ryo t i c cells i d e n t i f i e d two types of 

chromat in : he te rochromat in and euchromat in . E u c h r o m a t i n , w h i c h becomes 

diffuse and l i gh t ly s ta ining i n the interphase cel l , contains most, but not a l l , of 

the active genes. Heterochromat in , o n the other hand , remains da rk ly s taining 

throughout the cel l cycle, contains relat ively few genes and is found p r i m a r i l y 

associated w i t h the centromeres and telomeres. 

Subsequent w o r k has s h o w n that he terochromat in i n characterized by a 

n u m b e r of s t ruc tu ra l features (Henikoff , 2000; R i c h a r d s a n d E l g i n , 2002). 

H e t e r o c h r o m a t i n conta ins an abundance of r epe t i t ive D N A sequences, 

i n c l u d i n g satellites sequences, der iva t ives of v i ruses a n d transposons. It is 
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often character ized as b e i n g genet ical ly inert, bu t i t is not ent i re ly d e v o i d of 

genes. A p p r o x i m a t e l y 40 to 50 genes have been iden t i f i ed i n the pericentr ic 

he te rochromat in of D . melanogaster (Eber l et al . , 1993; W e i l e r a n d W a k i m o t o , 

1995). These genes are also subject to P E V b u t react i n a m a n n e r 

complementary to euchromatic loc i (see below). He te rochromat in displays l o w 

levels of meiot ic recombinat ion and replicates late i n S phase. 

H e t e r o c h r o m a t i n has also been charac te r ized , to a l i m i t e d extent, 

b iochemica l ly . It has a l o w e r e d accessibili ty to nucleases, suggest ing it has an 

al tered, c losed , f o r m of packag ing . A n a l y s i s of e u c h r o m a t i n suggests the 

n u c l e o s o m a l a r rays are i r r egu l a r a n d con t a in nucleosome-f ree , nuclease 

hypersensi t ive sites associated w i t h active genes. In contrast, the nucleosomes 

i n he t e roch roma t in are r e g u l a r l y spaced over large reg ions and a h ighe r 

p r o p o r t i o n of the D N A is associated w i t h the n u c l e o s o m a l core ( G r e w a l and 

E l g i n , 2002; S u n et al . , 2001). The histones of he te rochromat ic regions are 

hypoacety la ted relat ive to those found i n euchromat in . Interestingly, w h e n a 

gene is i n a c t i v a t e d i n e u c h r o m a t i n , i n a c t i v i t y is often associa ted w i t h 

hypoace ty la t ion of the nucleosomes at or near the promoter . M o r e recently it 

has been d i scovered that another histone m o d i f i c a t i o n is s t rongly associated 

w i t h the heterochromatic state. The methy la t ion of lys ine 9 o n histone H 3 (H3 

m K 9 ) is f o u n d i n the per icentr ic he te rochromat in of Drosophila a n d o n the 

largely heterochromat ic four th chromosome (Jacobs et a l . , 2001). C h r o m a t i n 

immuno-prec ip i t a t ion experiments i n Schizosaccharomyces pombe show the silent 

mat ing locus is enr iched i n H 3 m K 9 whi l e f lanking euchromatic regions contain 

little or no H 3 m K 9 ( N o m a et a l , 2001). The me thy la t ion H 3 K 9 is also found 

o n facul ta t ive he t e roch roma t in , such as the i n a c t i v e X c h r o m o s o m e i n 
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m a m m a l i a n females (Boggs et al. , 2002; H e a r d et al . , 2001; Peters et al . , 2002). 

H o w e v e r , this mod i f i ca t i on is not restricted to he te rochromat in . It has also 

been associated w i t h the s i lencing of genes i n euchromat in ( H w a n g et al., 2001) 

bu t u n l i k e i n h e t e r o c h r o m a t i n , w h e r e H 3 m K 9 is w i d e l y d i spe r sed , i n 

euchromat in it occurs at a single nucleosome at the promoter of the inact ivated 

gene (Nie lsen et al. , 2001). 

A n o t h e r b iochemica l marker frequently found i n heterochromat in is the 

presence of me thy l a t i on of cytosine residues i n the D N A . It is on ly found at 

very l o w levels i n Drosophila but i n most other h igher organisms it is the most 

c o m m o n fo rm of D N A modi f ica t ion . The mod i f i ca t i on is also found at some 

si lenced loc i located i n euchromatin . N o t on ly is it impor tant for the stability of 

the pericentr ic heterochromat in (Bachman et al. , 2001; O k a n o et a l , 1999; X u et 

al . , 1999) bu t it also p l ays a role i n m a i n t a i n i n g the epigenet ic express ion 

pat tern bo th i n he t e rochromat in and e u c h r o m a t i n (Jones a n d Taka i , 2001; 

Mar t ienssen and Henikoff , 1999). 

History of Position-Effect Variegation 

Position-effect var iegat ion (PEV) was first documented over 70 years ago 

w h e n M u l l e r (1930) observed mosaic express ion i n the co lour of eyes of D . 

melanogaster that h a d been exposed to X-rays . N o r m a l l y the eyes of this species 

are br ight red, but i n these mutant lines, the eyes were a pa t chwork of n o r m a l 

red eye cells a n d colourless eye cells. M o s a i c gene express ion, as a result of 

P E V , has since been observed i n vertebrates (Cattanach, 1974), l ower eukaryotes 

(Clu t te rbuck a n d Spathas, 1984; E k w a l l et a l . , 1997) a n d plants (Catcheside, 

1947). T h u s i t occurs i n representat ives f r o m a l l e u k a r y o t i c k i n g d o m s . 
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H o w e v e r , since it has been most extensively s tud ied i n Drosophila ( reviewed i n 

(Baker, 1968; G r i g l i a t t i , 1991; Henikof f , 1994; Spof ford , 1976; S p r a d l i n g and 

K a r p e n , 1990), th is r e v i e w w i l l focus o n the w o r k d o n e i n f ru i t f l ies. 

A c c o r d i n g l y , unless otherwise specif ied, a l l s tudies of P E V descr ibed here in 

emp loyed D . melanogaster as the experimental organism. 

P E V t y p i c a l l y occurs w h e n , as the resul t of c h r o m o s o m e breakage, a 

n o r m a l l y e u c h r o m a t i c r e g i o n of the c h r o m o s o m e is r e j o i n e d to a 

heterochromat ic breakpoin t . A gene or, i n some cases several genes, i n the 

euch roma t in i m m e d i a t e l y adjacent to the he terochromat ic breakpoint , often 

d i s p l a y a m o s a i c p h e n o t y p e i n the tissues i n w h i c h they are n o r m a l l y 

expressed. In some cells the gene is on, and the tissue appears wi ld - type , w h i l e 

i n others, the gene is off, and the cells d i sp lay a mutant phenotype. V i r t u a l l y a l l 

genes that d i sp l ay a cel l au tonomous phenotype and have been tested, can be 

made subject to P E V . H o w e v e r , exceptions have been noted: ebony (Brosseau, 

1970) and the bi thorax complex (E.B. L e w i s , cited i n Henikoff , 1990). 

C l a s s i c a l P E V i n v o l v e s the associa t ion of a euch roma t i c gene w i t h 

heterochromat in but the complementary s i tuat ion also occurs. Var iega t ion for 

genes loca t ed i n ^ - h e t e r o c h r o m a t i n a l so o c c u r s w h e n c h r o m o s o m a l 

rearrangements juxtapose them to euchromatic D N A . The light gene, located 

i n the (3-heterochromatin at the base of the left a r m of chromosome 2, and the 

cubitus interruptus+ gene, loca ted o n the l a r g e l y h e t e r o c h r o m a t i c fou r th 

chromosome, w i l l variegate w h e n m o v e d to a euchromatic envi ronment (Hearn 

et a l , 1991; Hessler, 1958; Stern and K o d a n i , 1955). 
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There is n o w o v e r w h e l m i n g ev idence that the m o s a i c express ion 

observed i n P E V is not the result of muta t ion of the var iegat ing gene, but is the 

resu l t of the n e w a s s o c i a t i o n b e t w e e n the e u c h r o m a t i c r e g i o n a n d 

he te rochromat in loca ted at the i l l i c i t b reakpoin t . The first of these studies 

demonstrated that the var iegat ing gene was s t i l l intact b y m o v i n g it away from 

the he terochromat ic breakpoin t , either by r ecombina t i on (Judd, 1955) or b y 

further c h r o m o s o m a l rearrangement ( H i n t o n and G o o d s m i t h , 1950). These 

studies conf i rmed that the variegat ing gene h a d not been muta ted and cou ld be 

restored to fu l l expression b y r emov ing it f rom the v i c in i t y of heterochromatin. 

Further evidence that it was p rox imi ty to the heterochromatic breakpoint 

that w a s c a u s i n g m o s a i c e x p r e s s i o n came f r o m s t u d i e s i n v o l v i n g 

rearrangements i n w h i c h the expression pattern of more than one gene could be 

observed. It was noted that the gene closest to the breakpoin t was inact ivated 

at a h igher frequency than genes located further away . Th i s was par t icu lar ly 

evident i n the T(l;4)w258'21 strain, w h i c h variegates for white", a gene required for 

the n o r m a l r e d eye co lour of D . melanogaster a n d for roughest*, a gene w h i c h 

causes d i s o r g a n i z e d eye facets w h e n s i lenced. These genes are ve ry t ight ly 

l i n k e d a n d i n this s t ra in the t rans loca t ion places roughest c loser to the 

breakpoint than white*. Carefu l analysis of the eye revealed that white* clones 

were a lways smal ler and comple te ly contained w i t h i n roughest clones. There 

were no examples reported of clones i n w h i c h white* was si lenced but roughest* 

was act ive . T h i s suggests that i n a c t i v a t i o n is s p r e a d i n g out f rom the 

heterochromat ic breakpoin t . (Demer ic a n d S l i z y n s k a , 1937; c i ted i n (Cohen , 

1962)). Sp read ing appears to occur at heterochromat ic genes as w e l l since a 
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s imi la r sp read ing effect has been repor ted for such l o c i i n Drosophila hydei 

(Hess, 1970). 

C y t o l o g i c a l observations also seem to suppor t the m o d e l that s i lencing is 

a polar phenomenon that emanates f rom the heterochromat in at the breakpoint . 

In p o l y t e n e c h r o m o s o m e p r e p a r a t i o n s f r o m v a r i e g a t i n g s t ra ins , the 

euchromat ic r e g i o n adjacent to the b reakpo in t often adopts a m o r p h o l o g y 

s i m i l a r to (3-heterochromatin, d a r k l y s t a in ing a n d u n b a n d e d ( H a r t m a n n -

Golds te in , 1967). The translocation T(l;4)wm258'21 variegates for white*, located at 

band 3C2 and for notch*, located at 3C7. In this s train the b a n d conta ining white 

is closer to the b r e a k p o i n t than the b a n d c o n t a i n i n g notch*. In po ly tene 

preparat ions f rom this strain, one either sees bo th bands , the b a n d at 3 C 7 or 

neither band . The b a n d at 3C2 was never v is ib le w h e n the b a n d at 3C7 was not 

(Schultz, 1936). 

This no t ion has been recently chal lenged b y a careful analysis of several 

X chromosome invers ions that variegate for white* a n d roughest* (Talbert and 

Henikoff , 2000). The authors found that i n two strains, In(l)w'n5W and In(l)w",Mc, 

patches of eye cells c o u l d be found that were mutan t for roughest* gene but 

no rma l ly p igmen ted suggest ing that the white* gene was fu l ly active. In these 

strains white* is closer to the heterochromatic b reakpo in t than roughest*, and 

therefore this appears to be an exception to the no t ion that s i lenc ing occurs i n a 

polar fashion ex tend ing out f rom the heterochromatic breakpoin t . H o w e v e r , 

u n k n o w n to these authors, there is evidence that, over t ime, these two strains 

have acqui red modif ie rs that rad ica l ly affect express ion of the white* gene. In 

lab stocks of these strains the eyes are very red, a lmost ind is t inguishable f rom 

wi ld - type eyes, and therefore the white* gene is not s i lenced i n very m a n y cells. 
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V . L l o y d (pe r sona l c o m m u n i c a t i o n ) ou t c ros sed the lab s tocks for f ive 

generations a n d f o u n d that the eye co lour became a lmost comple te ly whi te , 

ind ica t ing the lab stocks h a d acquired modif iers that either prevented s i lencing 

of the white* gene or reactivated it i n most cells after it h a d been s i lenced by 

P E V . If the latter is the case then an alternative explanat ion for the observations 

of Talber t and H e n i k o f f is that the modif ie rs reactivate white* i n some cases 

wi thou t react ivat ing roughest*. Al te rna t ive ly , it m a y s i m p l y be the case that the 

factors that s i lence genes do spread out f rom the he t e roch roma t in at the 

b reakpoin t , b u t d o not necessar i ly s i lence eve ry gene they encounter . A 

part icular promoter m a y be strong enough to overcome the repression. F ina l ly , 

i t is poss ib le the s i l e n c i n g process m a y o c c a s i o n a l l y s k i p reg ions i n the 

euchromat in and therefore genes i n that region w i l l escape repression. 

The p o l a r i t y d i s p l a y e d b y n e i g h b o u r i n g genes w i t h respect to the 

breakpoin t l e d Schul tz (1939) to propose that an inac t iva t ion process spreads 

out f rom the he terochromat ic b reakpoin t caus ing P E V . In some cases the 

inact ivat ion process spreads far enough to silence a gene w h i l e i n other cells the 

process does not spread as far as the gene and it retains its n o r m a l function. 

This theory, the "Spread ing M o d e l " , has endured for over 60 years, but other 

models have been proposed . 

A n alternative theory, w h i c h in i t i a l ly generated a lot of attention, posits 

that it is the pos i t ion i n the nucleus that determines whether a var iegat ing gene 

w i l l be o n o r off. T h i s theory is based o n the o b s e r v a t i o n that the 

h e t e r o c h r o m a t i c r eg ions of c h r o m o s o m e s o c c u p y d i s t i n c t r eg ions or 

compartments i n the nucleus. The chromosomes adopt a conformat ion w i t h the 

he terochromat ic reg ions s u r r o u n d i n g the centromere a n d at the telomeres 
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occupy ing the per iphery of the nucleus w h i l e euchromat in , conta in ing most of 

the active genes, occupies the inter ior reg ion (Ferreira et al . , 1997; Rab l , 1885; 

Sadon i et a l , 1999). A locus subject to P E V can be located i n a euchromat ic 

compartment , w h i c h contains a l l the factors requi red for t ranscript ion, where it 

is expressed no rma l ly . H o w e v e r , due the to nearby heterochromat in it can also 

be mis- located to a heterochromatic compar tment o n the nuclear per iphery. In 

this compar tment the factors necessary for t ranscr ip t ion are either absent or i n 

very short s u p p l y and therefore the var iegat ing gene is not expressed (Sass and 

Henikoff , 1999). 

The evidence for this m o d e l is, for the most part, c i rcumstant ia l . It is 

based p r i m a r i l y o n the co r re la t ion be tween the nuc lea r l o c a l i z a t i o n of a 

v a r i e g a t i n g gene a n d its l e v e l of exp re s s ion (Sass a n d H e n i k o f f , 1999). 

H o w e v e r , studies on the locat ion of deve lopmenta l ly regulated genes i n B and 

T l y m p h o c y t e s also demons t ra ted an express ion dependent loca t ion i n the 

n u c l e u s ; w h e n the genes w e r e i n a c t i v e they w e r e a s soc i a t ed w i t h 

he te rochromat in at the nuclear pe r iphe ry ( B r o w n et a l . , 1999; B r o w n et al . , 

1997). H o w e v e r , subsequent studies indicate that, even t hough the s i lenced 

gene was associated w i t h the pericentric heterochromatin, it was not packaged 

as he terochromat in (Sabbattini et al . , 2001). Thus , w h i l e it m a y indeed be the 

case that a s i lenced gene is located i n a specific compar tment at the nuclear 

pe r iphery , there is no evidence to d i s t i n g u i s h whe the r this is the cause of 

s i lencing or the result of s i lencing. 

In any event these mode ls are not m u t u a l l y exc lus ive and P E V m a y i n 

fact be the result of contr ibut ions f rom both models . For example , as putat ive 

s i lencing factors beg in to spread out f rom the heterochromatic breakpoint they 
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migh t increase the l i k e l i h o o d the s u r r o u n d i n g reg ion w i l l be loca l i zed to the 

nuclear pe r iphery where the concentration of s i lenc ing factors is increased and 

the concentrat ion of t ranscr ipt ional activators is decreased. Th i s i n tu rn cou ld 

increase the l i k e l i h o o d that the var iegat ing gene is s i lenced. Fa i lure to relocate 

to the nuclear pe r iphery w o u l d reduce the spread of "heterochromatic factors" 

and increase the l i k e l i h o o d the gene was expressed. 

T i m i n g of P E V 

C a r e f u l e x a m i n a t i o n of the mosa ic p h e n o t y p e associated w i t h P E V 

suggests that the in i t i a l decis ion as to whether a var iegat ing locus w i l l be on or 

off is made ear ly i n deve lopment and the decis ion, once made, is then passed 

on to daugh te r cel ls w i t h reasonable f i d e l i t y ( Janning , 1970). In some 

rearrangements, the fields of cells that are either mutan t or w i l d - t y p e were 

large and r o u g h l y f o l l o w e d boundar ies s imi la r to cel l l ineages. Several other 

s tudies ind ica te the o n / o f f dec i s ion is made ear ly . The s t ra in , IniDsd1, 

variegates for the r i bosomal D N A genes. In X/0 males, n e w l y hatched larvae 

a l ready h a d levels of r D N A 14% l o w e r than their w i l d - t y p e counterparts 

ind ica t ing that s i l enc ing h a d occurred p r io r to ha tch ing (Puckett and Snyder , 

cited i n Spofford, 1976). S imi la r results were found for the var iegat ing peach* 

gene i n Drosophila virilis (Baker, 1967). Evidence f rom var iegat ion of the yellow* 

gene and white* gene i n D. melanogaster suggest the i n i t i a l determinat ive event 

occurs at the t ime of b las toderm formation (Baker, 1967; Janning, 1970). 

P E V is sensitive to temperature (see be low) and this sensi t ivi ty has been 

emp loyed to determine the temperature sensitive pe r iod (tsp) of the variegat ing 

phenotype. Tempera ture shift studies reveal two m a i n temperature sensitive 
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per iods : one d u r i n g ear ly embryogenes i s a n d a second d u r i n g p u p a t i o n 

(Spofford, 1976). The early tsp was the most sensitive, again po in t i ng to early 

embryogenes is as the t ime for the i n i t i a l de te rmina t ive dec i s ion (Spofford, 

1976). 

F i n a l l y , f l ies r ea red o n N a - b u t y r a t e or p r o p i o n a t e s h o w s t rong 

suppress ion of P E V (Mot tus , 1979; Mot tu s , 1983) a n d see be low) . Studies i n 

w h i c h embryos , la rvae a n d pupae were reared o n m e d i a con ta in ing these 

c o m p o u n d s for def ined deve lopmen ta l pe r iods also s h o w e d definite t imes 

d u r i n g d e v e l o p m e n t that were sensi t ive to the effects of these chemicals . 

A g a i n , the most sensit ive pe r iod was i n embryogenesis , a l though deve lop ing 

flies were also sensitive at other per iods d u r i n g their deve lopment that rough ly 

f o l l o w e d the cel l d i v i s i o n patterns i n the eye i m a g i n a l d i s k (Mot tus , 1983). 

These data suggest that bu tyra te a n d p r o p i o n a t e affect b o t h the ear ly 

determinat ive dec is ion and the maintenance of that decis ion, perhaps through a 

c o m m o n mechanism. 

Is there an event that occurs at b las toderm format ion that cou ld be this 

determinat ive event? Af te r fer t i l izat ion Drosophila embryos undergo 13 rounds 

of r a p i d n u c l e a r d i v i s i o n w i t h o u t ce l l d i v i s i o n ( L a w r e n c e , 1992). The 

e m b r y o n i c genes are not expressed a n d the c h r o m o s o m e s are u n i f o r m l y 

s ta ining and do not appear to be packaged as he terochromat in . H o w e v e r , at 

about the t ime of b l a s tode rm format ion , the e m b r y o n i c genome begins to 

funct ion, the ch romosomes unde rgo a change i n m o r p h o l o g y a n d dis t inct 

regions of euch roma t in and heterochromat in appear. Since P E V is obv ious ly 

c l o s e l y l i n k e d to h e t e r o c h r o m a t i n , th i s sugges t s the f o r m a t i o n of 

heterochromat in as a l i k e l y candidate for the early determinat ive event. If this 
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is the case, t hen one w o u l d expect factors that affect the f o r m a t i o n of 

heterochromatin w o u l d modi fy P E V . 

W h i l e this i n i t i a l dec i s ion is passed on w i t h reasonable f idel i ty i n most 

rearrangements, i n others one can read i ly observe cells or patches of cells of 

w i l d - t y p e t i s sue w i t h i n a l a rge c lone of m u t a n t ce l l s ( u n p u b l i s h e d 

observat ions) . T h u s it appears the ear ly dec i s ion can be unstable and the 

var iegat ing locus m a y be subject to reactivation. In add i t ion , w h e n variegat ing 

strains are kept i n lab stocks w i t h o u t select ion for l o n g per iods of t ime, the 

n u m b e r of cells i n w h i c h the gene is s i lenced becomes reduced , somet imes 

marked ly . Ou tc ros s ing the strain for several generations returns the leve l of 

s i lenc ing to i n i t i a l levels (V. L l o y d , personal communica t ion) , suggest ing that 

the strains have acqui red modif iers that decrease the l i k e l i h o o d a gene w i l l be 

si lenced. Th i s phenomenon has not been w e l l character ized and it is not clear 

whe ther the mod i f i e r s are ac t ing o n the i n i t i a l de te rmina t ive event(s), are 

affecting the maintenance of that decis ion or both. 

Factors that m o d i f y P E V 

O v e r the last 60 years m a n y factors have been iden t i f i ed that mod i fy 

P E V . Some, apparent ly disparate modif iers , appear to act t h rough a c o m m o n 

route, deve lopmenta l rate. It appears, b road ly speaking, that most factors that 

s l o w deve lopmen t cause enhancement of P E V , as seen b y an increase i n the 

number of cells i n w h i c h the var iegat ing gene is si lenced. 

Tempera ture was one of the first modi f ie rs of P E V ident i f ied . Rea r ing 

flies at h i g h temperature suppresses P E V , that is, decreases s i lencing, w h i l e l o w 

temperature has the opposite effect and enhances P E V ( G o w e n and Gay , 1934). 
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Frui t flies, l ike a l l insects, are co ld-b looded and therefore at h igher temperature 

deve lop at a m u c h faster rate than at co ld temperatures. For example , flies 

reared at 25°C deve lop f rom egg to adult i n approx imate ly 12 days, w h i l e flies 

reared at 18°C require 21 days. 

H i n t o n (1949) first no ted that flies reared i n c r o w d e d cultures showed 

enhanced v a r i e g a t i o n re la t ive to n o n - c r o w d e d cu l tures . C o m p e t i t i o n for 

nutrients i n c r o w d e d cultures s lows development . 

M a n y chemicals have been tested for their effect o n P E V . Predic tably , 

most , i f no t a l l , c h e m i c a l s that are a d d e d to g r o w i n g cu l tu re s s l o w 

deve lopment . Fo r example a n u m b e r of D N A synthesis i nh ib i to r s caused 

de layed deve lopmen t a n d enhanced P E V (Schultz, 1956) a n d rear ing flies i n 

acidic cul ture condi t ions of p H 2.6 also de layed deve lopmen t and enhanced 

P E V (Micha i l i d i s et al . , 1988). 

H o w e v e r , one except ion occurred w h e n flies were reared on Na-butyrate 

or propionate . These chemicals were tested for their effects on P E V because it 

was suspected that his tone proteins, the basic b u i l d i n g b locks of chromat in , 

migh t be i n v o l v e d i n the mechan i sm of P E V . It h a d been s h o w n that exposure 

of F r i e n d l e u k e m i a cells to butyrate, w h i c h was associated w i t h an increase i n 

the leve l of acetylated histones i n the cell , caused them to differentiate (Reeves 

and Cserjesi, 1979). In add i t ion , de le t ion of the his tone gene cluster caused 

s u p p r e s s i o n P E V . In spi te of the fact b o t h chemica l s caused p r o l o n g e d 

development , they s t rongly suppressed P E V (Mottus , 1983; M o t t u s et a l , 1980; 

R u s h l o w et a l , 1984). It was suggested that butyrate's effects were the result of 

i n h i b i t i o n of an, as yet unident i f ied , histone deacetylase ( C a n d i d o et al. , 1978; 

Mot tu s et al . , 1980). H o w e v e r , exposure to butyrate was s h o w n to have a large 
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number of effects on other cel lular processes (Boffa et a l v 1981; Ch r i s tman et al., 

1980) and it m i g h t have been butyrate's effect on these that caused suppress ion 

of P E V . M o r e recent w o r k has conf i rmed that butyrate does affect chromat in 

structure ( A n n u n z i a t o et al . , 1988) and con f i rmed it is a potent i nh ib i to r of 

certain classes of histone deacetylases (Bar low et al. , 2001; E m i l i a n i et al., 1998). 

W h y w o u l d an increase i n deve lopment t ime cause an increase i n the 

number of cells i n w h i c h a gene is silent? Z u c k e r k a n d l (1974) proposed that the 

s i lencing observed i n P E V is dependent u p o n the format ion of macromolecular 

complexes . D e l a y e d deve lopment a l lows more t ime for these complexes for 

form and thereby increases s i lencing. Surpr i s ing ly , this hypothesis , or perhaps 

a s l ight ly more sophist icated vers ion of it, s t i l l seems plausible today. 

Several genetic factors have also been s h o w n to m o d i f y the var iegat ing 

phenotype i n c l u d i n g the amount , and perhaps the k i n d , of heterochromat in . 

The Y c h r o m o s o m e i n Drosophila is a lmost comple t e ly heterochromat ic . A n 

extra Y chromosome, for example i n X Y Y males, suppresses P E V ( G o w e n and 

Gay , 1934) w h i l e loss of the Y chromosome (X0 males) enhances P E V . It has 

been repor ted the strength of this effect is p r o p o r t i o n a l to the amount of Y 

c h r o m o s o m e m a t e r i a l ( D i m i t r i and P i sano , 1989) h o w e v e r there is some 

evidence f r o m more de ta i led studies, e m p l o y i n g s m a l l fragments of the Y 

chromosome, that some regions of the Y exert a stronger effect o n P E V than 

others (T. G r i g l i a t t i , personal communica t ion) . That this effect is due to the 

he t e rochromat in of the Y ch romosome is s u p p o r t e d b y s tudies that s h o w 

dupl ica t ions and deficiencies of autosomal heterochromat in modi fy var iegat ion 

i n a s imi lar manner (Spofford, 1976). 
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His tones are one of the basic b u i l d i n g b locks of chromat in , and since 

P E V appears to be related to chromat in structure, this l ed some groups to ask 

whether m o d i f y i n g the dosage of the histone genes w o u l d have any effect on 

P E V . T w o groups reported that deficiencies for the histone gene cluster caused 

s t rong s u p p r e s s i o n of the white* gene i n the s t ra in ln{l)w"A ( K h e s i n and 

Le ibov i t ch , 1978; M o o r e et al. , 1979). It was o r ig ina l ly p roposed that hap lo idy 

for the his tone cluster w o u l d cause a r educ t ion i n the ce l lu la r his tone p o o l . 

Since he te rochromat in replicates late i n the cel l cycle, at a t ime w h e n histone 

proteins m i g h t be l i m i t i n g , their short s u p p l y w o u l d i m p e d e the format ion of 

the s i lencing structure (Moore et al., 1979). Surpr i s ing ly , however , more recent 

w o r k has s h o w n that a def iciency for the his tone cluster ac tua l ly increases 

t ranscr ip t ion f rom the r ema in ing genes and the cel l accumulates more histone 

m R N A s than n o r m a l (Ner et al . , 2002). Th i s increased t r ansc r ip t ion of the 

histones m a y lead to a sl ight increase i n pro te in levels and this m a y favour the 

format ion of euch roma t in at the var iega t ing locus thereby suppress ing P E V . 

Al t e rna t ive ly , mis - regu la t ion of histone me tabo l i sm caused b y deficiencies of 

the his tone cluster m a y be act ing ind i rec t ly o n P E V to suppress var iega t ion 

(Ner et al., 2002). 

The P o l y c o m b G r o u p (PcG) of proteins ma in ta in s i lencing of H O X genes 

i n mul t i ce l lu la r organisms (Brei l ing et al., 2001). The f o u n d i n g member of that 

group, P O L Y C O M B , and a k n o w n suppressor of P E V , H P 1 , have a d o m a i n i n 

c o m m o n , the c h r o m o d o m a i n (see b e l o w ) . T h e o b s e r v a t i o n that b o t h 

P O L Y C O M B a n d H P 1 con ta in c h r o m o d o m a i n s c o u p l e d w i t h the k n o w n 

funct ion of the P c G suggested the P c G migh t also be i n v o l v e d i n s i lencing at 

var iegat ing loc i . H o w e v e r , most P c G proteins do not have a m a r k e d effect on 
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P E V (Sincla i r et a l v 1998) w i t h on ly Enhancer of Polycomb s h o w i n g s t rong 

suppress ion a n d Additional sex combs s h o w i n g s t rong enhancement of P E V . 

Thus it appears that, w h i l e there may be some very l i m i t e d interact ion between 

these s i l e n c i n g phenomena , for the most part , they represent t w o dis t inct 

s i lencing mechanisms i n the cell . 

Isolation and Characterization of Dominant Mutations Affecting P E V 

D u r i n g the course of i n v e s t i g a t i n g P E V ove r the years , severa l 

spon taneous m u t a t i o n s w e r e i d e n t i f i e d that d o m i n a n t l y m o d i f i e d the 

var iegat ing phenotype (Spofford, 1976). The fact that s ingle site modif iers of 

P E V c o u l d be i so la ted , c o u p l e d w i t h the r e l a t i onsh ip be tween P E V and 

chromat in structure, l ed several labs to undertake large scale genetic screens to 

isolate a n d iden t i fy d o m i n a n t muta t ions that ei ther suppress , Su(var)s or 

enhance, E(var)s, the var iegat ing phenotype. The hope was that such screens 

w o u l d ident i fy factors i n v o l v e d i n chromat in structure a n d shed l ight , not on ly 

o n the m e c h a n i s m u n d e r l y i n g P E V but p r o v i d e some i n s i g h t in to gene 

r egu la t i on genera l ly . A large n u m b e r of s ingle site mod i f i e r s have been 

descr ibed (Locke et al . , 1988; Mot tus , 1983; Reuter and Wolff , 1981; Sinclai r et 

al., 1983) and over 40 E(var)s and more than 140 Su(var)s are current ly l isted on 

Flybase (http:/ /flybase.bio.Indiana.edu:82/). This number closely matches the 

n u m b e r of genes of these classes that w e r e p r e d i c t e d to exis t f r o m 

dup l i ca t ion /de f i c i enc ie s studies of the Drosophila genome (Locke et a l , 1988; 

Reuter et a l . , 1987; Reuter and Spierer, 1992; W u s t m a n n et al . , 1989). A l t h o u g h 

most have been recombinat ional ly m a p p e d the vast majority of these mutat ions 

have not been c loned. This is despite numerous attempts to use convent ional P 
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element gene t agg ing to clone Su(var)s (Locke et a l v 1988; Tschiersch et al . , 

1994). O n l y a single gene, Su(var)3-9 has been c loned u s i n g this method . The 

reasons for this have not been clear. D u r i n g the course of these screens 

numerous n e w Su(var) muta t ions were recovered, bu t w i t h the except ion of 

Su(var)3-9, none of them contained P elements. A n a l y s i s of the n e w l y induced 

mutat ions ind ica ted they were dupl ica t ions or deficiencies (Locke et al. , 1988), 

sugges t ing that P elements were i n d e e d t r anspos ing in to genes that were 

i n v o l v e d i n P E V , but it was on ly w h e n they i m p r o p e r l y excised, that a v is ib le 

mu ta t i on was created. The inab i l i t y to clone these genes has been a major 

imped imen t to advanc ing our unders tanding of P E V . 

Since there are a large number of mutat ions that m o d i f y P E V and only a 

few have been c loned and characterized, I w i l l l i m i t m y r e v i e w to those that 

have been c loned and characterized to the extent that their role i n s i lencing has 

been pa r t ly e luc ida ted . In add i t i on , most of the research i n this area has 

concentrated o n the Su(var) class of mutat ions. This was a reflection of o p i n i o n 

about the mechan i sm of P E V . The evidence o v e r w h e l m i n g l y indicates that P E V 

is a s i lencing phenomenon related to the n e w association w i t h heterochromatin. 

A c c o r d i n g l y , muta t ions that d i s rupt the format ion of he te rochromat in w o u l d 

be expected to decrease s i lencing and therefore be Su(var)s. The E(var) class of 

muta t ions were though t to represent muta t ions i n factors that affect the 

func t ion or s t ructure of euchromat ic loc i . T h i s m i g h t i n c l u d e a var ie ty of 

t r ansc r ip t i on factors (both genera l a n d specif ic) as w e l l as t r ansc r ip t ion 

associated regula tory proteins. O b v i o u s l y these factors are interesting i n their 

o w n right but w o u l d not shed any l ight direct ly o n the s i lencing associated w i t h 

P E V . This v i e w m a y have been short-sighted. The recent c lon ing of E(var)93D, 

22 



also k n o w n as mod(mdg4), is a case i n point . It encodes a factor i n v o l v e d i n the 

regula t ion of numerous genes and is be l i eved to act at euchromat ic bounda ry 

elements where it functions i n ma in t a in ing an o p e n ch roma t in conformat ion 

(Geras imova and Corces, 2001). The failure of this p ro te in to act at a bounda ry 

element m a y a l l o w s i l enc ing complexes to spread more efficiently f rom the 

he te rochromat ic b reakpo in t and thereby enhance P E V . T h u s E(var)s and 

Su(var)s m a y w o r k antagonist ical ly and thus a complete unders tand ing of P E V 

w i l l require characterization of both classes of modif iers . 

A p p r o x i m a t e l y a d o z e n Su(var)s have n o w been c loned but, for most, 

their i nvo lvemen t i n P E V has remained unclear. A c c o r d i n g l y , the remainder of 

this r ev i ew w i l l focus o n several Su(var) genes that have been c loned and for 

w h i c h a potent ia l role i n P E V has been de te rmined . The first Su(var) c loned 

was Su(var)3-7. A s m a l l deficiency, that o n l y r e m o v e d t w o c o d i n g regions, 

enabled Rueter et al . (1990) to clone the gene us ing germ-l ine transformation. It 

codes for a pep t ide of 932 amino acids w i t h 7 w i d e l y spaced, a typ ica l z inc 

fingers (C lea rd et a l . , 1995). D o m a i n analys is of S U ( V A R ) 3 - 7 revealed the 

prote in consists of t w o complementary domains . The N - t e r m i n a l domain , that 

contains the seven a typica l z inc fingers, confers D N A b i n d i n g w i t h a preference 

for the repeat sequences of satellite D N A located i n pericentric heterochromatin 

(Cleard and Spierer , 2001). The C- t e rmina l p o r t i o n of the p ro te in promotes 

d i m e r i z a t i o n t h rough a BESS mot i f (Jaquet et al . , 2002). Immunoprec ip i t a t ion 

studies suggest that S U ( V A R ) 3 - 7 interacts w i t h heterochromatic prote in 1 ( H P I , 

see be low) , a l t hough this in teract ion is p robab ly ind i rec t (Jaquet et a l . , 2002) 

and the d o m a i n requi red for the interaction has not been characterized. 
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I m m u n o s t a i n i n g of Drosophila po ly t ene c h r o m o s o m e s reveals that 

S U ( V A R ) 3 - 7 is p r i m a r i l y associated w i t h pericentric heterochromatin, a l though 

a few euchromat ic sites are also detected by i m m u n o s t a i n i n g (Delattre et al . , 

2000). This s ta in ing pattern is almost ident ical to that observed for H P 1 (James 

et al., 1989). The s imi la r s ta ining pattern and the i m m u n o p r e c i p i t a t i o n studies 

suggest S U ( V A R ) 3 - 7 and H P 1 m a y be act ing together i n the s i l enc ing that 

occurs i n P E V . G i v e n the D N A b i n d i n g preference of S U ( V A R ) 3 - 7 for 

per icent r ic satel l i te sequences, i t is t e m p t i n g to specula te that S U ( V A R ) 3 - 7 

b i n d s to h e t e r o c h r o m a t i n a n d recrui ts other p ro te ins , i n c l u d i n g H P 1 , to 

establish a s i l enc ing complex . H o w e v e r , the fai lure to demonstrate a direct 

in teract ion be tween H P 1 and S U ( V A R ) 3 - 7 (Jaquet et al . , 2002) suggests other 

proteins must exist that br idge the gap between S U ( V A R ) 3 - 7 and H P 1 . 

The best character ized suppressor of P E V is heterochromatic pro te in 1, 

H P 1 , o r ig ina l ly ident i f ied i n Drosophila (Eissenberg and E l g i n , 2000; James and 

E l g i n , 1986). HP1 was c loned by ra i s ing ant ibodies to prote ins enr iched i n 

he te rochromat in and, u s i n g reverse genetics, the gene was l oca l i zed to band 

29A, a site where the suppressors, Su(var)205 (Mottus , 1983; Sincla i r et al., 1983) 

and Su(var)2-5 (Reuter and Wolf f , 1981), h a d been i ndependen t ly loca l i zed . 

Subsequent analysis demonstra ted the muta t ions were i n the same gene and 

had created single base pai r substitutions i n H P 1 (James and E l g i n , 1986). H P 1 

homologues have been ident i f ied i n organisms f rom yeast to humans . M o s t 

organisms have three closely related H P l - l i k e prote ins coded for b y different 

genes. For example, H P l a , b, and c are found i n Drosophila, and H P l a , |3 and y 

i n humans . S. pombe, o n the other hand , appears to have on ly one member , 

Siui6 (Eissenberg a n d E l g i n , 2000). A l l con ta in an a m i n o - t e r m i n a l ch romo 
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doma in , a h inge reg ion and a carboxy- terminal ch romo s h a d o w d o m a i n . The 

ch romo d o m a i n is an a p p r o x i m a t e l y 44 a m i n o a c i d r e g i o n shared b y the 

P O L Y C O M B p r o t e i n i n Drosophila (Paro a n d H o g n e s s , 1991). D o m a i n 

s w a p p i n g s tudies (Messmer et al . , 1992; Pla tero et a l . , 1999) i m p l i c a t e d the 

chromo d o m a i n i n pro te in-prote in interactions, however , more recent studies 

have s h o w n the ch romo domains of Swi6 , H P l a and M 3 1 ( H P l a f rom mouse) 

are capable of r ecogn iz ing the tail of histone H 3 but on ly w h e n it is methylated 

at lys ine 9 (H3 m K 9 ) (Bannister et al . , 2001; Jacobs et al . , 2001; Lachner et a l , 

2001; N a k a y a m a et a l , 2001; N i e l s e n et al . , 2001). Interest ingly, the pro te in 

responsible for methy la t ing H 3 K 9 is S U ( V A R ) 3 - 9 (see be low) and S U ( V A R ) 3 - 9 

interacts w i t h bo th H P I and S U ( V A R ) 3 - 7 (Schotta et al . , 2002). 

The hinge and chromo shadow domains appear to be responsible for the 

c h r o m o s o m a l target ing of the H P I f ami ly (Smothers a n d Henikof f , 2000) to 

different locations o n the chromosome. Studies i n humans and mouse suggest 

H P l a and (3 are enr iched i n heterochromatin w h i l e H P l y is found exclusively i n 

euch roma t in ( H o r s l e y et a l . , 1996; M i n e et a l . , 1999). These s tudies were 

ex tended a n d c o n f i r m e d b y Smothers a n d H e n i k o f f (2001) w h o created 

antibodies specific for each of the family members. They demonstrated that, i n 

Drosophila, H P l c is loca l i zed exclus ively to euchromat in , H P l b is found i n both 

he terochromat in and euchromat in and H P l a , the f o u n d i n g member , local izes 

p r i m a r i l y to heterochromatin . In d o m a i n s w a p p i n g experiments they went on 

to s h o w the H P l a h inge and chromo s h a d o w d o m a i n s can separately target 

heterochromat in , w h i l e the H P l c ch romo shadow d o m a i n exc lus ive ly targets 

euchromat in . Thus , a l though the chromo d o m a i n is capable of b i n d i n g to H 3 
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m K 9 , this b i n d i n g capaci ty is not responsible for l o c a l i z i n g the H P 1 proteins. 

The targeting funct ion of the H P 1 family members is contained i n the hinge and 

chromo shadow domains (Smothers and Henikoff , 2000). 

Several groups, e m p l o y i n g a w i d e var ie ty of techniques, have ident if ied 

more than 40 proteins that interact w i t h H P 1 . The proteins are f rom almost a l l 

a spec t s of c h r o m o s o m a l m e t a b o l i s m i n c l u d i n g : t r a n s c r i p t i o n a l 

r egu l a t i on / ch roma t in m o d i f y i n g proteins; D N A repl ica t ion and repair; nuclear 

architecture; and, other chromosome-associated proteins ( L i et al . , 2002). Thus 

it appears the H P 1 f a m i l y of pro te ins are i n v o l v e d i n a w i d e var ie ty of 

processes i n the nucleus w h i c h m a y account for the presence of three different 

HP1 genes. W h a t then is its funct ion w i t h respect to s i l enc ing and P E V ? N o 

muta t ions are avai lable for H P l b and c, h o w e v e r def ic iency studies indicate 

that absence of these H P 1 fami ly members does not have any dominan t effect 

on P E V (Greg Doheney , personal communicat ion) . In contrast a dup l ica t ion for 

H P l a enhances P E V w h i l e a deficiency suppresses ( W u s t m a n n et al. , 1989) and, 

as noted above, the o n l y muta t ions that affect P E V have been recovered i n 

H P l a , despite extensive screening, (Locke et al. , 1988; Mot tus , 1983; Reuter and 

Wolff , 1981; S inc la i r et al . , 1983). This suggests that o n l y H P l a is i n v o l v e d i n 

the s i lencing associated w i t h P E V . 

I m m u n o s t a i n i n g s tud ies w i t h a m o n o c l o n a l a n t i b o d y for H P 1 

demonst ra ted H P 1 is associated w i t h the euch roma t in s i lenced due to P E V . 

This association was abol ished i n HP1 mutants (Belyaeva et al. , 1993). A s noted 

above, an euchromat i c r eg ion subject to s i l enc ing due to P E V , d i sp l ays a 

r e d u c e d access ib i l i ty to nucleases. H o w e v e r , i n s t ra ins b e a r i n g an H P 1 

m u t a t i o n that suppresses P E V , the r eg ion s h o w s increased access ibi l i ty to 
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nuclease attack ( C r y d e r m a n et al . , 1998). These exper iments suggest H P l a is 

ac t ing d i r e c t l y at the v a r i e g a t i n g l ocus a n d pa r t i c ipa te s i n c rea t ing a 

he te rochromat ic e n v i r o n m e n t that is more compac t a n d less accessible to 

ch romosomal proteins, l ike t ranscript ion factors. This has l ed to the not ion that 

H P l a is a "bifunctional cross-linker, perhaps o rgan iz ing higher order chromat in 

structure b y l i n k i n g or anchor ing chromat in subunits" (Eissenberg and E l g i n , 

2000). There is n o w add i t iona l evidence that this may indeed be the case. H P I 

interacts w i t h S U ( V A R ) 3 - 7 a n d S U ( V A R ) 3 - 9 (Schotta et a l . , 2002) and the 

chromo d o m a i n of H P I b inds H 3 m K 9 . 

The o n l y Su(var) that has been c loned i n a screen for P e lement- induced 

muta t ions is Su(var)3-9 (Tschiersch et a l . , 1994). A n a l y s i s of the p r o t e i n 

revealed that it conta ined a chromo doma in , s imi la r to the ones found i n H P I 

and P O L Y C O M B . In add i t ion , it contains a S E T d o m a i n so ca l led because it 

wa s f o u n d i n S U ( V A R ) 3 - 9 a n d two other k n o w n c h r o m a t i n pro te ins , 

E N H A N C E R O F Z E S T E and T R I T H O R A X , (Tschiersch et a l , 1994). The SET 

d o m a i n has n o w been found i n a n u m b e r of ch roma t in prote ins (Jenuwein et 

al . , 1998). S U ( V A R ) 3 - 9 is h i g h l y conserved i n h o m o l o g u e s f rom yeast to 

humans as is its d i s t r ibu t ion pattern i n the nucleus. In a l l organisms examined 

S U ( V A R ) 3 - 9 is associated p r i m a r i l y w i t h he terochromat in . In Drosophila it is 

f o u n d at the c h r o m o c e n t e r a n d i n a b a n d e d p a t t e r n at the l a r g e l y 

heterochromat ic four th chromosome (Schotta et al . , 2002). In S. pombe it is 

associated w i t h the regions f lanking the centromere and w i t h the silent mat ing 

locus ( H a l l et al . , 2002; N a k a y a m a et al . , 2001; N o m a et a l . , 2001) and i n mice at 

the pericentric heterochromatin (Peters et al., 2001). H o w e v e r , its local iza t ion is 

not e x c l u s i v e l y he te rochromat ic a n d it has been s h o w n to loca l i ze to and 
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regulate euchromat ic genes i n Drosophila ( H w a n g et a l v 2001; N e r et al. , 2002) 

and h u m a n cel l l ines (Nie lsen et al., 2001). 

It has been s h o w n i n a number of organisms that S U ( V A R ) 3 - 9 , and its 

homologues , are the p r i m a r y enzymes responsible for the methyla t ion of lysine 

9 o n h is tone H 3 ( H 3 m K 9 ) (Rea et a l , 2000) w h i c h creates a site for H P 1 

b i n d i n g . S. pombe a n d Drosophila have a s ingle gene, clr4 and Su(var)3-9 

respectively ( N o m a et al. , 2001; Schotta et al . , 2002), w h i l e i n mice and humans 

there are two very closely related genes, SUV39H1 and SUV39H2 (Nielsen et al., 

2001; Peters et al . , 2001). Single knock-outs of the S. pombe gene, and double 

knock-ou ts of the m a m m a l i a n genes, leads to c h r o m o s o m e ins tab i l i ty and 

mi to t i c defects. S u r p r i s i n g l y , n u l l mu ta t ions of Drosophila Su(var)3-9 are 

h o m o z y g o u s v iable and show no segregation defects (Tschiersch et al. , 1994). 

Perhaps, i n Drosophila, there m a y be a second, as yet un iden t i f i ed , Su(var)3-9-

l ike gene. H o w e v e r , i n Su(var)3-9 n u l l mutations, H 3 m K 9 at the chromocenter 

is severely r e d u c e d sugges t ing this is the major h i s tone methyl transferase 

( H M T ) specific for H 3 K 9 (Schotta et al., 2002). 

M u t a t i o n a l analysis i n Drosophila and S. pombe has conf i rmed the SET 

d o m a i n is responsible for S U ( V A R ) 3 - 9 ' s H M T act ivi ty ( N a k a y a m a et a l , 2001; 

Schotta et al . , 2002) w h i l e the chromo domain , the SET d o m a i n and the cysteine-

r i ch d o m a i n adjacent to the S E T d o m a i n a l l par t ic ipa te i n he terochromat ic 

targeting to H 3 (Rea et a l , 2000; Schotta et a l , 2002). 

A s noted above S U ( V A R ) 3 - 9 associates w i t h H P 1 a n d S U ( V A R ) 3 - 7 . The 

d o m a i n that interacts w i t h both proteins maps to the amino terminus of H P 1 i n 

Drosophila (Schotta et al . , 2002). These in terac t ion s tudies were done i n the 

yeast d i h y b r i d sys tem suggest ing a direct in te rac t ion be tween S U ( V A R ) 3 - 9 , 
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H P I and S U ( V A R ) 3 - 7 . H o w e v e r , this result has not been conf i rmed e m p l o y i n g 

a more direct technique, such as G S T p u l l - d o w n assays. In add i t i on to these 

associations, i m m u n o p r e c i p i t a t i o n of S U ( V A R ) 3 - 9 f rom e m b r y o extracts i n 

Drosophila also precipi ta ted an histone deacetylase act ivi ty w h i c h p r o v e d to be 

the his tone deacetylase, H D A C 1 . H o w e v e r , S U ( V A R ) 3 - 9 - G S T fusions d i d not 

prec ip i ta te H D A C 1 sugges t ing the assoc ia t ion b e t w e e n these pro te ins is 

indirect ( C z e r m i n et al . , 2001). Interestingly, the act iv i ty of C l r4 , the S U ( V A R ) 3 -

9 homologue i n S. pombe, is dependent on the activities of two H D A C s , C l r3 and 

C l r6 . C l r 6 is the S. pombe homologue of H D A C 1 and C l r 3 is the homologue of 

the S. cerevisiae h is tone deacetylase, H d a l ( N a k a y a m a et a l . , 2001). Thus it 

appears that S U ( V A R ) 3 - 9 is i n a complex w i t h two other suppressors of P E V 

and w i t h one or perhaps two histone deacetylase enzymes. 

W h i l e S U ( V A R ) 3 - 7 has not been s h o w n to have h o m o l o g u e s outs ide 

Drosophila, H P I and S U ( V A R ) 3 - 9 are conserved f rom yeast to humans . In S. 

pombe the roles of and relat ionships between these proteins has been ana lyzed 

i n considerable detail . In S. pombe the silent mat ing- type reg ion occupies about 

t w e n t y k i l o b a s e s of D N A a n d has m a n y of the cha rac t e r i s t i c s of 

he t e roch roma t in . The his tone tails are hypoace ty l a t ed , the D N A shows 

reduced accessibi l i ty to nucleases, r ecombina t ion is suppressed and reporter 

genes inserted into the reg ion are si lenced ( N a k a y a m a et al. , 2001; N o m a et al., 

2001). The reg ion includes the mat! and mat3 l oc i and an in te rva l between them 

k n o w n as the K-reg ion . M u t a t i o n a l analysis had ident i f ied several genes w h i c h , 

w h e n mutated, resulted i n expression of a reporter gene that h a d been si lenced 

because it w a s inser ted i n the mat ing- type reg ion . These genes i n c l u d e d 

H D A C s , clr3 and clr6, the Su(var)3-9 homologue , clr4, and the HPI homologue , 
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swi6, ( G r e w a l et al. , 1998). Several l andmark papers i n the past two years have 

e m p l o y e d mu ta t iona l studies and X - C h I P analysis to p r o v i d e evidence for a 

m o d e l that explains , not on ly h o w genes are s i lenced w h e n they are i n or near 

heterochromat in , but offers an explana t ion about h o w this o n / o f f dec is ion is 

established and then passed on b y w a y of an epigenetic m a r k ( H a l l et al., 2002; 

N a k a y a m a et al. , 2001; N o m a et al., 2001). 

The m o d e l p roposes that a r equ i r emen t for h e t e r o c h r o m a t i n (and 

heterochromatic s i lencing) i n S. Pombe is that H 3 K 9 be methy la ted b y Cl r4 , the 

S U ( V A R ) 3 - 9 homologue . H o w e v e r , if, on the H 3 tail , K 14 or K 9 is acetylated, 

H 3 K 9 methy la t ion is inh ib i ted . A c c o r d i n g l y , a necessary step i n the process is 

deacetylat ion of K 1 4 by C l r 3 , the H d a l homologue and deacetylat ion of K 9 by 

C l r 6 , the H D A C 1 h o m o l o g u e . A t this point , C l r 4 is rec ru i ted to the certfi 

repeats, located i n the K- reg ion , and C l r 4 methylates H 3 K 9 . Concomi tan t ly , 

either d i rect ly or w i t h other partners, C l r 4 recruits S w i 6 that b inds to H 3 m K 9 

th rough its ch romo d o m a i n . Th i s recrui tment is rec iproca l and loca l iza t ion of 

C l r 4 a n d S w i 6 are m u t u a l l y dependent . T h i s p r o v i d e s the basics for the 

heterochromatic structure and i t spreads f rom the cenh repeats un t i l i t reaches 

spec ia l ized b o u n d a r y elements that prevent the s i l enc ing f rom spreading into 

the adjacent euch roma t in . The m u t u a l rec ru i tment of C l r 4 and Swi6 was 

d e m o n s t r a t e d b y r e m o v i n g the b o u n d a r y e lements . W h e n C l r 4 was 

overexpressed, it spread into the adjacent euchromat in as d i d Swi6 . W h e n Swi6 

was overexpressed it spread into the n e i g h b o u r i n g euchromat in , as d i d C l r 4 

( N o m a et a l , 2001). 

W h i l e s i lenc ing of a reporter gene is complete w h e n it is inserted at most 

places i n the mat ing- type region , w h e n a reporter gene replaces the c e n H 

30 



repeats i n the K - r e g i o n it d i sp lays a metastable state, the reporter can be on or 

off, a n d this d e c i s i o n is stable t h r o u g h mi tos i s a n d meios i s . Th i s m a y be 

analogous to the early decis ion made regarding a var iegat ing locus i n P E V (see 

above). A c c o r d i n g l y , i n bo th cases, there must be a mechan i sm that passes the 

dec is ion on to daughter cells. Several groups have suggested this epigenetic 

mark is s i m p l y me thy la t i on of K 9 on H 3 ( C z e r m i n et al . , 2001; R ichards and 

E l g i n , 2002; Schotta et al . , 2002; Turner , 2002). H o w e v e r , H a l l et al . , (2002) 

p r o v i d e c o m p e l l i n g evidence that bo th C l r 4 and S w i 6 are r equ i red for accurate 

maintenance of the dec is ion and suggest the epigenetic m a r k also requires the 

function of both proteins. 

H a l l et al . (2002) then went o n to ask h o w the i n i t i a l dec i s ion was made 

i n S. Pombe. Recent w o r k i n their lab h a d s h o w n that the fo rma t ion of 

heterochromat in at centromeric repeats required a funct ional R N A interference 

( R N A i ) system (Volpe et al., 2002). They extended this analysis by examin ing 

the effect of de le t ion of any one of three genes i n v o l v e d i n R N A i o n s i lencing of 

a reporter gene i n t r o d u c e d at the mat ing- type r eg ion . Repres s ion of the 

reporter gene was abol ished i n the delet ion strains a n d the mat ing- type region 

cou ld not recruit a n d / o r main ta in Swi6 and methy la t ion at H 3 K 9 . H o w e v e r , if 

they used genetic crosses to introduce a reporter gene, f rom a w i ld - t ype strain 

i n w h i c h s i l enc ing h a d been established, into strains bear ing mutat ions i n the 

R N A i genes, s i lencing remained intact. Thus the R N A i genes were not required 

to ma in ta in repress ion once it h a d been established but perhaps were required 

to ini t iate fo rma t ion of heterochromat in . To con f i rm this result they treated 

strains bear ing a reporter inserted i n the mat ing- type reg ion w i t h Tr ichosta t in 

A (TSA) , a potent i nh ib i t o r of his tone deacetylases. E x p o s u r e to T S A h a d 
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p r e v i o u s l y been s h o w n to erase the s i l enc ing of genes repressed b y inser t ion 

into centromeric heterochromatin ( E k w a l l et al . , 1997) or the mating-type region 

(Grewa l et al . , 1998). Af ter exposure to T S A for ten generations, s i lencing of the 

reporter i n w i ld - t ype strains and i n strains bear ing deletions for the R N A i genes 

was abo l i shed . T h e y r e m o v e d the T S A a n d a l l o w e d the cells to g r o w for 

another 10 generat ions . In the w i l d - t y p e cells , s i l e n c i n g was comple te ly 

reestablished. H o w e v e r , i n the R N A i delet ion strains on ly a few cel l were able 

to reestablish s i lencing. They speculate that the c e n H region, a reg ion w h i c h can 

recrui t C l r 4 i n an H D A C dependent manner , p roduces t ranscr ipts that are 

processed b y R N A i . The processed transcripts are r equ i red to recruit H D A C s 

and C l r 4 to the mat locus to initiate the format ion of heterochromatin. 

H o w does this m o d e l relate to P E V ? The para l le l s are obv ious and 

compe l l i ng and several groups have suggested the m o d e l ou t l ined above, w i t h 

m i n o r va r i a t ions , is app l i cab le to P E V a n d pe rhaps to the fo rma t ion of 

he te rochromat in i n general ( C z e r m i n et al . , 2001; R i c h a r d s and E l g i n , 2002; 

Schotta et a l . , 2002; Turner , 2002). I have taken the l iber ty of ex tending the 

m o d e l to accommoda te more recent w o r k . The u n u s u a l z i n c f ingers of 

S U ( V A R ) 3 - 7 b i n d D N A w i t h a preference for the satellite sequences found i n 

per icent r ic he te rochromat in . A c c o r d i n g l y , the z i n c f ingers of S U ( V A R ) 3 - 7 

target it, and the complex that contains it, to the centromeric heterochromatin. 

That c o m p l e x contains H P 1 , S U ( V A R ) 3 - 9 a n d one or more H D A C s . The 

H D A C s deacetylate the histone tails creating the hypoacety la ted tails found i n 

heterochromat in and clearing the w a y for methy la t ion of H 3 K 9 b y S U ( V A R ) 3 -

9. This creates a b i n d i n g site for H P 1 and some or a l l members of this complex 

in i t i a t e the f o r m a t i o n of h e t e r o c h r o m a t i n a n d p ropaga t e i t a l o n g the 
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chromosome into the euchromat in , s i lenc ing any gene i n its path. The process 

continues u n t i l i t reaches some as yet u n k n o w n b o u n d a r y element or un t i l the 

components of the complex become l i m i t i n g . Th i s i n i t i a l sp read ing occurs i n 

Drosophila at b las toderm format ion w h e n heterochromat in first forms. Whether 

in i t ia t ion invo lves R N A molecules processed by the R N A i system has yet to be 

examined i n pub l i shed work . H o w e v e r , p r e l imina ry results w i t h a muta t ion i n 

one of the components of the R N A i system, argonaute, indicates it is a s trong 

suppressor of P E V (S. N e r , personal communica t ion) . Once the extent of the 

in i t i a l sp read ing is established at b las toderm, the dec i s ion is passed on b y an 

epigenetic mark , either methy la t ion of H 3 K 9 , the presence of S U ( V A R ) 3 - 9 , the 

presence of H P 1 or a combina t ion of some or a l l of these potent ial markers. 

T h i s m o d e l for P E V is h i g h l y specu l a t i ve , b u t does m a k e some 

predict ions that are testable. One predic t ion is that one or more H D A C s shou ld 

be i n v o l v e d i n establ ishing and main ta in ing the s i lenc ing associated w i t h P E V . 

Th i s p r e d i c t i o n is also suggested b y the obse rva t ion that P E V is s t rongly 

suppressed w h e n flies are g r o w n o n m e d i a s u p p l e m e n t e d w i t h butyrate, a 

potent inh ib i to r of some H D A C s (Mottus, 1979; Mot tus , 1983). 

Th i s thesis presents the c lon ing and character iza t ion of the Drosophila 

HDAC1 gene and prov ides evidence that it is d i rect ly i n v o l v e d i n the s i lencing 

associated w i t h P E V . The starting poin t for this analysis was the c lon ing and 

charac te r iza t ion of a set of s t rong Su(var) muta t ions that f o rmed a s ingle 

c o m p l e m e n t a t i o n g r o u p that h a d been iden t i f i ed i n o u r o r i g i n a l screen for 

dominant suppressors of P E V (Mottus, 1983; Sinclair et a l , 1983). In order to do 

so, I d e v e l o p e d a n e w m e t h o d for c l o n i n g essent ial Su(var) muta t ions i n 

Drosophila w h i c h shou ld be of w idesp read u t i l i ty . A s noted above, the gene I 
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c loned w i t h this technique was the Drosophila HDAC1 gene. Th i s data is 

presented i n Chapter 2 and has been pub l i shed (Mottus et al., 2000). 

The H D A C s i n eukaryotes are a su rp r i s i ng ly large g roup of proteins. 

T a u n t o n et a l . (1996) were the first to isolate and characterize a m a m m a l i a n 

histone deacetylase, H D A C 1 and showed that it h a d a h i g h degree of homology 

to a w e l l - k n o w n t ranscr ipt ional repressor i n S. cerevisiae, R p d 3 . This d iscovery 

paved the w a y for the ident i f icat ion of a large number of proteins w i t h histone 

deacetylase ac t iv i ty that have been d i v i d e d into three classes: Class I H D A C s , 

w h i c h inc lude H D A C 1 , that are homologous to R p d 3 ; Class II H D A C s , that are 

homologous to the S. cerevisiae H D A C , H d a l ; and, C lass III H D A C s , that are 

homologous to Sir2, an N A D dependent H D A C first ident i f ied i n S. cerevisiae. 

Class I and Class II H D A C s are related i n sequence but the Sir2-l ike H D A C s do 

not show any strong relatedness to the other classes, demonst ra t ing that at least 

two dis t inct mechan i sms have e v o l v e d to deacetylate histones. Th i s leaves 

open the poss ib i l i ty there m a y be add i t iona l classes of proteins w i t h the abi l i ty 

to deacetylate histones that have yet to be ident if ied. 

In mos t eukaryo tes there are m u l t i p l e m e m b e r s i n each class, for 

example, i n humans five Class I and six Class II H D A C s are k n o w n (Hook et a l , 

2002). In D . melanogaster, three Class I H D A C s ( H D A C 1 aka R P D 3 , H D A C 3 and 

CG10899), t w o Class II H D A C s ( H D A C 4 a n d H D A C 6 ) , a n d five Class III 

H D A C s (SIR2, CG5085, CG11305, CG3187, and CG6284) have been ident i f ied 

b a s e d o n s e q u e n c e s i m i l a r i t y a n d l i s t e d o n F l y b a s e 

(http:/ / f lybase .b io . indiana .edu:82/) . A n obvious ques t ion is w h y w o u l d such 

a d ivers i ty of H D A C s have evolved? If a "histone code" does indeed exist, it 

m i g h t requi re a large n u m b e r of enzymes that target specif ic res idues or 
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specific histones. A l t e r n a t i v e l y , nuclear H D A C s are a l w a y s found i n large 

mul t i -p ro te in complexes a n d the H D A C s c o u l d be p romiscuous w i t h targeting 

directed b y other members of the complex. These alternatives are not mu tua l ly 

exclusive and evidence exists that a combina t ion of the two m a y be at work . In 

S. cerevisiae, X - C h i p studies, w i t h antibodies to acetylated lys ine residues, have 

s h o w n that R p d 3 is responsible for deacetylating a l l four core histones (Kadosh 

and Struhl , 1998; Rundle t t et a l , 1998; Suka et al., 2001) ind ica t ing it is relat ively 

p romiscuous . S i m i l a r studies w i t h H d a l suggest its ac t iv i ty is restricted to 

histones H 3 and H 2 B ( W u et al., 2001). 

The subject of this s tudy, H D A C 1 , is a Class I H D A C . In most cases, 

Class I H D A C s are 500-600 amino acids i n length, share a s imi la r structure and 

are related b y their sequence s imi l a r i t y to S. cerevisiae, R p d 3 . The amino-

terminal 200 - 300 amino acids are h igh ly conserved and s imi la r to R p d 3 . This 

reg ion contains the d o m a i n requi red for his tone deacetylat ion. The carboxy-

t e r m i n a l ha lves of the pro te ins do not share a h i g h degree of sequence 

s imi la r i ty and it is p re sumed they are i n v o l v e d i n p r o t e i n / p r o t e i n interactions 

w i t h members of the H D A C complexes (Khochb in and Wolffe , 1997). 

H D A C 1 is a t ranscr ip t ional repressor used b y a w i d e var ie ty of cel lular 

systems (for m o r e detai ls see Chap te r 2) a n d therefore it is poss ib le that 

mutat ions i n this gene suppress P E V indi rec t ly . Chap te r 3 presents evidence 

that H D A C 1 is not n o r m a l l y associated w i t h the white* gene of Drosophila. 

H o w e v e r , w h e n the white* gene is subject to s i l enc ing due to P E V , H D A C 1 is 

present i n abundance at the white* gene regulatory regions. Th i s association is 

abol ished i n the mutat ions that suppress P E V . I interpret these results to mean 
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that H D A C 1 is act ing direct ly at the var iegat ing locus and plays an integral role 

i n ma in ta in ing the gene s i lencing observed i n P E V . 
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Chapter 2 

Mutational Analysis of a Histone Deacetylase in Drosophila melanogaster: 

Missense Mutations Suppress Gene Silencing Associated with 

Position Effect Variegation 

The fo l l owing Chapter is essentially the same as that pub l i shed under the same 

title: 

• Mot tus , R., R. E . Sobel and T. A . Gr ig l i a t t i 

Genetics 154: 657-668 (2000) 
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Introduction 

The bas ic u n i t of c h r o m a t i n is the n u c l e o s o m e w h i c h consists of 

approximate ly 146 b p of D N A w r a p p e d a round the four core histones arranged 

i n an octamer. The amino te rmina l tails of the histones, i n par t icular H 3 and 

H 4 , are h i g h l y conserved and conta in four lys ine (K) residues w h i c h can be 

revers ib ly acetylated (Felsenfeld, 1996; W o r k m a n and K i n g s t o n , 1998). It was 

first noted over 30 years ago that there is a corre la t ion be tween acetylat ion of 

histones and t ranscr ip t ional act ivi ty or the potent ia l for t ranscr ipt ional act ivi ty 

(Al l f rey et al . , 1964), but the significance of this observa t ion has o n l y become 

apparent i n recent years. 

It has n o w been demonstra ted that some t ranscr ip t iona l activators and 

members of the t ranscr ip t iona l machinery , i n c l u d i n g G C N 5 ( B r o w n e l l et al . , 

1996; W a n g et al. , 1997), P C A F (Yang et a l , 1996b), p 3 0 0 / C B P (Ogryzko et a l , 

1996) and T A F n 2 3 0 / 2 5 0 ( M i z z e n et a l , 1996) are capable of acetylat ing H 3 and 

H 4 b o t h in vitro a n d in vivo. These his tone acetyl transferases ( H A T s ) are 

members of large p r o t e i n complexes w h i c h are targeted to the genes they 

regulate b y members of the complex w h i c h have D N A b i n d i n g act ivi ty (Grant 

et a l , 1997). 

C o n v e r s e l y , h i s tone h y p o a c e t y l a t i o n is g e n e r a l l y cor re la ted w i t h 

t r ansc r ip t iona l i nac t iv i ty , te lomer ic and cen t romer ic he t e roch roma t in a n d 

s i lenced areas of the genome such as the d o n o r ma t ing- type loc i i n yeast 

(Turner, 1998; W o r k m a n and K i n g s t o n , 1998). A s is the case w i t h the H A T s , 

his tone deacetylases ( H D A C s ) also exist as members of large mu l t i - p ro t e in 

complexes. H o w e v e r , an unexpected f ind ing was that some H D A C complexes, 
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i n bo th yeast (Rundlet t et a l v 1996) and m a m m a l s (Hass ig et al. , 1998), contain 

more than one deacetylase, sugges t ing that each deacetylase m a y have a 

specific target and that fu l l repression may require the act ivi ty of more than one 

H D A C ( K u o and A l l i s , 1998). The H D A C s isolated thus far do not appear to 

have any D N A b i n d i n g a c t i v i t y a n d therefore t a rge t ing of the H D A C 

complexes to the genes they regulate appears to d e p e n d on associat ion w i t h 

D N A b i n d i n g co-repressor proteins, such as M A D (Laherty et al., 1997), U M E 6 

(Kadosh and St ruhl , 1997), Y Y 1 (Yang et al. , 1996a), S M R T (Nagy et a l , 1997), 

N - C o R ( A l l a n d et a l , 1997; H e i n z e l et al., 1997) and R B (Brehm et a l , 1998; L u o 

et al. , 1998; Magnagh i - J au l in et al. , 1998), that have the abi l i ty to b i n d to specific 

target loc i . 

It has been suggested that acetylat ion of the lys ines i n the N - t e r m i n a l 

tails of the histones m a y funct ion by opening u p chromat in structure because it 

e l i m i n a t e s p o s i t i v e charges w h i c h m a y r e d u c e n u c l e o s o m e / D N A or 

n u c l e o s o m e / n u c l e o s o m e in t e r ac t i ons ( W o r k m a n a n d K i n g s t o n , 1998). 

A c c o r d i n g l y , one w o u l d predict that mutat ions i n H A T s or members of their 

complexes, s h o u l d result i n reduced histone acetylation, and thus impa i r gene 

act ivat ion (Grunstein, 1997). This predic t ion appears to be true. G C N 5 was first 

ident i f ied as a t ranscr ipt ional activator before its H A T function was elucidated 

because muta t ions i n the gene reduce ac t iva t ion of target l oc i . Converse ly , 

mutat ions i n an H D A C or members of its complex, s h o u l d impa i r deacetylation 

of the histones at target genes, and thus result i n de-repression of the targets. 

This also appeared to be the case. M u t a t i o n a l analysis i n S. cerevisiae identif ied 

R P D 3 as a g loba l repressor before its funct ion i n his tone deacetyla t ion was 

k n o w n . 
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H o w e v e r , a number of unexpected observations have been documented 

i n HDAC n u l l mutat ions . In RPD3 de le t ion l ines of S. cerevisiae, a sma l l subset 

of genes were more s t rongly repressed rather than act ivated. In add i t ion , 

careful ana lys i s of the genes n o r m a l l y subject to r e g u l a t i o n b y RPD3 

demonstrated that w h e n they were activated i n the RPD3 n u l l strains, the level 

of t ranscr ip t ion of target genes was lower than i n w i l d - t y p e strains ( V i d a l and 

Gaber, 1991). F ina l l y , the s t ra ightforward p red ic t ion that muta t ions i n HDACs 

w o u l d result i n de-repression of s i lenced genes was confounded w h e n it was 

reported, i n bo th S. cerevisiae and Drosophila, that muta t ions w h i c h reduced or 

e l imina ted a his tone deacetylase resul ted i n t ranscr ip t ional s i l enc ing of genes 

subject to t e lomer ic a n d he te rochromat ic p o s i t i o n effect v a r i e g a t i o n (De 

Rubertis et a l , 1996). 

Pos i t ion effect var iegat ion (PEV) most often occurs w h e n a chromosomal 

rea r rangement abuts a n o r m a l l y e u c h r o m a t i c r e g i o n of a c h r o m o s o m e , 

c o n t a i n i n g act ive genes, to a b r eakpo in t i n cen t romer i c he t e roch roma t in 

(Grigl ia t t i , 1991; Henikoff , 1992; Reuter and Spierer, 1992). In tissues where the 

relocated euchromat ic genes are u sua l ly active, some cells express the genes 

no rma l ly , whereas i n ne ighbor ing cells, the genes are t ranscr ip t iona l ly silent, 

resu l t ing i n a mosa ic pat tern of gene express ion. A n analogous s i tuat ion is 

thought to occur i n the phenomenon of telomeric pos i t ion effects ( T P E V ) . This 

occurs w h e n a reporter gene is inserted i n or near to the heterochromatin of the 

telomeres of S. cerevisiae chromosomes (De Ruber t is et al . , 1996; G r e w a l et al . , 

1998; Gruns t e in , 1998). In some cells the reporter is t r anscr ip t iona l ly silent 

w h i l e i n others the gene is t ranscr ibed n o r m a l l y . In b o t h systems there is a 

cor re la t ion be tween p o s i t i o n re la t ive to the he te rochromat ic ma te r i a l a n d 
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s i lencing. In T P E V and P E V the l i k e l i h o o d of s i l enc ing is dependent on h o w 

close the r epor t e r is to the te lomere or c e n t r o m e r i c h e t e r o c h r o m a t i n 

respectively; if inserted closer it is more often silent. M o s a i c gene expression i n 

both cases is be l i eved to reflect differences i n ch roma t in structure; w h e n the 

gene is active, it is packaged normal ly , however , w h e n the gene is inactive, it is 

packaged more l ike heterochromatin and is therefore t ranscr ipt ional ly silent. 

Here w e report the isola t ion and characterization of six n e w mutat ions i n 

the HDAC1 gene of D . melanogaster. This is the first instance of a muta t iona l 

analysis of an H D A C i n a mul t i - ce l lu la r eukaryot ic o rgan i sm. In contrast to 

previous f indings, we report that specific mis-sense mutat ions i n the structural 

gene of HDAC1 suppress s i lenc ing and increase the express ion of a w+ gene 

subject to P E V . W e propose that these mis-sense mutat ions are acting as anti-

morph ic mutat ions that po i son the deacetylase complex, w i thou t e l imina t ing it, 

and that this i n t u rn causes hyperacetyla t ion of histones and act ivat ion of genes 

n o r m a l l y subject to s i l enc ing as a result of P E V . Fur thermore , we show that 

n u l l , or ve ry severe h y p o m o r p h i c mutations, have no significant effect on P E V . 

W e further propose that the unexpected observations noted above i n the RPD3 

dele t ion strains i n S. cerevisiae, the P inser t ion l ine i n D . melanogaster and the 

pheno types of ou r mis-sense, h y p o m o r p h i c a n d n u l l mu ta t i ons can be 

e x p l a i n e d b y a m o d e l based o n the obse rva t ions that H D A C 1 , a n d its 

homologues , are members of a s t ruc tura l ly related, m u l t i - d o m a i n fami ly of 

proteins w h i c h forms part of a large mul t i -p ro te in complex . F ina l ly , we argue 

that this m o d e l w i l l be relevant i n a w i d e variety of b io log ica l appl icat ions and 

as such suggests a need for the i so la t ion a n d charac ter iza t ion of dominan t 

mutat ions. 

41 



M A T E R I A L A N D M E T H O D S 

F l y Stocks 

Fl ies were reared on standard D r o s o p h i l a m e d i a at 22°. Genetic markers 

used here are descr ibed i n the text or can be f o u n d i n L i n d s l e y and Z i m m 

(1992). The puta t ive histone deacetylase descr ibed here in has a h i g h leve l of 

sequence s imi l a r i t y to R P D 3 f rom S. cerevisiae a n d H D A C 1 f rom humans and 

other m a m m a l s (De Ruber t i s et a l . , 1996). The i n i t i a l repor t a n d some 

subsequent reports (for example ( M a n n e r v i k and L e v i n e , 1999)) regard ing the 

Drosophila h is tone deacetylase re l ied o n the s imi l a r i t y to the yeast gene and 

ca l l ed the Drosophila h o m o l o g u e an R P D 3 - l i k e deacetylase or the R P D 3 

homologue . In yeast, R P D 3 (for reduced po tass ium dependency 3) was named 

pr ior to the d iscovery that it has histone deacetylase act ivi ty and describes only 

one of the phenotypes associated w i t h lesions i n the gene ( V i d a l and Gaber, 

1991). For this reason w e prefer the m a m m a l i a n nomencla ture : H D A C , for 

histone deacetylase, f o l l o w e d b y a number ind ica t ing to w h i c h , of the several 

s imi la r deacetylases that exist i n each organism, it is most s imi la r (Taunton et 

al., 1996). A c c o r d i n g l y , since the D r o s o p h i l a deacetylase descr ibed here has the 

highest degree of s im i l a r i t y to H D A C 1 f rom m a m m a l s w e prefer the name 

D r o s o p h i l a H D A C 1 for D r o s o p h i l a histone deacetylase one and w i l l use that 

nomenclature i n this manuscr ip t 

The H D A C 1 mutat ions that suppress P E V (hereafter ca l led the Su(var) 

H D A C l s ) described here were induced i n a p rev ious ly descr ibed e thyl methane 

sulfonate screen for d o m i n a n t suppressors of P E V (Sincla i r et al . , 1983). The 

mutat ions are ma in t a ined i n stocks balanced over TM3 Sb Ser or TM6 Tb. Tb 
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was e m p l o y e d because it a l lows one to read i ly ident i fy h o m o z y g o u s mutant 

larvae b y the m o r p h o l o g y of their spiracles. Late t h i r d instar h o m o z y g o u s 

mutan t l a rvae were selected f rom cul tures a n d used to ob ta in the D N A 

sequence of HDAC1 i n the var ious mutant strains. 

P element inser t ion strains were obta ined f rom the B l o o m i n g t o n Stock 

Center and were screened for le thal i ty w i t h the Su(var) H D A C l s . One insert 

l ine , 1(3)04556 (hereafter ca l led P - U T R ) , was a lmost comple te ly le thal under 

n o r m a l cu l tu re cond i t ions w i t h a l l member of the Su(var) H D A C 1 g roup . 

H o w e v e r , s ignif icant number s of male and female adu l t s c o u l d be reared to 

a d u l t h o o d i f the f ly cul tures were u n c r o w d e d and the m e d i a supp lemented 

w i t h l ive yeast but surv ivors are sterile and die w i t h i n a few days. 

The Su(var) H D A C 1 group was or ig ina l ly loca l i zed because a l l members 

fai led to complemen t a s m a l l deficiency, Df(3L)GN24, Since, i n a d d i t i o n to 

m a n y other l oc i , this def iciency comple te ly removes the HDAC1 gene it was 

e m p l o y e d i n the lethal phase analysis as a n u l l allele. M a l e s of the const i tut ion 

wm4 j y • Df(3L)GN24 / + were generated b y c ross ing wm4 I wm4 ; + / + 

females to + / Y ; Df(3L)GN24 / T M 3 Sb' Ser males . F I males bear ing the 

def ic iency c h r o m o s o m e were co l lec ted a n d crossed to 5-7 d a y o l d v i r g i n 

females of each of the var ious mutant H D A C 1 strains and a l l o w e d to lay eggs 

o n p e t r i p la tes o v e r l a i d w i t h an agar, v i n e g a r a n d e t h a n o l m i x t u r e 

supp lemented w i t h l i ve yeast. Eggs were col lected b y w a s h i n g w i t h dH20 , 

batches of approx imate ly 100 eggs were counted out o n construct ion paper and 

placed i n shel l v ia ls . A m i n i m u m of five shel l v ia l s was set u p for each mutant 

strain. The construct ion paper was r emoved after three days and the number of 
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u n h a t c h e d eggs c o u n t e d . U n h a t c h e d eggs that f a i l e d to d a r k e n were 

cons idered unfe r t i l i zed and subtracted f rom the total n u m b e r of eggs. Eggs 

that da rkened , bu t fa i led to hatch, were scored as e m b r y o n i c lethals. The 

n u m b e r of an imals reaching p u p a t i o n and a d u l t h o o d were counted and the 

lethal i ty at each deve lopmenta l stage de te rmined f rom the totals. In a l l cases 

the results of each g r o u p were p o o l e d . In these crosses, the o n l y an imals 

expec ted to d ie w e r e those that ca r r i ed the m u t a n t H D A C 1 al le le a n d 

Df(3L)GN24. A l l other genotypes were expected to s u r v i v e . W e d i d not 

observe any fl ies that s u r v i v e d a n d bore a m u t a n t H D A C 1 al le le a n d 

DF(3L)GN24. These flies w o u l d have been read i ly ident i f iable because of the 

suite of defects observed i n homozygous H D A C 1 mutant lines (see Results). 

In the recombina t ion experiment i n w h i c h w e tr ied to separate the lethal 

l e s ion i n HDAC1 i n the H D A C l 3 2 8 s t r a in f r o m a poss ib l e second site 

suppressor of P E V , the female parents were p r o d u c e d b y crossing wm4 I wm4 ; 

+ / + females to wm4 I Y; HDAC1328 / TM3 Sb Ser males. V i r g i n F l females of 

the const i tut ion, w m 4 I wm4; HDAC1328 I + , were col lected and crossed to 

wm4 j Y ; P-UTR / T M 3 Sb Ser males. A l l flies that d i s p l a y e d suppress ion of 

wm4 v a r i e g a t i o n were p r o g e n y tested to de t e rmine w h e t h e r they were 

recombinants or rare s u r v i v i n g HDAC1328 I P-UTR flies. 

Determination of the level of variegation 

T o determine the levels of var iegated gene express ion i n the w m 4 and 

b w y D e 2 strains, eye p igmen t assays were pe r fo rmed e m p l o y i n g p r e v i o u s l y 

p u b l i s h e d techniques (Sinclair et al . , 1983) and the a m o u n t of eye p igmen t 
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observed i n the var iega t ing s train expressed as a percentage of the amount 

observed i n the w i l d - t y p e strain, Oregon-R. The leve l of var iegat ion i n the S b v 

s t r a in w a s d e t e r m i n e d b y a s say ing the percentage of four teen br is t les 

d i sp l ay ing a Sb phenotype as p rev ious ly described (Sinclair et al. , 1983). 

Remobilization of the P element 

The P element i n the P - U T R strain carries the ry+ gene and therefore 

exc is ion of a l l or part of the P element can m o n i t o r e d b y loss of ry+. The P 

element i n the P - U T R strain was r emobi l i zed by crossing + / + ; P-UTR / TM3 

Sb Sex females to w m 4 / Y ; Ly / TM3 ryRK Sb e P[ry+ A2-3] males. The TM3 

ryRK Sb e P[ry+ A2-3] chromosome carries a P element transposase source (A2-3) 

w h i c h is r equ i r ed to remobi l i ze the defective P element i n the P - U T R strain. 

The F I + / Y ; P-UTR / TM3 ryRK Sb e P[ry+ A2-3] males were collected and 

crossed to + / + ; ry506 j ry506 females and ry~ F2 males collected and stocks 

established. 

DNA manipulations 

A l l s t a n d a r d D N A m a n i p u l a t i o n s w e r e p e r f o r m e d as desc r ibed i n 

S A M B R O O K et al. (1989). 

P l a s m i d rescue of the D N A sur round ing the inser t ion of the P element i n 

P - U T R was per fo rmed accord ing to p rev ious ly p u b l i s h e d techniques (Karpen 

and Sprad l ing , 1992). 

G e n o m i c D N A for sequencing f rom each of the H D A C 1 mutant strains 

was obtained f rom cultures i n w h i c h the H D A C 1 muta t ion is balanced over the 
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T M 6 Tb balancer ch romosome (see above). H o m o z y g o u s mutant late th i rd 

instar la rvae were col lec ted and the D N A iso la ted b y s t anda rd protocols . 

Speci f ic f ragments of HDAC1 were a m p l i f i e d u s i n g Pfu po lymerase and 

p r imers w h i c h were des igned f rom the p u b l i s h e d sequence of HDAC1. The 

P C R products were gel pu r i f i ed and sequenced e m p l o y i n g dye terminators i n 

an automated sequencing facili ty ( U B C N A P S Uni t ) . 

Isolation and A n a l y s i s of R N A 

Tota l R N A was isolated f rom either adul t females or adu l t males of each 

strain u s ing the TRIzo l® Reagent according to manufacturers instructions (Life 

Technolog ies ) . P o l y (A) R N A was subsequen t ly i so l a t ed e m p l o y i n g the 

Ol igo tex m R N A M i n i K i t p r o d u c e d b y Q i a g e n f o l l o w i n g the manufacturers 

instructions. A p p r o x i m a t e l y 1.5 ug of po ly (A) R N A for each gender and strain 

was separated o n a formaldehyde agarose dena tur ing gel p repared according 

to the pro tocol p r o v i d e d by Qiagen i n the Ol igotex M i n i K i t . The gels were r u n 

at 7 V / c m , transferred to n y l o n membranes accord ing to the manufacturer 's 

instructions (Amersham) and probed w i t h D N A labeled w i t h [32p]dATP us ing 

Boehr inger M a n n h e i m ' s R a n d o m P r i m e d D N A labe l ing ki t . The D N A probe 

for the HDAC1 m R N A was prepared by P C R e m p l o y i n g Pfu po lymerase and 

p r imers for the c a r b o y x l t e rmina l c o d i n g regions generated f rom a c loned 

c D N A k i n d l y p r o v i d e d to us by P ie r re Spierer 's l abora tory . The relat ive 

amounts of p o l y ( A ) R N A loaded i n each lane was de te rmined b y re-probing the 

N o r t h e r n blots w i t h a probe for the m R N A for the r i bosoma l protein , D U b 8 0 

(Mot tus et al . , 1997). A u t o r a d i o g r a m s were scanned into a compute r and the 
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amount of p o l y ( A ) R N A i n each lane was quant i f ied, relat ive to D U b 8 0 , u s ing 

N I H Image (data not shown) 
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R E S U L T S 

Isolation and characterization of mutations in Drosophila HDAC1 that 

suppress P E V 

Several groups, i n c l u d i n g ours, have conduc ted large genetic screens to 

isolate Suppressors of pos i t ion effect var iega t ion or Su(var)s i n D . melanogaster . 

These screens were based o n the a s s u m p t i o n that these muta t ions s h o u l d 

ident i fy factors i n v o l v e d i n the process of ch roma t in packag ing (Locke et al. , 

1988; Reuter and Wolff , 1981; Sinclair et al . , 1983), either s tructural components 

of c h r o m a t i n or factors that m o d i f y c h r o m a t i n s t ructure . O u r screen was 

designed to isolate dominan t Su(var)s b y selecting p rogeny f rom e thyl methane 

sulfonate ( E M S ) mutagen ized males i n w h i c h express ion of the w+ gene i n the 

strain, In(l)wm4 ( w m 4 ) , was s ign i f ican t ly increased. In the w m 4 strain, an 

inve r s ion juxtaposes the w+ gene to the centromeric he te rochromat in of the X 

chromosome. Th i s causes the w+ gene to be t r ansc r ip t iona l ly inact ivated i n 

most p i g m e n t cells i n the f ly 's eye a n d since its p r o d u c t is r e q u i r e d for 

depos i t ion of p igment , the eyes of flies i n the w m ^ s train general ly have about 

5% to 15% of the w i l d - t y p e levels of eye p igments . F o u r of the dominan t 

Su(var) mutat ions isolated comprise a single complementa t ion group (hereafter 

referred to co l l ec t ive ly as Su(var) H D A C l s or i n d i v i d u a l l y as HDACl^, 

HDAC1313, HDAC1326 and HDAC1328). A l l are s t rong dominan t suppressors of 

P E V and, i n a d d i t i o n to the dominan t phenotype, a l l four alleles are recessive 

lethal. In w m 4 strains bear ing the Su(var) H D A C l s , p igments i n the eyes of 
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Figure 1 Examples of eyes from male flies bearing the In(l)wm^ chromosome 

and third chromosomes of the following constitutions: (A) +/ + ; 

(B) P-UTR I + ; (C) HDACldef8 / + ; (D) HDACldef24 / + ; 

(E) HDAC1303 /+;(¥) HDAC313/ + ; (G) HDAC3261 + and 

(H) HDAC328 /+ . 
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TABLE 1 

The effects of selected Su(var) HDAC1 mutations on various genes 

subject to PEV 

Genotype Sex wm4 bwvDe2 U 
b 

Sbv 

+ / + F 8+2 38+24 56+20 

M 13+3 55+15 69+16 

HDAC1326 1 + F 83+5 55+4 72+22 

M 85±5 55+4 91+9 

HDAC1328 1 + F 72+8 49±22 72+15 

M 88±6 50±8 93+10 

a the percentage of eye pigments compared to the amount observed 

i n the wi ld - t ype strain, O R - R 

b the percentage of bristles d i sp l ay ing the Sb phenotype 
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both males and females are increased f rom 5-15% to 60-90 % of the p igment 

levels observed i n the wi ld - type strain, O R - R (Figure 1 and Table 1). 

In o rde r to de te rmine whe the r the effect of these muta t ions was 

generally appl icable to P E V or specific to the iv+ gene, we moni to red the effects 

of t w o of the strongest al leles of the Su(var) H D A C l s , HDAC1326 a n d 

HDAC1328, o n two other var iegat ing rearrangements: In(2R)bwvDe2 ( b w v ) w h i c h 

juxtaposes the bw+ locus to the centromeric he terochromat in of chromosome 2, 

and; T(2,3)Sbv (Sb v ) w h i c h abuts the dominan t t h i rd chromosome mutat ion, Sb', 

to the centromeric heterochromat in of chromosome 2 (Table 1). In females, the 

mutat ions caused significant suppress ion of bo th b w v and S b v . In males, S b v 

was also s t rongly suppressed by the mutations, but b w v was either not affected 

or somewhat enhanced. Heterogenei ty i n the response of genes subject to P E V 

w h e n exposed to suppressor mutat ions is not u n c o m m o n . Each rearrangement 

abuts the euchromat ic var iegat ing gene to a un ique reg ion of heterochromat in 

and therefore a va r i a t ion i n the leve l of response to trans-acting factors is not 

unexpected ( L l o y d et al . , 1997). H o w e v e r , it is clear that a l though the strength 

of the s u p p r e s s i o n of P E V varies , the Su(var) H D A C l s suppress the gene 

s i l e n c i n g associa ted w i t h P E V a n d are not m u t a t i o n s i n factors w h i c h 

specifically m o d i f y the w+ gene. 

M a p p i n g the Su(var) H D A C l s 

W e m a p p e d the recessive lethali ty associated w i t h the Su(var) H D A C l s 

to 64B17-64C13-15 e m p l o y i n g def ic ienc ies a n d c o n f i r m e d the Su(var ) 
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phenotype recombinat ional ly m a p p e d to approximate ly the same locat ion i n a l l 

four mutan t l ines . Th i s p laced the complemen ta t i on g r o u p very close to a 

recently c loned RPD3-like HDAC (De Ruber t i s et a l . , 1996). Th i s D r o s o p h i l a 

H D A C ( h e r e a f t e r referred to as HDAC1) was c loned as a result of a P inser t ion 

1.8 kb 5' to the gene w h i c h causes strong dominan t enhancement of P E V , but is 

h o m o z y g o u s v iable and fertile. H o w e v e r , complementa t ion analysis w i t h the 

Su(var) H D A C l s and the P insert l ine (hereafter referred to as P-1.8) revealed 

a l l combina t ions were v iab le and fertile (data not shown) sugges t ing that 

perhaps P-1.8 and the Su(var) H D A C l s represented two different genes. 

W e then crossed the Su(var) H D A C l s to a series of recessive lethal , 

mod i f i ed P inserts generated by the Berkeley D r o s o p h i l a Genome Database and 

loca l ized to the 64B-64C region. The Su(var) H D A C l s were almost completely 

lethal w h e n heterozygous w i t h the P insert l ine, 1(3)04556 (hereafter cal led P-

U T R ) . P l a s m i d rescue of the genomic D N A s u r r o u n d i n g the inser t ion point of 

the P element revealed it h a d inserted into the 5' U T R of HDAC1 (Figure 2). 

Su rp r i s ing ly , w h i l e P - U T R is h o m o z y g o u s le thal a n d le thal w i t h the Su(var) 

H D A C l s , it has no dominan t effect on var iegat ion of w+ i n the IniDw™4 s train 

(Figure 1 and Table 4). Since P - U T R h a d an inser t ion into HDAC1, but d i d not 

have a dominan t affect on P E V , this raised the poss ib i l i ty that the P - U T R strain 

contained a second site muta t ion that was causing the lethal i ty w i t h the Su(var) 

H D A C l s . A l t e rna t i ve ly , i t was possible that the Su(var) H D A C l s , i n add i t i on 

to a recessive le thal l es ion i n HDAC1, carr ied a second site mu ta t i on that was 

causing the dominan t Su(var) phenotype. W e addressed these possibi l i t ies i n 

two ways . 
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Figure 2 G e n o m i c organiza t ion of the HDAC1 gene. The approximate 

locat ion of each of the Su(var) HDAC1 g roup mutatations is shown, 

the inser t ion points of the P elements i n the P-1.8 and P-UTR 

strains are indicated b y the triangles, and the dashed l ine indicate 

the extent of the deficiencies i n the deletions strains. 
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First , i n order to determine whether P - U T R also conta ined a second site 

le tha l mu ta t i on , w e generated revertants of P - U T R b y r e m o b i l i z i n g the P 

element, w h i c h is m a r k e d w i t h ry+, and recover ing males that were ry~. W e 

recovered 25 ry~ revertants. F o u r of the revertants are h o m o z y g o u s viable , 

v iab le as he te rozygotes w i t h P - U T R a n d v i ab l e as he terozygotes w i t h a l l 

members of the Su(var) H D A C l s . Subsequent analysis b y P C R indica ted that 

three of the revertants are precise excisions of the-P element w h i l e the four th 

retains a sma l l piece of the P element. Since a precise or near ly precise excis ion 

of the P element inser t ion results i n a h o m o z y g o u s viable chromosome, the only 

le thal l e s ion o n the P - U T R chromosome is caused b y the inse r t ion of the P 

element in to HDAC1 and therefore the Su(var) H D A C l s also have a le thal 

lesion i n the HDAC1 gene. 

Second, i n order to determine whether the Su(var) H D A C l s , i n add i t ion 

to the lethal les ion i n HDAC1, carr ied a dominan t second site Su(var) mutat ion, 

we t r i ed to separate the le tha l pheno type f r o m the Su(var) pheno type b y 

r e c o m b i n a t i o n . The cross is o u t l i n e d i n F i g u r e 3 a n d is based o n the 

o b s e r v a t i o n s that: (1) HDAC1328 i s a l m o s t c o m p l e t e l y l e t h a l w h e n 

heterozygous w i t h P - U T R , and; (2) P - U T R does not have any dominan t effect 

on P E V . A c c o r d i n g l y , any flies that surv ive and d i sp l ayed suppress ion of wm4 

var iega t ion w o u l d be the result of a r ecombina t ion event be tween the lethal 

l e s ion i n HDAC1 a n d the pu ta t ive second site Su(var ) . W e scored 6125 

recombinants but w e were unable to separate the le thal phenotype f rom the 

Su(var) pheno type . A c c o r d i n g l y , i f the le tha l i ty a n d the d o m i n a n t Su(var) 

phenotypes are caused b y different mutations, then these mutat ions are less 
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dHDACl 3 2 8 P-UTR 

•* f-riTi /T-"* / - i t , O wild-type ' v T M 3 Sb Ser 

Figure 3 The cross emp loyed to attempt to generate a recombinant 

between the lethal lesion i n the histone deacetylase gene i n 

the HDAC1328 s train and a possible second site suppressor 

of pos i t ion effect variegation. In the F i , HDAC1328 /P-UTR 

is a lmost complete ly lethal. A l l non-S£> Ser flies were examined 

for suppress ion of P E V . Suppressed flies are either rare 

HDAC3281 P-UTR surv ivors or represent potent ia l recom­

binants between a possible second site suppressor of P E V 

and HDAC1328. Despite examin ing >6000 recombinant 

chromosomes, we d i d not isolate a second site suppressor 

of P E V 
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than 1.6 x 10~2 m a p units apart, a distance representing approximate ly 4 to 7 kb 

of D N A i n a t yp i ca l r eg ion of the Drosophila genome (Lefevre, 1976). Since 

t ranscr ip t ana lys i s has s h o w n that there are no other t ranscr ipts w i t h i n 

approximate ly 8 kb of the 3' end or 12 kb of the 5' end of HDAC1 (De Rubertis et 

al., 1996), it is u n l i k e l y that the lethali ty and the Su(var) phenotype are caused 

by separate mutat ions. 

Based o n the results of the revers ion exper iments w i t h P - U T R and the 

fa i lu re to separate the l e tha l l e s i o n a n d the Su (va r ) p h e n o t y p e s b y 

recombina t ion , w e conclude that both phenotypes are the result of lesions i n 

HDAC1. 

Mutant phenotypes associated with lesion in HDAC1 

D u r i n g the course of the recombina t ion exper iment w e observed that 

some P-UTR/HDAC1328 adul t male flies d i d eclose but on ly s u r v i v e d for a few 

days. These an imals d i s p l a y e d very s t rong suppres s ion of P E V and several 

other phenotypes. In order to further examine these phenotypes w e generated 

HDACP03/P-UTR f l ies. In this cross, unde r carefu l ly m a i n t a i n e d cul ture 

condi t ions, adul t males eclosed at approximate ly 40 % of expected and females 

at approx imate ly 30 % of expected. Bo th sexes on ly s u r v i v e d for several days 

and the females p r o d u c e d a s m a l l n u m b e r of eggs w h i c h appeared to be 

unfer t i l ized . These animals d i sp layed a suite of defects i n c l u d i n g : very strong 

suppres s ion of wm4; w i n g s that were severe ly no tched ; br is t les that were 

smaller , ma l fo rmed , often cu rved and dupl ica ted ; a lu l a that were larger than 

no rma l ; and , a r educ t ion i n the number of sex combs o n the legs of the males 
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f rom a mean of 10.7+ 0.9 to a mean of 7.7+ 1.0. Th i s suggests that mutat ions i n 

the histone deacetylase, HDAC1, cause defects i n a var ie ty of cellular systems, a 

phenotype that is consistent w i t h its p roposed role as a g loba l t ranscr ipt ional 

regulator. It also suggests that the Su(var) H D A C l s retain at least some of their 

functions, since P - U T R is lethal w h e n homozygous , yet appreciable numbers of 

adul ts can be recovered w h e n P - U T R is he te rozygous w i t h members of the 

Su(var) H D A C l s . 

Since P - U T R and the Su(var) H D A C l s are recessive lethal it appears that 

HDAC1 f unc t ion is essential for s u r v i v a l i n D . melanogaster, u n l i k e i n S. 

cerevisiae, where n u l l alleles of the RPD3 gene are v iable bu t d i sp lay a suite of 

phenotypes. In order to further characterize the requirements for HDAC1 we 

determined the deve lopmenta l t ime at w h i c h HDAC1 is requi red for su rv iva l i n 

D . melanogaster. Since P - U T R is a ve ry s t rong h y p o m o r p h ( M a n n e r v i k and 

Lev ine , 1999) a n d we were unable to determine whe the r or not the Su(var) 

H D A C l s are complete n u l l alleles of the gene and res idua l gene activity w o u l d 

mask the earliest requirement for HDAC1, we generated n u l l alleles of HDAC1 

(see be low for details). The results of our lethal phase analysis are presented i n 

Table 2. N u l l alleles (HDACldef8 and HDACl^f24) of HDAC1 die d u r i n g la rva l 

stage of life. Surpr i s ing ly , inspect ion of the stock cultures revealed that a large 

percentage of the h o m o z y g o u s mutant larvae su rv ive u n t i l ve ry late i n th i rd 

instar. These larvae were readi ly identif iable because i n the stock cultures the 

mutat ions are balanced over TM6Tb. Larvae bear ing the balancer chromosome 

can be d i s t i n g u i s h e d f rom larvae h o m o z y g o u s for the HDAC1 mutat ions 

because Tb alters the morpho logy of the la rva l spiracles. This suggests three 

57 



TABLE 2 

Lethal phase analysis of mutations in HDAC1. Percentage of animals that 

die at the indicated developmental stage 

M u t a n t Strain 

Tested 

E m b r y o n i c 

Lethal i ty 

L a r v a l 

Lethal i ty 

P u p a l 

Le tha l i ty 

M a l e 
a 

V i a b i l i t y 

HDACldef8 6.8 24.7 3.9 93 

HDACldef24 6.3 25.9 7.6 91 

HDAC1303 3.9 13.3 17.0 71 

HDAC1313 3.4 28.4 2.3 51 

HDAC1326 2.9 30.7 6.5 88 

HDAC1328 4.1 16.4 16.8 78 

a v i ab i l i ty of males expected to survive as compared to their 

female sibl ings 
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poss ib le scenar ios: 1) ma te rna l H D A C 1 is p e r d u r i n g u n t i l v e r y late i n 

development ; 2) H D A C l is requi red d u r i n g embryogenes is and not requi red 

again un t i l late i n th i rd instar and maternal H D A C l p rov ides sufficient activity 

for this ear ly funct ion; or, 3) H D A C l is not r equ i r ed for the ear ly stages of 

D r o s o p h i l a deve lopment . Based on a recently p u b l i s h e d report inves t iga t ing 

the phenotypes associated w i t h P - U T R , we favour the second of the above three 

possibi l i t ies . W e also conducted lethal phase analyses of the Su(var) H D A C l s . 

HDACl3^-3

 a n d HDACl32^ a \ s o d i ed d u r i n g the l a rva l per iod . Inspection of the 

stock cul tures revealed a large number of h o m o z y g o u s mutan t larvae at the 

th i rd instar stage and therefore these alleles cause death at approx imate ly the 

same t ime as the n u l l alleles. H o w e v e r , on ly app rox ima te ly fifty percent of 

larvae bear ing HDACl3®3 and HDACl328 d i e d d u r i n g the l a rva l pe r iod w h i l e 

about 50% s u r v i v e d into pupat ion . This is consistent w i t h the sequencing data 

(see be low) w h i c h demonstra ted these mutat ions are caused b y ident ica l base 

pai r subst i tut ions. Thus , w i t h regard to le thal i ty , it appears that HDACl3^-3 

and HDACl326 are ind i s t ingu ishab le f rom n u l l alleles w h i l e HDACl3®3 and 

HDACl328 retain some H D A C l activity. 

A n unexpected observat ion f rom the lethal phase analysis was that the 

Su(var) H D A C l s appeared to have a d o m i n a n t semi- le tha l affect on males 

regardless of their genotype. In the le thal phase analysis , three of the four 

genotypes p r o d u c e d are expected to su rv ive (see Mate r i a l s and Methods) and 

one of the classes ( + / T M 3 ) does not carry any chromosomes w i t h a muta t ion i n 

HDACl. In the crosses w i t h the n u l l alleles, HDACldef8 and HDACl^f24, 

males and females i n the classes expected to l ive , appear i n approximate ly the 
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same number s (Table 2). H o w e v e r , i n the Su(var) H D A C 1 crosses, males of 

genotypes expected to survive , i n c l u d i n g males that have complete ly w i ld - type 

HDAC1 genes s u r v i v e d at s ignif icantly lower rates than expected. For example 

males i n the cross i n v o l v i n g HDACl3^-3 on ly s u r v i v e d at about 50% the level of 

their genotypica l ly ident ica l female sibl ings i n the same cross. Ma le s i n crosses 

i n v o l v i n g the other Su(var) H D A C l s also s u r v i v e d at s ignif icant ly lower levels 

than females. Since, i n these crosses the mothers car r ied the Su(var) H D A C 1 

mutat ions , one exp lana t ion for this observat ion m a y be that these mutat ions 

m a y be exer t ing a d o m i n a n t mate rna l effect o n the dosage compensa t ion 

mechan ism. In D r o s o p h i l a , dosage compensa t ion occurs as a result of hyper-

t ranscr ip t ion of the male X chromosome. The male X ch romosome adopts a 

spec i a l c o n f o r m a t i o n w h i c h is b e l i e v e d to be necessary for enhanced 

t ranscr ipt ion (Bashaw and Baker, 1996). A c c o r d i n g l y , if histone deacetylation is 

an essential step i n establ ishing the specia l ized chromat in structure required i n 

the male, the Su(var) H D A C l s may be defective i n this process. Al te rna t ive ly , 

a l though most genes on the male X chromosome are t ranscr ibed at double the 

n o r m a l rate, there are l oc i that are not subject to dosage compensa t ion and 

therefore n e e d to be s i l enced or r epressed o n the s p e c i a l i z e d male X 

chromosome (Baker et al . , 1994). In the Su(var) H D A C 1 strains these loc i may 

escape repress ion resu l t ing i n r educed male v i a b i l i t y i n the sons of mutant 

mothers. 
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Sequence ana lys i s of the Su(var) group 

E M S - i n d u c e d changes i n the Su(var) c o m p l e m e n t a t i o n g r o u p were 

ident i f ied b y sequencing the genomic D N A e n c o d i n g H D A C 1 f rom the four 

Su(var) l ines and f rom the chromosome w h i c h was o r ig ina l l y e m p l o y e d i n the 

screen for Su(var) muta t ions . The results of this ana lys is are presented i n 

F igure 2 (Access ion N u m . AF086715). The genomic o rgan iza t ion i n our strains 

is s l ight ly different than that presented i n the p r ev ious ly pub l i shed report (De 

Ruber t i s et a l . , 1996) . The c o d i n g sequence is i n t e r rup ted b y three int rons 

rather than two and the conceptual translat ion of the p ro te in y ie lds a product of 

521 a m i n o acids rather than 520. The extra a m i n o ac id is p r o d u c e d at the 

add i t iona l i n t r o n / exon b o u n d a r y i n our sequence. D N A sequencing revealed 

that there is a s ingle amino ac id subst i tu t ion i n each of the four mutant l ines 

that suppress P E V . The locations of the amino ac id subst i tut ions are indicated 

i n F igu re 2. In t w o of the strains, HDACP03 a n d HDAC1328, w e observed 

i d e n t i c a l base p a i r subs t i tu t ions . These mu ta t ions were recovered f rom 

unrelated bottles i n the or ig ina l E M S screen and therefore most l i ke ly represent 

independent events. 

E a c h s ingle nucleot ide subst i tu t ion resul ted i n chang ing an amino acid 

that is not on ly perfectly conserved i n homologues f rom Yeast and human , but 

the subst i tut ions are located i n regions of the p ro te in that are a lmost perfectly 

conse rved i n these d ive r se o rgan i sms (Table 3). The funct ions of these 

par t icu la r res idues and the regions i n w h i c h they occur have not yet been 

de te rmined . H o w e v e r , evo lu t ionary analysis of the deacetylase proteins and 

some l i m i t e d muta t iona l analysis suggest that the amino one-half of the prote in 
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Table 3 

Comparison oi amino acid substitutions in the Su(var) H D A C l group with 

conserved regions in human and yeast homologues. 

HDACl313 HDACl303 HDACl326 

HDACl328 

R30C C98Y P204S 

D. melanogaster GHPMKPHRIRM FNVGEDCPVFDGL SFHKYGEYFPGTG 

H D A C l Mutant Strain c Y s 

H. sapiens H D A C l R c P 

S. cerevisiae RPD3 R p - c F-P 

-" indicates identity. 
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is the d o m a i n responsible for catalytic act ivi ty ( K h o c h b i n and Wolffe , 1997). It 

is interest ing to note that each of the subst i tut ions occurs i n the reg ion of the 

prote in thought to be required for deacetylase activity. 

Interaction with an P-1.8, an E(var) allele 

The HDACl locus has prev ious ly been c loned as a dominan t enhancer of 

P E V or E(var) (De Ruber t i s et al. 1996). The pheno type results f rom the 

inser t ion of a P element 1.8 kb 5' to the start site of HDACl w h i c h reduces or 

e l iminates t ranscr ip t ion of the gene i n the eye i m a g i n a l d i s k bu t not i n other 

imag ina l d isks f rom the same animals. Surpr i s ing ly , heterozygous flies bear ing 

P-1.8 and any one of members of the Su(var) H D A C l s were viable and fertile. 

In add i t ion , i n these heterozygotes, the eyes of flies bear ing iom4 show a weak 

to moderate suppress ion of P E V (data not shown) . Since the eyes appear to be 

n o r m a l i n these crosses, w i t h the on ly apparent phenotype be ing an effect on 

P E V , and P-1.8 flies are viable as homozygotes , these observations suggest that 

either HDACl does not pe r fo rm any essential func t ion i n the eye d i sk or 

alternatively, that P-1.8 m a y be a h y p o m o r p h . 

Generation of null alleles 

W o r k b y M a n n e r v i k and L e v i n e (1999) and this s tudy (see below) show 

that P - U T R produces a message at s ignif icant ly l ower levels than wi ld - type and 

thus is l i k e l y to be a s t rong h y p o m o r p h . A s noted above, we were surpr i sed 

that P - U T R h a d no effect on P E V since it is le thal w h e n h o m o z y g o u s . O n e 

possible exp lana t ion is that, a l though this mu ta t i on is a h y p o m o r p h w h i c h is 
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le thal as a homozygo te , it p roduces sufficient ac t iv i ty i n a heterozygote such 

that P E V is not affected. If this were the case then one w o u l d predict that a n u l l 

allele of HDAC1 w o u l d have a d o m i n a n t effect o n P E V . A c c o r d i n g l y , we 

generated n u l l alleles of HDAC1 b y r e m o b i l i z i n g the P element i n P - U T R to 

i nduce deficiencies of the c o d i n g regions of the gene as a result of imperfect 

excisions of the P element. The P element, w h i c h is m a r k e d w i t h ry+, was 

r emob i l i zed b y crossing P - U T R to the transposase source, In(3LR)TM3, A2-3 Sb , 

and recover ing males that were ry~. F r o m 560 poten t ia l exc i s ion events we 

recovered 25 ry~ males, 19 of w h i c h were s t i l l le thal over P - U T R and the Su(var) 

H D A C l s a n d therefore represented po ten t i a l i m p r o p e r exc i s ions . D N A 

sequence analysis has s h o w n we generated two deficiencies w h i c h beg in at the 

insert ion point of P - U T R and remove amino terminal c o d i n g regions of HDAC1; 

HDACldef8 de le tes a p p r o x i m a t e l y 440 b p a n d HDACldef24 deletes 

app rox ima te ly 870 b p (see F igure 2). Concep tua l t ranslat ions f rom the first 

seven A U G codons r ema in ing i n HDACldef8 and the first three start codons of 

HDACldeft4 w o u l d p roduce pept ides that bear no s imi l a r i t y to H D A C 1 , and 

therefore w e bel ieve these represent n u l l alleles of the gene. Surpr i s ing ly , we 

found that n u l l alleles of HDAC1 have no dominan t effect o n s i lencing of the w+ 

gene i n the w m 4 strain (Figure 1). 

N o r t h e r n A n a l y s i s 

Since w e h a d generated a variety of mutat ions i n the HDAC1 locus it was 

of considerable interest to determine h o w the muta t ions affected the l eve l of 

t r a n s c r i p t i o n . F i g u r e 4 s h o w s N o r t h e r n b lo t s i n d i c a t i n g the leve ls of 
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t r anscr ip t ion of HDACl i n the mutan t l ines i d e n t i f i e d i n this s tudy . To 

determine the relative load ing i n each lane, the Nor the rns were also chal lenged 

w i t h a probe for the r i bosomal protein , D U b 8 0 (see Ma te r i a l s and Methods) . 

The transcript levels of HDAC1326 a r e approximate ly the same as that observed 

i n the w i l d - t y p e strains ind ica t ing that the Su(var) phenotype is not a result of 

hyper- t ranscr ip t ion of the locus. In the P - U T R strain, as is often the case w i t h P 

insertions, the l eve l of t ranscr ipt ion is reduced relative to w i l d - t y p e levels and 

therefore P - U T R is l i k e l y a h y p o m o r p h . This is i n accord w i t h the f indings of 

M a n n e r v i k a n d L e v i n e (1999), w h o s h o w e d the m a t e r n a l c o n t r i b u t i o n of 

HDACl i n the P - U T R strain was approximate ly five fo ld less that w i ld - type . In 

a s t ra in he te rozygous for the deficiency, HDACl^f8, the message p r o d u c e d 

from the deleted chromosome is reduced i n amount and evident as a w i d e n i n g 

of the 2.2 kb b a n d p r o d u c e d f rom the non-dele ted h o m o l o g u e . In the strain 

he terozygous for the deficiency, HDACl^P-4, two different s i zed transcripts 

are clearly v i s ib le ind ica t ing bo th homologues are t ranscribed, but the amount 

of the smal ler transcript p r o d u c e d f rom the deleted chromosome is very m u c h 

reduced . Since the smal le r t ranscr ipts i n b o t h def ic iency strains are ve ry 

u n l i k e l y to p roduce funct ional proteins, we bel ieve these mutat ions represent 

n u l l alleles. 
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H D A C l 

D U b 8 0 

Figure 4 Northern analysis of poly(A) R N A isolated from adults 

bearing HDACl mutations. Lanes 1 and 6 are from wi ld -

type female controls and lane 7 is from wild-type male 

controls. Lanes 2-4 are from females of the constitution 

HDACldef81TM3 Sb Ser, HDACl^f24 / TM3 Sb Ser and 

P-UTR ITM3 Sb Ser, respectively. The approximate amount 

of poly(A) R N A loaded in each lane was determined by re-

probing the blots with a probe specific for the message for 

the ribosomal protein DUb80. Loading in lanes 1-4 is 

approximately equivalent and show that the levels of total 

H D A C l message in lanes 1-3 are approximately the same. 

However, in lane 4 the amount of message is reduced to 

-50-60% of Lane 1. Lane 5 contains -1.6 times the amount 

of poy(A)RNA as lane 6, and when taken into account, the 

levels of H D A C l po ly(A)RNA in HDACl326 females (lane 5) 

and control females (lane 6) are approximately equivalent, as 

are the amounts in HDACl326 males (lane 8) and control males 

(lane 7). 
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DISCUSSION 

In this s tudy w e report the isola t ion and character izat ion of a number of 

new mutat ions i n the D. melanogaster putat ive histone deacetylase, HDACl, and 

test their effects o n gene s i lenc ing that occurs as a result of P E V . M o d e l s of 

gene regulat ion, based o n the correlat ion between his tone acetylat ion and gene 

act ivi ty, w o u l d predic t that muta t ions i n an his tone deacetylase gene, w h i c h 

reduce or e l imina te his tone deacetylase act iv i ty , ough t to l ead to increased 

levels of his tone acety la t ion w h i c h , i n turn , w o u l d l ead to de-repression of 

s i lenced genes. Surpr i s ing ly , this s t ra ightforward p red ic t ion was not bo rn out. 

Instead the effect o n gene s i l enc ing is dependent u p o n the nature of the 

muta t ion i n HDACl (for summary see Table 4). 

H o w then can one exp la in the apparent ly contradic tory affects on P E V 

and T P E V of the var ious k inds of mutat ions i n the histone deacetylase genes i n 

Yeast and Drosoph i la? It m a y be that histone deacetylases be long to a g r o w i n g 

class of genes w h i c h have the fo l lowing characteristics: 1) they are members of a 

closely related gene fami ly ; 2) they encode m u l t i - d o m a i n proteins, and; 3) n u l l 

mutat ions have li t t le or no obvious phenotypic effect w h i l e po in t mutants have 

profound , often dominan t effects. O n e recent example of this class of genes i n 

lower eukaryotes is the FUS3/KSS1 gene pai r of S. cerevisiae. N o r m a l l y , these 

closely related proteins funct ion i n separate pa thways . Single delet ion strains 

of either gene are s t i l l proficient for mat ing because w h e n Fus3p is deleted, and 

o n l y w h e n it is de le ted , K s s l p acts as an i m p o s t o r a n d replaces Fus3p . 

H o w e v e r , de le t ion of b o t h prote ins renders the s t ra in sterile ( M a d h a n i and 

Fink , 1998; M a d h a n i et al . , 1997). Examples of this class of gene is certainly not 
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TABLE 4 

Summary of the effects of various mutations in HDACl on viability and PEV 

in D. melanogaster 

a 

M u t a t i o n Dominan t H o m o z y g o u s Hete rozygous w i t h 

Effect on P E V V i a b i l i t y Su(var) H D A C l s 

P-1.8 

P element insert 1.8 kb 

5' to gene 

P - U T R 

P element insert into 

the 5' U T R 

Su(var) H D A C l s 

point mutants 

H D A C l d e f 8 

H D A C l d e f 2 4 

Delet ions 

enhancer viable 

no effect lethal 

strong 

suppressors lethal 

no effect lethal 

no effect lethal 

moderate 

suppress ion of P E V 

strong semi-lethal; i n 

rare surv ivors , P E V 

s t rongly suppressed 

lethal 

lethal 

lethal 

a for a complete descr ip t ion of mutat ions see text 
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l i m i t e d to l o w e r eukaryotes. For example, gene knockou t experiments i n mice 

have revea led a s u r p r i s i n g n u m b e r of genes i n w h i c h the pheno type of the 

h o m o z y g o u s n u l l mu ta t i on is either not detectable or ve ry mino r . A cursory 

e x a m i n a t i o n o f t h e M o u s e K n o c k o u t D a t a b a s e 

(http:/ / w w w . b i o m e d n e t . c o m / d b / m k m d ) identifies at least 13 such genes. In 

contrast to the m i l d phenotypes of knockou t alleles, analysis of muta t ions i n 

some of these genes has s h o w n that po in t muta t ions can have very profound , 

often d o m i n a n t effects. O n e example is the SRC oncogene, a member of a 

c losely re la ted f a m i l y of proteins . The k n o c k o u t causes o n l y m i n o r denta l 

abnormal i t ies , yet a lmost a l l k n o w n po in t muta t ions have severe pheno typ ic 

consequences, i n c l u d i n g cancer ( L o w e l l and Soriano, 1996). 

Recent ly a m o d e l has been p roposed to account for the maintenance of 

closely related gene families d u r i n g evo lu t ion ( G i b s o n and Sp r ing , 1998). B y 

ex tend ing this m o d e l we bel ieve w e can p r o v i d e an exp l ana t i on for these 

a p p a r e n t l y c o n t r a d i c t o r y o b s e r v a t i o n s r e g a r d i n g r e l a t i v e l y b e n i g n 

knoc kou t / n u l l muta t ions and dominan t po in t muta t ions w h i c h have severe 

p h e n o t y p i c consequences. It is n o w apparent that most , i f not a l l , of the 

b io log ica l activities i n the cell are carried out by large, mul t i -p ro te in complexes. 

A s ingle type of c o m p l e x m a y have m u l t i p l e targets or funct ions that are 

dependent o n the specific members of the complex at a par t icular t ime d u r i n g 

the cel l cycle or at a par t icular locat ion i n the cel l . If one of the proteins of the 

complex is absent, as i n a n u l l muta t ion , and that p ro t e in is a member of a 

closely related family , then another member(s) of the fami ly may substitute for 

the m i s s i n g pro te in . Since they are closely related, the impos to r can p rov ide 

par t ia l ac t iv i ty and , as a consequence, a n u l l mu ta t i on m a y have no obvious 
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phenotype. In contrast, po in t mutat ions that on ly alter a s ingle doma in , may 

a l l o w the aberrant p ro te in to be incorpora ted in to its complex(es). In cases i n 

w h i c h the m u t a t i o n occurs i n a d o m a i n r equ i red for a specific funct ion, the 

c o m p l e x w o u l d then be comple t e ly inac t ive for that pa r t i cu l a r func t ion . 

A c c o r d i n g l y , a p o i n t m u t a t i o n m a y have a d o m i n a n t negat ive effect and 

d isp lay a m u c h more severe phenotype than a n u l l mu ta t ion (see Figure 5). 

T h i s m o d e l m a y a c c o m m o d a t e o u r o b s e r v a t i o n s of the v a r i o u s 

D r o s o p h i l a HDAC1 mutat ions. In eukaryotes, the H D A C s are a closely related 

f ami ly of pro te ins that f o r m complexes w i t h other prote ins i n c l u d i n g other 

H D A C s . For example i n Yeast, two different H D A C s , R P D 3 and H D A 1 , have 

been iso la ted and character ized, and sequence analys is of the yeast genome 

suggests there m a y be at least three a d d i t i o n a l H D A C s . T w o large m u l t i -

prote in complexes, H D A and H D B , containing histone deacetylase act ivi ty have 

been iso la ted and analys is of H D A has s h o w n that it contains at least two 

H D A C s (Carmen et a l , 1996; Rundle t t et al . , 1996). S imi l a r ly , i n mammals , five 

different H D A C s have been ident i f ied and a complex con ta in ing the h u m a n 

R P D 3 - l i k e deacetylase, H D A C 1 , also contains H D A C 2 (Hass ig et a l , 1998). In 

D r o s o p h i l a , t w o more H D A C s has n o w been ident i f ied , HDAC2 a n d HDAC3 

(Johnson et a l , 1998; M a n n e r v i k and Lev ine , 1999). It seems l i k e l y that more 

candidate deacetylases w i l l be ident i f ied as the genome sequencing projects 

proceed. A c c o r d i n g l y , the b iochemica l a n d sequence analys is of H D A C s i n 

Yeast and m a m m a l s suggest that H D A C s are members of a related gene fami ly 

and, more i m p o r t a n t l y to o u r m o d e l , func t ion as members of large p ro te in 

complexes. 
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8k 
C o m p l e x \ 

. H D A C l 

D N A 

Normally H D A C 1 participates in a complex which is targeted to 

D N A by other members of the complex 

B 
H D A C family 
member 

However, when HDAC1 is absent, another member of the H D A C family 

binds to the complex, is targeted correctly to the D N A but produces an 

aberrant pattern of histone deacetylation 

Su(var) H D A C 1 

A Su(var) H D A C 1 mutation, which has only a single amino acid 

change, wi l l occupy its normal place in the complex and be 

targeted correctly, however the Su(var) H D A C l wi l l be unable to 

deacetylate its target histone residues leading to increased acetylation 

and suppression of PEV. 

gure 5 A model to explain the various phenotypes associated with 

mutations in H D A C l , see text for details. 
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The foregoing p rov ides the f ramework for a m o d e l that m a y expla in the 

apparent ly contradic tory results observed w i t h different k i n d s of mutat ions i n 

this histone deacetylase and their effects on P E V and T P E V . In the RPD3 n u l l 

muta t ion i n yeast, T P E V is enhanced, i.e., the express ion of the reporter gene is 

repressed. W e postulate that i n the absence of R P D 3 , other H D A C s , w i t h 

d i f f e r ing speci f ic i t ies , subst i tute for R P D 3 i n the m u l t i - p r o t e i n c o m p l e x 

r e s u l t i n g i n an incor rec t h is tone deace ty la t ion pa t te rn . The p h e n o t y p i c 

consequence of the incorrect deacetyla t ion pat tern is enhancement of T P E V , 

poss ib ly due to excess deacetyla t ion at the site of the reporter gene by the 

impostor deacetylase. Subst i tut ion b y other H D A C s has also been suggested by 

other authors to account for the res idua l repression observed i n RPD3 delet ion 

strains (Kadosh and St ruhl , 1998). In D r o s o p h i l a the on ly muta t ion i n HDAC1 

that enhances P E V is P-1.8, an inser t ion of a P element 1.8 kb 5' to the cod ing 

region. In situ h y b r i d i z a t i o n w i t h a probe for the HDAC1 m R N A demonstrates 

that, i n the eye disk, t ranscr ipt ion of HDAC1 is m a r k e d l y reduced or absent but 

i n the leg d i s k the HDAC1 t ranscript accumulates to n o r m a l levels . One 

possible explana t ion for this observat ion is that the P element has inserted into 

an eye d i sk specific enhancer element resu l t ing i n l i t t le or no t ranscr ip t ion i n 

the eye d i sk . Thus , HDAC1 m a y be effectively absent i n the eye disk. In its 

absence, other H D A C s c o u l d substitute for HDAC1 p r o d u c i n g an incorrect 

deacetyla t ion pattern, the consequence of w h i c h is enhancement of P E V . In 

contrast, the Su(var) H D A C l s described here are capable of p r o d u c i n g a protein 

w i t h on ly a s ingle amino ac id change i n w h i c h a specific funct ion has l i ke ly 

been compromised , poss ib ly the deacetylase act ivi ty. Since on ly a single amino 

acid has been changed, the prote in w o u l d s t i l l associate w i t h its complex, b i n d 
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its other components efficiently and be targeted to the correct site. H o w e v e r , 

the complex w o u l d be unable to deacetylate its target his tones l e ad ing to 

hyperacetyla t ion and decreased s i lencing. In this w a y a poin t muta t ion w o u l d 

act as a dominan t negative muta t ion and w o u l d suppress P E V . O n the other 

h a n d , n u l l mu ta t i ons , such as the def ic iencies de sc r i bed here, have no 

observab le affect o n P E V because i n he te rozygotes , w i l d - t y p e HDAC1, 

p r o d u c e d f r o m the non-dele ted homologue , can associate n o r m a l l y w i t h the 

his tone deacetylase complexes . The other H D A C s can o n l y substi tute for 

HDAC1 i n its complete absence as is the case w i t h K s s l p a n d Fus3p i n Yeast 

described above. 

This m o d e l relies o n the suppos i t ion that an aberrant fo rm of H D A C 2 is 

be ing p r o d u c e d i n the Su(var) H D A C 1 strains. W e bel ieve such a p ro te in is 

made for the f o l l o w i n g reasons. First , conceptua l t rans la t ion of the pro te in 

produces a fu l l length p roduc t w i t h on ly a single amino ac id change. Second, 

w h e n we crossed the members of the Su(var) H D A C l s to P-1.8, the s t ra in 

bear ing the P element inser t ion 1.8 kb 5' to the HDAC1 gene, flies bear ing both 

mutat ions were v iable and fertile and s h o w e d a w e a k to moderate suppress ion 

of P E V . Since the P insert l ine is effectively a n u l l i n the eye disk, we interpret 

the suppress ion observed i n the heterozygotes as ev idence that the Su(var) 

H D A C l s are p r o d u c i n g a p roduc t . T h i r d , i n the c o m p l e m e n t a t i o n a n d 

recombinat ion studies, heterozygotes bear ing both the P - U T R chromosome and 

the Su(var) H D A C l s s u r v i v e d at an appreciable frequency. In these flies, P E V 

i n the I n ( l ) w m 4 s t r a in was v e r y s t rong ly suppres sed a n d the eyes were 

v i r t ua l l y ind i s t ingu i shab le f rom w i l d - t y p e strains. Since P - U T R is le thal as a 
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h o m o z y g o t e a n d this le thal i ty is on ly associated w i t h l e s ion i n HDAC1, the 

observa t ion that such flies s u r v i v e suggests that the Su(var) H D A C l s are 

p roduc ing a p roduc t w h i c h retains sufficient act ivi ty i n the essential function of 

HDAC1 to rescue the lethali ty associated w i t h the P - U T R chromosome. F ina l ly , 

the observat ion that the Su(var) H D A C l s d i sp l ayed a dominan t maternal effect 

r educ t ion i n the v i ab i l i t y of males, regardless of their phenotype , a reduc t ion 

w h i c h was not observed i n crosses w i t h the deficiency strains, impl ie s that the 

Su(var) H D A C s are p r o d u c i n g a p ro te in p r o d u c t since this mate rna l effect 

observed is not seen i n the absence of any product . 

The m o d e l m a y also serve to e x p l a i n other appa ren t ly anomalous 

observat ions i n Yeast strains bear ing n u l l muta t ions i n RPD3. The gene was 

first ident i f ied as a t ranscr ipt ional repressor i n S. cerevisiae because mutat ions i n 

the gene resu l t ed i n de- repress ion of the major i ty of genes i t regula ted . 

Surpr i s ing ly , further analysis of the mutant strains has s h o w n that target genes 

are also defect ive i n the degree to w h i c h they r e s p o n d to act ivators and 

repressors. Regu la t ed genes cannot be act ivated as fu l ly , nor repressed as 

comple te ly , as i n the w i l d - t y p e s train ( V i d a l a n d Gaber , 1991). Since R P D 3 

forms part of a histone deacetylase complex, we propose that i n the absence of 

R P D 3 , other H D A C s m a y f i l l i n resul t ing i n aberrant deacetyla t ion patterns at 

target genes. A b e r r a n t deacetylat ion patterns m a y result i n de-repression of 

mos t target genes, b u t w o u l d p r o v i d e less t h a n o p t i m a l c o n d i t i o n s for 

t ranscr ipt ion i n the presence of an activator and w o u l d be leaky i n the presence 

of a repressor. Converse ly , i n some ch romosomal contexts, recrui tment of the 

w r o n g deacetylase m a y resul t i n an aberrant deace ty l a t i on pat tern that 

represses t ranscript ion. 
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Fina l ly , we emphas ize that the mutat ions descr ibed here were recovered 

i n a genetic screen for d o m i n a n t suppressors of P E V . Therefore the s ingle 

amino ac id changes that we recovered m a y identify domains i n the Drosoph i l a 

H D A C 1 that are i m p o r t a n t for s i l e n c i n g i n h e t e r o c h r o m a t i n rather than 

abol ish ing a l l deacetylase activity. In any case, since the domains are conserved 

i n Yeast, site-directed mutagenesis shou ld p r o v i d e a direct test of the proposed 

m o d e l . 

O n e of the t r a d i t i o n a l genetic approaches to d e t e r m i n i n g p r o t e i n 

funct ion has been to generate n u l l mutat ions and then examine the o rgan i sm 

for phenotyp ic defects w h i c h can be correlated w i t h the n u l l phenotype. In fact, 

this is the basis for creating the knockout mutat ions i n mice as potent ial models 

for h u m a n synd romes . It is n o w apparent that most , i f not a l l b i o l o g i c a l 

functions i n eukaryot ic cells occur as a result of the ac t ion of pro te in complexes 

and not i n d i v i d u a l proteins. If the foregoing m o d e l is of general appl icab i l i ty 

then this t r ad i t iona l approach mus t be a p p l i e d w i t h caut ion . If the p ro te in 

under scrut iny is a member of a gene fami ly then i n the absence of that protein, 

other fami ly member may " f i l l i n " and p rov ide part ial , or even complete, rescue 

(under l abo ra to ry cond i t ions ) of the funct ions c o m p r o m i s e d b y the n u l l 

mutat ion. In that case, this type of analysis w i l l be c o m p r o m i s e d and the role of 

the p ro te in b e i n g inves t iga t ion under apprecia ted. A more frui t ful strategy 

m a y be to create dominan t mutat ions, i n the best case caused b y very sma l l 

alterations i n the prote in such as a single amino ac id substi tut ion, w h i c h w i l l act 

i n a dominan t negat ive fashion a n d direct ou r at tention to the possible m a n y 

roles a p ro te in m a y have because of its m e m b e r s h i p i n one or more m u l t i -

prote in machines. 
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Chapter 3 

Chromatin Immunoprecipitation Analysis of a Region subject 

Position Effect Variegation in Drosophila melanogaster 
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In t roduc t ion 

O n e of the major challenges inherent i n any mu ta t i ona l analysis of a 

gene is de te rmin ing whether the phenotypes observed are a direct result of the 

defect i n the gene, or whether they are indirect , a n d a downs t r eam consequence 

of the muta t ion al ter ing other metabolic pa thways that i m p i n g e on and modi fy 

the p h e n o t y p e i n ques t i on . T h i s is e s p e c i a l l y i m p o r t a n t w h e n one is 

i nves t iga t ing muta t ions i n a gene that is a k n o w n , or suspected, general 

regula tor of t r ansc r ip t ion . H D A C l falls in to the class of k n o w n general 

regulators of t r ansc r ip t ion and funct ions as an essential member of several 

repressor complexes (see Chapter 2). In addi t ion , there is some evidence, and a 

g r o w i n g susp ic ion , that this v i e w is too s impl i s t i c . Rather than on ly be ing a 

repressor, H D A C l m a y also be an integral part of the sys tem that controls the 

t ranscr ipt ion rate of some active genes (see be low, (Bre i l ing et al. , 2001)). Since 

H D A C l regulates a large number of loc i , an obvious and impor tant quest ion is 

whether the muta t ions that suppress P E V are act ing d i rec t ly or ind i rec t ly to 

abrogate the s i lencing no rma l ly observed at the var iegat ing locus. 

Several methods are currently e m p l o y e d to address this type of question. 

The oldest me thod is s ta ining polytene chromosomes w i t h an ant ibody specific 

for the subject prote in . In the sal ivary glands of Drosophila, and specific tissues 

of m o s t Dipterans, the c h r o m o s o m e s u n d e r g o m a n y r o u n d s of 

endoredup l ica t ion . The chromosome arms r e m a i n associated and fo rm giant 

polytene chromosomes w i t h distinct b a n d i n g patterns that are v is ib le under the 

l ight microscope. Thus , b y examin ing we l l - sp read ch romosome preparat ions 

that have been cha l lenged w i t h an an t ibody for a par t icu la r pro te in , one can 
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determine the par t icular b a n d or in terband w i t h w h i c h the ant ibody and hence 

the pro te in is associated. This technique has been inva luable i n ident i fy ing the 

reg ion or regions where a pro te in is loca l i zed , howeve r , the technique does 

have l imi ta t ions . O b v i o u s l y , i f the epitope, to w h i c h the an t ibody reacts, is 

h i d d e n , w h i c h m a y be the case i n some p r o t e i n / p r o t e i n or c h r o m a t i n 

complexes , the an t i body w i l l fa i l to iden t i fy that l o c a t i o n of the p ro te in . 

H o w e v e r , the major l i m i t a t i o n of this technique is its reso lu t ion . A s noted 

above, one can on ly determine if an ant ibody is s ta ining a b a n d or an interband. 

O n l y a few studies have attempted to determine h o w m a n y genes are contained 

i n bands or interbands and have found the number varies considerably, some 

bands or interbands have h i g h gene densities w h i l e others conta in on ly a few 

genes (F r i edman et al. , 1991; H a l l et al . , 1983; Spierer et al . , 1983). Thus, one 

cannot use this technique to determine whether a p ro te in is associated w i t h a 

specific gene, or whether it is b o u n d at the regulatory or c o d i n g regions of that 

gene. 

P i l e a n d W a s s e r m a n (2000) u s e d a n t i b o d y s t a i n i n g of po ly t ene 

chromosomes to ask where H D A C 1 was located i n the D . melanogaster genome. 

They f o u n d the a n t i - H D A C l an t ibody b o u n d t h r o u g h o u t the euchromat ic 

regions of the genome, p r i m a r i l y i n the in terband, less condensed, regions of 

e u c h r o m a t i n . S o m e w h a t s u r p r i s i n g l y , it d i d not b i n d to ei ther a- or (3-

heterochromatin. They also stained the same preparat ions w i t h an ant ibody to 

D N A po lymerase II to m a r k active genes. The pa t te rn of s t a in ing d i d not 

over lap w i t h a n t i - H D A C l s ta ining. These observat ions l e d them to conclude 

that H D A C l ' s p r i m a r y funct ion was the repression of genes located i n the less 

D N A dense, in te rband regions of euchromat in , and that it d i d not p l ay a role i n 
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c o n d e n s i n g the m o r e compac t D N A s t ruc tures f o u n d i n the bands or 

he t e roch romat i c reg ions of the genome. S o m e doub t s r e g a r d i n g these 

conclus ions have been ra ised b y the app l i ca t i on of a newer , more sensitive, 

technique (see be low) . In add i t ion , examina t ion of their polytene preparat ions 

stained w i t h a n t i - H D A C l reveal a large, intensely s ta in ing b a n d at the base of 

each chromosome a r m (see Figure 2 of Pi le and Wasse rman (2000)) immedia te ly 

adjacent to the chromocenter . In strains subject to P E V this arrangement is 

altered b y the format ion of an i l l ic i t he te rochromat ic /euchromat ic junct ion that 

may create n o v e l H D A C l b i n d i n g sites or perhaps the cel lular response to such 

an i l l i c i t j u n c t i o n is to recrui t H D A C l . Unfo r tuna t e ly , the d i s t r i b u t i o n of 

H D A C l i n a s t rain subject to P E V was not determined. 

Recently, t w o techniques have been deve loped w h i c h offer m u c h better 

reso lu t ion . O n e relies o n the ab i l i ty of the D N A m e t h y l transferase ( D A M ) 

from E. coli to methylate adenine i n the D N A sequence G A T C (van Steensel et 

a l . , 2001; v a n Steensel a n d Hen iko f f , 2000). T h i s res idue is not n o r m a l l y 

methyla ted i n eukaryotes. The D A M prote in is fused to the pro te in of interest 

and t ransformed into tissue culture cells or w h o l e organisms and the D N A at a 

specific locat ion is ana lyzed w i t h restriction enzymes that recognize G A T C and 

are ei ther sens i t ive or insens i t ive to adenine m e t h y l a t i o n . Differences i n 

digest ion patterns between controls containing the D A M pro te in alone and cells 

t ransformed w i t h the D A M - f u s i o n i m p l y the p ro te in unde r s tudy is d i rec t ing 

the fusion pro te in to that par t icular region. The D A M - f u s i o n methylates G A T C 

over a 2500 base pa i r r eg ion thus p r o v i d i n g enhanced re so lu t ion over the 

s ta in ing of po ly tene chromosomes w i t h ant ibodies. H o w e v e r , this technique 

s t i l l has l imi ta t ions . In some cases, i n gene poor regions of chromosomes, one 
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m a y be able to conclude, w i t h confidence, that the subject pro te in is associated 

w i t h a par t icular gene. H o w e v e r , i n other regions, the genes are very t ight ly 

packed and the results m a y be ambiguous regard ing w h i c h of two, or perhaps 

three, genes the p r o t e i n is associated. O b v i o u s l y , its r e so lu t ion is further 

l i m i t e d b y the existence of G A T C sites that can be methy la ted . Statist ically, 

these sites s h o u l d occur every 256 base pai rs however , i n some sites i n the 

genome, these sites m a y occur rarely. A n o t h e r d r a w b a c k is that, i n some cases 

i n Drosophila, especial ly w i t h some chromat in proteins, it has been diff icult or 

i m p o s s i b l e to ob ta in germ- l ine t ransformants of the fus ion prote ins . For 

example , w h i l e G A G A , dSIR2 (van Steensel et a l . , 2001) a n d S U ( V A R ) 3 - 9 (S. 

N e r , p e r s o n a l c o m m u n i c a t i o n ) D A M - f u s i o n t r a n s f o r m a n t s have been 

successfully recovered, on ly one transformant of an H P 1 fus ion was obtained 

despite several thousand attempts (van Steensel, pe rsona l communica t ion) . I 

have injected over 10,000 Drosophila embryos i n an attempt to generate germ-

l ine t ransformants of ei ther a carboxy or a m i n o - t e r m i n a l D A M fus ion of 

H D A C 1 w i t h o u t ob ta in ing a single t ransformant ( u n p u b l i s h e d observations). 

H o w e v e r , i f a t ransformant can be p r o d u c e d , then a va luab l e resource is 

avai lable to q u i c k l y assess whether the p ro te in associates w i t h potent ia l new 

targets as they come under scrutiny. Somewhat surpr i s ing ly , this technique has 

been l i t t le u sed since its was i n i t i a l l y repor ted (van Steensel and Henikof f , 

2000). Perhaps the d i f f icu l ty i n ob ta in ing germ-l ine transformants is greater 

than it appears or the l imi t s of its resolu t ion have d i scouraged its use w h e n a 

technique w i t h superior resolut ion is available. 

The technique most w i d e l y used to ask whether a p ro te in is associated 

w i t h a speci f ic D N A sequence is f o r m a l d e h y d e c r o s s - l i n k e d C h r o m a t i n 
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Immuno-Prec ip i t a t ion (X-ChIP) . Th i s technique has been used i n eukaryot ic 

cells, f rom the yeasts, S. cerevisiae (Hecht et al . , 1996) and S. pombe ( N o m a et al., 

2001), to a variety of tissue culture cells f rom var ious higher organisms (Nielsen 

et al., 2001). It has also been successfully app l i ed to Drosophila embryos pr ior to 

about 16 hours of development . Af ter 16 hours the ab i l i ty of the formaldehyde 

to penetra te the e m b r y o a n d c ros s - l i nk the p r o t e i n s a n d D N A d r o p s 

precipi tous ly (Cava l l i et al., 1999; O r l a n d o and Paro, 1993). 

X - C h I P is based o n the a s s u m p t i o n that f o r m a l d e h y d e can r a p i d l y 

penetrate the nucleus of a cel l or smal l o rgan ism and cross- l ink the proteins and 

D N A w i t h m i n i m a l d i s r u p t i o n of the n o r m a l d i s t r i b u t i o n pat terns of the 

proteins i n the nucleus. F o l l o w i n g c ross- l ink ing w i t h formaldehyde , the D N A 

is sheared by sonicat ion into fragments of an average size of between 500 and 

1000 base pa i r s . The p r o t e i n / D N A complexes are p r ec ip i t a t ed w i t h an 

ant ibody specific for a part icular protein, the cross-l inks reversed and the D N A 

that was precipi ta ted ana lyzed either b y P C R or Southern Blots . There are two 

further assumptions u p o n w h i c h this technique is based: one, that a l l regions of 

the D N A are equa l ly susceptible to shearing b y sonica t ion after f ixat ion w i t h 

formaldehyde; and two, that the epitope the ant ibody recognizes is available to 

b i n d the an t ibody and is not b u r i e d i n a p r o t e i n / p r o t e i n or p r o t e i n / D N A 

complex. Fa i lu re of either of these assumpt ions to be true w i l l result i n a false 

negative, either because the region under s tudy is more susceptible to shearing 

by sonica t ion and therefore is preferential ly sheared and e l imina ted f rom the 

analysis or the an t ibody w i l l not precipitate the p ro te in because the epitope is 

h i d d e n . H o w e v e r , w h e n this technique does p rov ide a posi t ive ind ica t ion that 
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a prote in is associated w i t h a specific sequence then this is general ly accepted as 

strong evidence that a prote in is indeed associated w i t h the region analyzed. 

The reso lu t ion of this technique is extremely g o o d w h e n P C R is used to 

ana lyze the i m m u n o - p r e c i p i t a t e d D N A . E m p l o y i n g quant i ta t ive P C R and 

statistical analys is , some have repor ted r e so lu t ion d o w n to the l eve l of the 

nucleosome, about 150 base pairs (Rundlet t et a l . , 1998). H o w e v e r , i n most 

studies, the reports general ly employ pr imers that ampl i fy products of between 

200 a n d 500 base pairs . M o r e recently Rea l -T ime P C R has been e m p l o y e d to 

ana lyze the p r o d u c t s of X - C h l P . T h i s t echn ique p r o m i s e s to b r i n g the 

r e so lu t ion d o w n to u n d e r 100 base pai rs a n d p r o d u c e results that can be 

quant i f ied prec ise ly since the kinet ics of the entire P C R are m o n i t o r e d and 

quantif ied accurately d u r i n g the ampl i f ica t ion process ( M i l n e et al., 2002). 

X - C h i p ana lys i s w i t h an a n t i - H D A C l an t ibody was e m p l o y e d i n one 

s tudy to ask whether H D A C 1 was present at var ie ty of promoters and cod ing 

regions i n Drosophila SL-2 cells (Brei l ing et al. , 2001). The report l ooked at two 

genes that were expressed, and six genes that were not, i n this cel l l ine . A s 

expected, H D A C 1 was present at the promoter a n d the 5' c o d i n g regions of a l l 

six genes that were not b e i n g expressed. U n e x p e c t e d l y , H D A C 1 was also 

present at the active genes Abdominal-B (Abd-B) and the locus that codes for the 

subun i t of R N A po lymerase II w i t h a re la t ive m o l e c u l a r mass of 140,000 

(RpII140). H o w e v e r , its d i s t r ibu t ion appeared to be somewhat different f rom 

that observed at repressed loc i . In the case of Abd-B, H D A C 1 appears to be 

str ict ly l o c a l i z e d to the c o d i n g reg ion of the gene and was not found i n the 

p romote r regions . The p r imer s e m p l o y e d to ana lyze RpII140 over lap the 

p r o x i m a l promoter and the 5' cod ing region and therefore loca l iza t ion strictly to 

82 



the cod ing reg ion was not conf i rmed, nor was it r u l ed out. The results appear 

to conf i rm H D A C l ' s role as a general t ranscr ipt ional repressor. H o w e v e r , the 

unexpec ted f i n d i n g that H D A C 1 also associates w i t h act ive genes l e d the 

authors to suggest that perhaps H D A C 1 plays a role i n the regula t ion of active 

genes. H D A C 1 m a y regulate t r ansc r ip t ion ei ther b y ac t ing w i t h h is tone 

acetyltransferases ( H A T s ) to m o d u l a t e the l e v e l of h i s tone ace ty la t ion or 

alternatively, to regulate the activity of some of the general t ranscr ipt ion factors 

(GTFs) that are k n o w n to be acetylated as w e l l . 

In this s tudy I e m p l o y e d X - C h I P to ask whe ther H D A C 1 is associated 

w i t h speci f ic reg ions of the white* gene i n Drosophila a n d whe the r this 

associat ion is al tered w h e n the white* gene is subject to s i l enc ing as a result of 

P E V . In add i t ion , I asked whether the associations observed were altered by 

the presence of a mu ta t i on i n H D A C 1 that is a s t rong suppressor of P E V . The 

data show that w h e n the white* locus is s i lenced due to P E V , H D A C 1 is very 

s t rongly associated w i t h the 1000 base pair reg ion immed ia t e ly 5' to the white* 

cod ing region. In addi t ion , a 500 base pair region approximate ly 6.0 kb 5' to the 

t r an sc r i p t i ona l start is a lso v e r y s t rong ly associa ted w i t h H D A C 1 . The 

increased associat ion w i t h H D A C 1 was complete ly abol i shed b y a muta t ion i n 

H D A C 1 that suppresses P E V and the levels of assoc ia t ion re tu rn to those 

observed w h e n white* was i n its n o r m a l loca t ion . These results suggest that 

H D A C 1 is act ing direct ly at the site of the var iegat ing gene and is an essential 

part of the s i lencing mechan i sm observed i n P E V . 
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M a t e r i a l a n d M e t h o d s 

Drosophila S t ra ins 

Three strains were ana lyzed b y fo rma ldehyde c ross - l inked chromat in 

i m m u n o - p r e c i p i t a t i o n (X-ChIP) : Oregon-R (OR-R) , a w i l d - t y p e strain; In(l)iu"'4 

( w m 4 ) , a s t rain bear ing an X chromosome inve r s ion w h i c h variegates for the w+ 

gene; and In(l)w"'4 ; HDAC326/TM3 Sb Ser (w™ 4 ; 326), a s t ra in bea r ing the X 

c h r o m o s o m e i n v e r s i o n a n d he te rozygous for a m u t a t i o n i n HDACl. A l l 

muta t ions are descr ibed either i n the text or can be f o u n d i n L i n d s l e y and 

Z i m m (1992). 

The flies were reared at 25°C on s tandard yeast-sucrose-corn meal-agar 

m e d i u m to w h i c h a m o l d inhibi tor , Tegosept (methyl-p-hydroxybenzoate) , and 

antibiot ics were added . Several thousand flies of the appropr ia te genotype 

were a d d e d to p o p u l a t i o n cages and embryos for analysis were collected on 

agar plates s u p p l e m e n t e d w i t h a paste made f r o m l i v e yeast. In order to 

e l imina te any eggs re ta ined b y the females for a p r o l o n g e d p e r i o d after 

fert i l izat ion, fresh col lect ion plates were added and the flies a l l o w e d to lay eggs 

for app rox ima te ly three hours and this first co l lec t ion was d i scarded . N e w 

plates were a d d e d and the flies were a l l o w e d to lay eggs for four hours . The 

plates were r e m o v e d and h e l d at 25°C for 12 hours and then processed for X -

C h l P . A c c o r d i n g l y a l l X - C h I P experiments were conducted o n chromat in f rom 

12 -16 hour embryos . 
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Chromatin Immuno-Precipitation (X-ChIP) 

Sonication 

The pro tocol I e m p l o y e d for X - C h I P was m o d i f i e d f rom those of C a v e l l i 

et a l . (1999) a n d M a z o ( u n p u b l i s h e d - p r o v i d e d b y D r . H . B r o c k w i t h the 

p e r m i s s i o n of D r . M a z o ) . A p p r o x i m a t e l y 1.0 g r a m of e m b r y o s were 

dechor ionated b y w a s h i n g i n 3% N a O C l i n E m b r y o W a s h Buffer ( E W B , 0.03 % 

T r i t o n X100, 0.4% N a C l ) for three minutes and then extens ively w a s h e d w i t h 

E W B . The embryos were transferred to a 50 m l . conica l tube a n d washed once 

w i t h 0.01% T r i t o n X100 i n phosphate-buffered sal ine (PBS). The P B S was 

r e m o v e d a n d 10 m l . of C r o s s - l i n k i n g S o l u t i o n (1.8% fo rma ldehyde , 50 m M 

H E P E S , 0.5 m M E G T A , 100 m M N a C l p H 8.0) a n d 30 m l . of heptane were 

added and v i g o r o u s l y shaken for 15 m i n . E m b r y o s were pel le ted b y s p i n n i n g 

at 1000 r p m o n a tabletop centrifuge and the C r o s s - l i n k i n g So lu t ion /hep tane 

was r emoved . Fif ty m l . of Stop So lu t ion ( PBS , 0.125 M glyc ine , 0.01% Tr i ton 

X100) were added and the tube was brief ly shaken. The embryos were a l lowed 

to sediment w i t h o u t centrifugation and the Stop So lu t i on r emoved . Ten m l . of 

W a s h So lu t ion A ( l O m M H E P E S p H 7.6, 10 m M E D T A p H 8.0, 0.5 m M E G T A 

p H 8.0, 0.25% T r i t o n X100) were added and the embryos were washed for 10 

m i n . on a rotator. W a s h So lu t ion A was r e m o v e d a n d replaced b y 10 m l . of 

W a s h So lu t ion B (10 m M H E P E S p H 7.6, 200 m M N a C l , 1 m M E D T A p H 8.0, 0.5 

m M E G T A p H 8.0, 0.01% T r i t o n X100) and the embryos were w a s h e d for an 

a d d i t i o n a l 10 m i n . o n a rotator. The embryos , i n W a s h S o l u t i o n B , were 

transferred to a r o u n d bo t tomed centrifuge tube, a l l o w e d to sed iment and 

W a s h S o l u t i o n B r e m o v e d . Sonica t ion Buffer (10 m M H E P E S p H 7.6, 1 m M 
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E D T A p H 8.0, 0.5 m M E G T A p H 8.0) was a d d e d to 5.5 m l . and then 0.5 g m . 

glass beads (S igma G8893) a n d protease i n h i b i t o r s (1.1 u l of 10 m g / m l 

A p r o t i n i n , 1.1 u l of 10 m g / m l Leupept ins , 5.5 jul of 1 m g / m l Pepstat in A , 63.2 jul 

of 50 m M P M S F , 55 u l of 100 m M B e n z a m i d i n e ) were a d d e d a n d the tube 

placed o n ice. 

The embryos were sonicated o n a Sonic 300 D i s m e m b r a t o r u s i n g the 

mic ro t i p at the m a x i m u m setting of 35%. The o p t i m a l sonica t ion procedure 

was de te rmined e m p i r i c a l l y by m o n i t o r i n g the average size of the genomic 

D N A on agarose gels after a series of 30 sec. sonica t ion pulses. The protocols 

suggest the o p t i m a l average size for genomic D N A for immuno-prec ip i t a t ion is 

be tween 500 and 1000 base pairs . I de te rmined that a r eg imen of six 30 sec. 

sonicat ions, w i t h a pause of 90 sec. be tween each pulse , p r o d u c e d genomic 

D N A w i t h an average size of about 1000 base pairs. Fur ther 30 sec. pulses d i d 

not s ignif icant ly reduce the average size of the D N A . The tube was mainta ined 

on ice th roughout the procedure . Samples were transferred to 1.5 m l . tubes 

and centr ifuged at 4°C for 15 m i n . at m a x i m u m o n a tabletop centrifuge. The 

supernatants were either processed immedia te ly or flash frozen and stored at -

80°C for no more than a few days before be ing further processed. 

Samples were p repa red for i m m u n o - p r e c i p i t a t i o n b y m i x i n g w i t h an 

equal v o l u m e of 6.0 M U r e a and d i a l y z i n g at 4°C for 4 hours i n 1.0 liter of C h I P 

Dia lys i s Buffer (10 m M T r i s - H C l p H 8.0,1 m M E D T A p H 8.0, 0.5 m M E G T A p H 

8.0, 10% glycero l , 1% T r i t o n X100, 0.1% Na-desoxychola te w / v ) supplemented 

w i t h protease inh ib i to r s (11.5 m l . of 50 m M P M S F a n d 10.0 m l . of 100 m M 

Benzamid ine ) . The D i a l y s i s Buffer was rep laced w i t h fresh D i a l y s i s Buffer, 

supplemented w i t h protease inhibi tors , and the samples d i a l y z e d overnight at 
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4°C. The samples were centrifuged at m a x i m u m speed o n a tabletop centrifuge 

at 4°C and the'supernatants d i v i d e d into 1.0 m l al iquots and stored at -80°C. 

I m m u n o - p r e c i p i t a t i o n 

The son ica ted extract was t h a w e d o n ice a n d 100 u l per i m m u n o -

prec ip i t a t ion react ion was r e m o v e d to a 1.5 m l tube a n d protease inh ib i tors 

added ( 2.0 u l of 50 m M P M S F , 0.1 ul of 1.0 m g / m l A p r o t i n i n , 0.2 u l of 1 m g / m l 

Peps ta t in A ) . The extract was pre-cleared b y a d d i n g 10 u l of a P A S / D N A 

s lu r ry and rotated for 30 m i n . at 4°C. The P A S / D N A s l u r r y was made b y 

w a s h i n g 100 m g of p ro te in -A-sepharose beads ( P A S ) w i t h m i l l i - Q d H 2 0 , 

r e m o v i n g the water and a d d i n g 600 ug of sonicated he r r ing spe rm D N A , 0.33 

m g / m l of B S A a n d T E p H 8.0 to make a f ina l v o l u m e of 800 u l . Af te r pre-

clearing, the e x t r a c t / P A S / D N A s lur ry was centrifuged for 1.0 m i n . at 4000 r p m 

and the supernatant r e m o v e d to a n e w 1.5 m l tube. F i v e u l of an an t ibody 

p r o d u c e d against a pep t ide iden t ica l to the 20 a m i n o acids at the carboxy-

terminal tai l of Drosophila H D A C l (Abeam L i m i t e d , abi767) were added to an 

extract f rom each of the three strains to be tested. In a d d i t i o n cont ro l extracts 

f rom each s t ra in , to w h i c h no an t ibody was added , were processed. The 

extracts were rotated overnight at 4°C to a l low ant ibody b i n d i n g . 

The i m m u n e complexes were col lected b y a d d i n g 40 u l of P A S / D N A 

s lurry to each reaction, i n c l u d i n g the no ant ibody control , and rotating for 2 to 3 

hours at 4°C. The beads were pelleted b y gentle centr i fugat ion (1000 r p m for 

1.0 min.) and the supernatants removed. The supernatant f rom the no ant ibody 

con t ro l tube was saved a n d se rved as the source for the Input D N A for 
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subsequent P C R studies. The beads were washed for 5 m i n . at 4 °C w i t h each of 

the fo l l owing buffers: 

L o w Salt I m m u n e C o m p l e x W a s h Buffer = 0.1% SDS, 1.0 % T r i t o n X100, 

2.0 m M E D T A p H 8.0, 20 m M T r i s - H C l p H 8.1,150 m M N a C l ; 

H i g h Salt Immune C o m p l e x W a s h Buffer = 0.1% SDS, 1.0 % Tr i ton X100, 

2.0 m M E D T A p H 8.0, 20 m M T r i s - H C l p H 8.1, 500 m M N a C l ; 

L i C l I m m u n e C o m p l e x W a s h Buffer = 0.25 M L i C l , 1.0% N P 4 0 , 1 . 0 % N a -

desoxycholate, 1.0 m M E D T A p H 8.0,10 m M T r i s - H C l p H 8.1; 

T E = 10 m M T r i s - H C l p H 8.0,1.0 m M E D T A p H 8.0; 

T E = 10 m M T r i s - H C l p H 8.0,1.0 m M E D T A p H 8.0. 

Af ter the last w a s h buffer was removed , 250 u l of freshly made E l u t i o n 

Buffer (1.0% SDS, 0.1 M N a H C 0 3 ) was added, the mix ture was vortexed briefly, 

a n d the i m m u n e complexes were e lu ted b y ro ta t ing for 15 m i n . at r o o m 

temperature. The mix tu re was centr i fuged for 2 m i n . at 9000 r p m and the 

supernatant r e m o v e d to a fresh tube. A second e lu t i on was pe r fo rmed w i t h 

another 250 pi\ a l iquot of E l u t i o n Buffer and the eluates combined . 

In order to reverse the fo rma ldehyde- induced cross- l inks, 20 u l of 5 M 

N a C l was added to each eluate and the tubes incubated at 65°C overnight . The 

D N A i n the samples was e thanol prec ip i ta ted , w i t h the a d d i t i o n of 20 jug 

g lycogen as a carrier, and resuspended i n 50 u l T E p H 8.0. 

Polymerase Chain Reaction Analysis (PCR) 

The D N A precipi tated i n the above reactions was ana lyzed w i t h P C R 

e m p l o y i n g pr imers pairs for specific regions of the D . melanogaster genome 5' to 

the start of w+ gene t ranscr ipt ion (see F igure 1). The p r imer pairs for the 
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P r o x i m a l promoter were: 

G A T T C C G G G G C C T G A G A T G A G G T G C / G G T A C T T C A A A T A C C C T T G G A T C 

G ; for the Di s t a l Promoter were: 

G T T G T C T G T C A C T A G A T C G G C C C / G C A C C T C A T C T C A G G C C C C G G A A T C ; 

and, for the 5' D i s t a l R e g i o n were 

C G A C T C T G C G T C G C T G T C T C G / G T A T G C A G C A G A A T T A G C A G A A G . T w o 

microl i ters of D N A f rom each sample was ampl i f i ed accord ing to the fo l lowing 

protocol : Step 1 = 94°C for 1 min . , Step 2 = 92°C for 30 sec , Step 3 = 58°C for 30 

sec , Step 4 = 75°C for 1 min . , Step 5 = repeat Step 2 to Step 4 29 times, Step 6 = 

75°C for 5 m i n . U n d e r these condi t ions a s ingle b a n d of D N A , approximate ly 

500 base pairs long , was p roduced b y each p r imer pair . 

The a m o u n t of D N A p r o d u c e d b y P C R was quan t i f i ed b y r u n n i n g 

aliquots of each P C R reaction on an agarose gel and s ta ining w i t h S Y B R Green 1 

according to the manufacturer 's instructions (Molecu la r Probes). S Y B R Green 1 

is a fluorescent stain that is specific for double-s t randed D N A and its s ignal is 

l inear to the amoun t of D N A present i n a l l ranges repor ted . The amount of 

D N A p r o d u c e d after 30 P C R cycles was quant i f ied o n a S to rm 860 Phospho-

Imager ( A m e r s h a m Pharmac ia Biotech) by excitat ion at 450 n m and measur ing 

emiss ion at 520 n m . In i t ia l experiments h a d de te rmined that, unde r the P C R 

condit ions e m p l o y e d here, the D N A p roduced at 30 cycles was w i t h i n the l inear 

range of ampl i f i ca t ion (see F igure 2). For each fly s t rain and each p r imer pai r 

the amoun t of D N A p r o d u c e d b y P C R i n the m o c k treated, " N o A n t i b o d y " 

control , i m m u n o - p r e c i p i t a t i o n was compared to the amount p r o d u c e d by the 

a n t i - H D A C l an t ibody and the results expressed as "fold enhancement". 
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Resul t s 

A s reported i n Chapter 2, specific amino ac id substi tut ions i n Drosophila 

H D A C l cause s t rong dominan t suppress ion of white* gene var iega t ion i n the 

w'"4 s t ra in . H o w e v e r , since H D A C l is i n v o l v e d i n a large (and g rowing ) 

n u m b e r of p r o t e i n complexes and b inds to, a n d perhaps regulates, a large 

n u m b e r of genes, i t wa s of cons ide rab le in teres t to d e t e r m i n e whe the r 

muta t ions i n HDACl cause suppress ion b y act ing d i rec t ly o n the var iegat ing 

locus or whether suppress ion is indirect and the result of deregulat ion of one or 

more H D A C l - r e g u l a t e d genes. 

I addressed this ques t ion b y e m p l o y i n g f o r m a l d e h y d e - c r o s s - l i n k e d 

chromat in immuno-prec ip i t a t ion (X-ChIP) . In brief, this technique relies o n the 

abi l i ty of fo rmaldehyde to cross-l ink closely associated proteins and D N A . The 

c ros s - l i nk ing distance of fo rmaldehyde is essent ia l ly zero, since it does not 

contain a l inker , and thus on ly proteins i n very close p r o x i m i t y to the D N A w i l l 

be c ross - l inked to it. Af te r treatment w i t h fo rma ldehyde , the c ross - l inked 

proteins and D N A are sonicated to shear the D N A into fragments, idea l ly of an 

average size of be tween 500 and 1000 base pairs , w h i c h are then chal lenged 

w i t h an an t ibody to the p ro te in of interest. Af te r a l l o w i n g sufficient t ime for 

b ind ing , the a n t i b o d y / p r o t e i n / D N A complexes are precipi ta ted by b i n d i n g the 

ant ibody w i t h Pro te in A l i n k e d to agarose beads. Gent le centrifugation a l lows 

the entire complex to be precipi tated. Af ter extensive w a s h i n g the cross-l inks 

are reversed b y heat treatment and the prec ip i ta ted D N A is ana lyzed . O n e 

invar iab ly includes a m o c k treated sample ("No An t ibody" ) that was exposed to 

the P r o t e i n A agarose beads alone to p r o v i d e a base l ine for non-speci f ic 

p rec ip i t a t ion of D N A b y the p ro te in A c o u p l e d to the agarose beads. The 
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amount of a specific D N A sequence precipi ta ted i n the m o c k treated sample is 

c o m p a r e d to the a m o u n t p r ec ip i t a t ed b y the a n t i b o d y e m p l o y i n g P C R 

ampl i f i ca t ion a n d p r imers specific for the r eg ion of interest. If the p ro te in is 

b o u n d to the sequence of interest then one s h o u l d observe a several f o l d 

enhancement i n the amoun t of the specific sequence i n the an t ibody treated 

sample w h e n compared to the m o c k treated sample . Th i s technique has been 

very successfully a p p l i e d to a w i d e var ie ty of systems, i n par t icular yeast and 

eukaryot ic cel l l ines, a n d has r evo lu t ion ized ou r unde r s t and ing of ch romat in 

structure. H o w e v e r , there has been a dearth of reports o n its app l ica t ion i n 

mul t i ce l lu la r organisms. One of the obvious d rawbacks to u s ing mul t ice l lu la r 

o rgan i sms as a substrate for X - C h I P is that a pa r t i cu l a r p r o t e i n m a y be 

associated w i t h a specific D N A sequence i n on ly one tissue type and even that 

m a y occur at o n l y a par t icu la r t ime d u r i n g deve lopment . A c c o r d i n g l y , the 

number of cells i n w h i c h the pro te in of interest is associated w i t h the target 

sequence m a y be s m a l l and w i l l not p roduce a s t rong e n o u g h s igna l to be 

s ignif icant ly different f rom the m o c k treated sample . Thus , the mosaic nature 

of epigenet ic states i n a m u l t i c e l l u l a r o r g a n i s m m a y render this technique 

unusable for the analysis of m a n y or most proteins i n intact complex organisms. 

In the present case I thought I cou ld emp loy X - C h I P to ask i f H D A C l is 

associated w i t h the white* gene i n w"'4 because some of the characteristics of P E V 

suggest the s i gna tu re v a r i e g a t i n g e x p r e s s i o n p a t t e r n is c aused b y a 

phenomenon occur r ing throughout the organism and not solely i n the tissues i n 

w h i c h the var iegat ing gene is expressed. First, i n Drosophila, c lonal analysis of 

var iegat ion of the white* gene i n the eye and temperature shift studies of several 

genes a l l po in t to a very early determinat ive event i n es tabl ishing the s i lencing 

91 



associated w i t h P E V (see Chap te r 1 for details) . W h i l e this has o n l y been 

s tud ied for a few genes, the results consistently po in t to some event occur r ing 

about the t ime of cel lular b las toderm formation, regardless of the loc i i n v o l v e d , 

w h i c h is app rox ima te ly the t ime he te rochromat in first appears i n Drosophila 

embryos a n d the zygo t i c genome becomes t ranscr ip t iona l ly active (Lawrence, 

1992). Thus i f P E V is the result of "heterochromat in iza t ion" of a var iegat ing 

gene, it m a y occur i n a l l cells at r ough ly the same t ime, a r o u n d b las toderm 

format ion, a n d w e l l before the embryos are harves ted (12 to 16 hours) i n m y 

expe r imen t s . S e c o n d , m i c r o s c o p y s tudies have e x a m i n e d the extent of 

s p r e a d i n g of he t e roch roma t in i n the po ly tene ch romosomes of Drosophila. 

There was a s t rong correlat ion between the extent of spreading i n the polytenes 

and the p r o p o r t i o n of cells i n w h i c h a va r i ega t i ng gene is expressed (see 

C h a p t e r 1 for detai ls) . T h i s cor re la t ion , b e t w e e n p o l y t e n e c h r o m o s o m e 

m o r p h o l o g y i n the sa l ivary glands late 3 rd instar larvae and the expression of 

var iega t ing genes i n the cells of the adult , suggests that, once b e y o n d cellular 

b l a s t o d e r m , the a rch i t ec tu re of the c h r o m a t i n s u r r o u n d i n g the n e w 

he te rochromat ic /euchromat ic junct ion m a y be the same, or r ough ly the same, 

i n a l l cells regardless of tissue type or deve lopmenta l stage. T h i r d , mutat ions i n 

HDACl suppress several different var iegat ing genes (see Chapte r 2, Table 1). It 

is possible that muta t ions i n HDACl ind i rec t ly suppress each of the other genes 

v i a d e r e g u l a t i o n of a different set of genes, b u t a m o r e p a r s i m o n i o u s 

e x p l a n a t i o n is that muta t ions i n HDACl have their effect v i a a c o m m o n 

m e c h a n i s m that occurs th roughout the genome a n d suppresses these genes 

regardless of the tissue i n w h i c h they are expressed. Th i s c o u l d be the early 
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"determinative" event i n P E V that c lonal analysis and temperature shift studies 

have ident if ied. 

I e m p l o y e d X - C h I P i n 12 to 16 hour Drosophila embryos and a X - C h I P 

qua l i ty , c o m m e r c i a l an t ibody , specific for D . melanogaster H D A C l ( A b e a m 

L i m i t e d , abl767) to ask i f H D A C l is associated w i t h specific regions of the 

va r i ega t ing white* gene a n d further, i f this assoc ia t ion was a l tered i n the 

HDACl m u t a t i o n s that suppres sed P E V . F i g u r e 1 is a d i a g r a m m a t i c 

representat ion of the genomic reg ion 5' to the white* gene. The white* gene 

promoter has been extensively characterized (Dav i son et al . , 1985; L e v i s et al., 

1985; Pir rot ta et al . , 1985). 

I chose three regions to examine for the presence of H D A C l . The first 

region, the P r o x i m a l Promoter , is the 500 bp immedia te ly 5' to the start of white* 

gene t r ansc r ip t ion a n d contains the m i n i m a l p r o m o t e r for the locus . The 

second region, the D i s t a l Promoter , is the 500 base pairs immed ia t e ly 5' to the 

P r o x i m a l Promoter . F i n a l l y I chose a 500 base pair r eg ion about 6.0 kilobases 5' 

to the t ranscr ip t ional start of white*, the 5 'Dis ta l R e g i o n . I chose the P r o x i m a l 

and D i s t a l P r o m o t e r regions because they s h o u l d s h o w whe the r H D A C l 

associates w i t h the regula tory regions of the white* gene w h e n it is subject to 

P E V . I chose the 5' D i s t a l r eg ion because compara t ive analys is of the three 

regions m i g h t p r o v i d e some ins ight into the mo lecu l a r m e c h a n i s m of P E V . 

W h i l e the molecu la r mechan i sm u n d e r l y i n g P E V has not been elucidated, the 

most e n d u r i n g theory is that s i lenc ing spreads out f rom the heterochromatic 

b reakpo in t b y a l te r ing the structure of ch romat in . If "spreading" invo lves a 

c o n t i n u o u s s t ruc tu ra l change i n the c h r o m a t i n e m a n a t i n g out f rom the 

breakpoint , then one migh t expect to see n e w pro te in associations, such as w i t h 
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5' Distal 
Region 
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Proximal 
Promoter 

primer site 

_| 500 base pairs 

Figure 1. Diagramat ic representation of the genomic reg ion 5' to the w+gene i n 

D . melanogaster. The regions analyzed b y X - C h I P and P C R are indicated. 

The f i l led a r row indicates the start of t ranscr ipt ion and the boxed region 

shows the first exon. 
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H D A C l , not o n l y at the p romote r of a s i lenced va r i ega t ing gene, but also 

further away f rom the breakpoint , i n this case, further 5' to the white* gene. O n 

the other hand , if H D A C l ' s new associations were just at specific sequences, for 

example at p romote r sequences, then any m o d e l a t t empt ing to exp la in P E V 

w o u l d have to accommodate such selective associations. A c c o r d i n g l y , as a first 

attempt at examin ing the quest ion of spreading I chose the 5' D i s t a l Region . 

For compara t ive purposes I examined these regions f rom the white* gene 

i n three strains. First, i n the wi ld - type strain Oregon-R (OR-R) , where the white* 

gene is i n its n o r m a l locat ion near the t ip of the X chromosome. Second, i n the 

invers ion strain, In(l)w"'4 (w1"4). In this strain, the inve r s ion relocates the white* 

gen e to w i t h i n a b o u t 25 k i l o b a s e s o f the n e w l y f o r m e d 

he te rochromat ic /euchromat ic junct ion (Tartof et a l . , 1984) and as a result the 

white* gene is subject to P E V . The white* gene is s t rong ly s i lenced at this 

locat ion and is on ly expressed i n approximate ly 5-15% of the eye p igment cells. 

F i n a l l y , the regions were e x a m i n e d i n the i n v e r s i o n s t ra in w h i c h bears the 

HDACl 326 muta t ion , In(l)w'"4; HDACl326/TM3SbSer (wm4; 326). P E V is s trongly 

suppressed as a resul t of the m u t a t i o n i n HDACl and the white* gene is 

expressed i n 80-90% of the eye pigment cells (see Chapter 2, Tab le l ) . 

I e m p l o y e d P C R to analyze the products of X - C h I P reactions. In order to 

compare relat ive differences between the products of P C R reactions, one must 

ensure the p r o d u c t s are quan t i f i ed d u r i n g the l i nea r phase of the P C R 

ampl i f i ca t ion . To determine the l inear phase of P C R unde r the condi t ions I 

e m p l o y e d , I u s e d the p r imer s specif ic for each r e g i o n a n d quan t i f i ed the 

produc t p r o d u c e d after a set number of P C R cycles. A n example is s h o w n i n 

Figure 2, w h i c h shows the results of P C R ampl i f ica t ion of the Di s t a l Promoter 
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Figure 2 G r a p h of the relat ionship between fluorescence ( A m o u n t of D N A ) and 

P C R C y c l e i n the Dis ta l Promoter Reg ion (see F igure 1). The amount 

of D N A was quantif ied on a S torm 860 Phospho-Imager (see Mater ia ls 

and M e t h o d s for details). 
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region . For a l l regions unde r the condi t ions I e m p l o y e d , ampl i f i ca t ion was 

l inear be tween 26 and 32 cycles. A c c o r d i n g l y , i n a l l subsequent experiments, 

the P C R was t e rmina ted after 30 cycles a n d the a m o u n t of the p r o d u c t 

v i sua l i zed o n an agarose gel stained by e t h i d i u m b r o m i d e and quantif ied us ing 

S Y B R Green 1 and a phospho- imager (see Mater ia ls and M e t h o d s for details). 

The D N A I ana lyzed b y P C R came f rom three sources for each strain. 

The first was total genomic D N A that h a d been cross- l inked, sonicated and the 

cross-l inks reversed (Input D N A ) . The second was the D N A precipi ta ted from 

the Input D N A b y the p ro te in A agarose beads alone ( N o A n t i b o d y ) and the 

t h i r d was the D N A prec ip i ta ted f rom the Input D N A b y the a n t i - H D A C l 

an t ibody ( a n t i - H D A C l ) . Each D N A source was a n a l y z e d b y P C R u s i n g 

pr imers specific for each region. F igure 3 presents the results obta ined from 

analysis of the P r o x i m a l Promoter region, F igure 4 the D i s t a l P romoter region 

and Figure 5 the 5' D i s t a l region. It is apparent f rom the agarose gels (panel A , 

F igures 3, 4, a n d 5) that i n each region, relat ive to the N o A n t i b o d y control , 

there is cons iderab ly more P C R produc t i n the a n t i - H D A C l lane of w'"4 than 

there is i n the OR-R lane. It is also apparent that, i n the inve r s ion strain bearing 

the H D A C l muta t ion , w'"4;326, the amoun t of the P C R p roduc t i n the anti-

H D A C l lane returns to approx ima te ly the levels obse rved i n OR-R. Thus , 

unde r cond i t ions where the white* gene is s i l enced due to P E V , H D A C l is 

s t rongly associated w i t h the promoter a n d regu la to ry sequences i n the 1.0 

ki lobase i m m e d i a t e l y 5' to the white* gene (panel A i n F igu re 3 and 4). This 

association is not restricted to the sequences adjacent white* a n d H D A C l is also 

found at the 5' D i s t a l region, some 6.0 kilobases 5' to white* (panel A i n F igure 

5). 
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g No A n t i Fold 

Strain Ant ibody H D A C l Enhanced 

O R - R 2115 11,542 5.5 

w m4 1154 22,530 19.5 

w m 4 ; 3 2 6 1983 11,025 5.6 

25 
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B 
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H io 
w 
2 5 o 

0 

Proximal Promoter 

O R - R w m 4 w m 4 ; 326 

Strain 

Figure 3 H D A C l is associated w i t h the P r o x i m a l Promoter of w+ i n a l l strains 

but the level is elevated i n w m 4 . (A) is a sample agarose gel, (B) is the 

amount fluorescence measured on a phospho-imager and (C) shows the 

leve l of H D A C l enhancement i n each strain relative to the " N o A n t i b o d y " 

controls. 
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Figure 4 H D A C l is associated with the Distal Promoter of the w+ gene in wm4 but 

not with the Distal Promoter of OR-R or wm4; 326. (A) is a sample agarose 

gel, (B) is the amount of fluorescence measured on a phospho-imager and 

(C) shows the level of H D A C l enhancement in each strain relative to the 

"No Antibody" controls. 
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O R - R 

m4 
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m 4 
w ;326 

N o ant i 

Input A n t i b o d y H D A C l 

B 
N o A n t i F o l d 

S t ra in A n t i b o d y H D A C l Enhanced 

O R - R 6382 16,295 2.6 

w m 4 1395 29,965 21.5 

w m 4 ; 326 3998 10,507 2.6 
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Figure 5 H D A C l is associated w i t h the 5' Dis ta l Reg ion of the zv+ gene i n wm4 

but not w i t h the 5 Dis ta l Region of OR-R or wm4; 326. (A) is a sample 

agarose gel, (B) is the amount of fluorescence measured on a phospho-

imager and (C) shows the level of enhancement i n each strain at this 

region relative to the " N o A n t i b o d y " controls. 
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In order to quantify these differences, al iquots of the P C R reactions were 

r u n on agarose gels and s ta ined w i t h S Y B R G r e e n 1. The amount of the 

products was quant i f ied on a phospho- imager and the results are presented i n 

tabular f o r m (panel B , F igures 3, 4, and 5) a n d i n g r aph i ca l fo rm (panel C , 

Figures 3, 4, and 5) 

In OR-R, at the D i s t a l P romote r r e g i o n (Figure 4B a n d C ) a n d the 5' 

D i s t a l R e g i o n (Figure 5B and C) there was a sl ight enhancement i n the amount 

of p roduc t p r o d u c e d f rom the a n t i - H D A C l sample relative to the N o A n t i b o d y 

controls, be tween a 2.6 and a 2.8 fo ld enhancement. In the P r o x i m a l Promoter 

reg ion (Figure 3B and C) there was a 5.5 fo ld enhancement. F r o m m y data, I 

cannot determine whether this is due to non-specific p rec ip i ta t ion of the D N A 

sequences b y the an t ibody or represents a s m a l l bu t s igni f icant amount of 

H D A C l b o u n d to a l l three regions i n OR-R. H o w e v e r , the increases are very 

sma l l at the D i s t a l P romoter and the 5' D i s t a l Reg ion . I have per formed P C R 

w i t h pr imers specific for other sequences i n the Drosophila genome, unrelated to 

the white* gene, a n d a l l are s l igh t ly increased i n the sample f r o m the ant i -

H D A C l an t ibody relat ive to the N o A n t i b o d y controls (data not shown) . In 

v i e w of these observat ions I bel ieve the s l ight enhancement observed at the 

Dis t a l P romote r and the 5' D i s t a l R e g i o n are l i k e l y the result of non-specific 

p rec ip i t a t ion b y the an t ibody. O n the other hand , i n OR-R, the enr ichment 

observed at the P r o x i m a l Promoter is somewhat higher , i n fact almost double 

that obse rved i n the other regions. Th i s m a y represent a bone fide site of 

H D A C l b i n d i n g and suggests H D A C l may be i n v o l v e d i n the regulat ion of the 

white* gene i n its n o r m a l locat ion on the X chromosome. 
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In contrast, a l l regions of the white* gene i n the w'"4 s t ra in show strong 

association w i t h H D A C l . In w1"4, the amount of P C R produc t for each region i n 

the a n t i - H D A C l sample was m u c h h ighe r t han that obse rved i n the N o 

A n t i b o d y controls, f rom a 13.9 fo ld enr ichment at the D i s t a l Promoter (Figure 

4B and C) to a 21.5 fo ld enr ichment at the 5' D i s t a l R e g i o n (Figure 5B and C) . 

This represented an increase of rough ly 5 fold over the levels observed i n OR-R. 

The l eve l of enhancement was not u n i f o r m th roughou t the regions tested, 

suggest ing that different levels of H D A C l m a y be associated w i t h different 

regions. W h i l e the differences are s ignif icant , as i n the case of the D i s t a l 

Promoter (13.9 fold) as compared to the P r o x i m a l P romote r (19.5 fold) and the 

5' D i s t a l R e g i o n (21.5 fold) , it is not clear w h a t the i m p l i c a t i o n s of these 

difference are. A n y conclusions must await the creation of a more accurate map 

of the d i s t r i bu t ion of H D A C l i n the white* r eg ion of w'"4 u s i n g P C R pr imers 

d i s t r i b u t e d t h r o u g h o u t this i n t e rva l . H o w e v e r , w h a t is clear is that the 

promoter of white*, and perhaps the entire r eg ion con ta in ing the white* gene, 

shows a s ignif icant increase i n its association w i t h H D A C l w h e n i t is s i lenced 

due to P E V i n the w"'4 strain. 

H o w e v e r , w h e n the w'"4 s t ra in carries a m u t a t i o n i n HDACl that 

suppresses P E V , HDACl326, the increased assoc ia t ion of H D A C l w i t h a l l 

regions tested is abol ished. In fact, the pattern of H D A C l association becomes 

ident ical to that seen i n OR-R, w i t h the Dis t a l Promoter (Figure 4B and C) and 5' 

Di s t a l R e g i o n (Figure 5B and C) s h o w i n g li t t le or no associat ion w i t h H D A C l 

w h i l e the P r o x i m a l Promoter (Figure 3B and C) d i sp lays a s l igh t ly increased 

association w i t h H D A C l . 
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These data p r o v i d e c o m p e l l i n g ev idence that H D A C l is spec i f ica l ly 

associated w i t h the ivhite+ gene i n w'"4, but only w h e n the gene is si lenced due to 

P E V . In the same strain, bear ing a muta t ion i n HDACl, P E V is suppressed, the 

white* gene is active and H D A C l is no longer associated w i t h the region. This 

p rov ides the first evidence that the produc t of a Su(var) gene is acting direct ly 

at a var iega t ing locus and suggests H D A C l is an essential component of the 

s i lencing mechan i sm at w o r k i n P E V . 

It is impor tan t to note that, i n the presence of HDACl326, p igment levels 

i n the eye are o n l y increased to about 85% of the amoun t observed i n OR-R. 

This difference was not detected by the X - C h I P experiments described here and 

the results f rom OR-R and w'"4; 326 appear a lmost iden t ica l . The inab i l i ty to 

detect any r e s i d u a l H D A C l at the white* p r o m o t e r i n the w"'4; 326 s t ra in 

suggests that, either s i l enc ing re-establishes itself after late embryogenesis , 

perhaps w i t h o u t a requirement for H D A C l , or that the l imi t s of sensi t ivi ty of 

this pa r t i cu l a r m e t h o d of X - C h I P have been reached a n d it cannot detect 

relat ively sma l l differences. If the later is the case then caut ion must be appl ied 

w h e n a t t empt ing to d r a w conc lus ions f rom s m a l l differences i n apparent 

H D A C l association at the var ious regions. 
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Discussion 

The po in t mutat ions i n HDACl, described i n Chapte r 2, were isolated i n 

a genet ic screen for d o m i n a n t mu ta t ions that suppress the v a r i e g a t i n g 

pheno type associated w i t h P E V (Mot tus , 1983; S inc la i r et a l . , 1983). These 

mutat ions suppress P E V general ly and are not specific modif ie rs of the white* 

gene. There is a large and g r o w i n g b o d y of evidence that H D A C l is a member 

of several p ro te in complexes and is i n v o l v e d i n the regu la t ion of m a n y genes 

(for examples see Chapter 1 and Chapter 2). This raises the quest ion of whether 

the dominan t mutat ions i n HDACl characterized here are acting direct ly on the 

var iega t ing locus or whether the suppress ion of P E V is indirect , the result of 

deregula t ion of one or more H D A C l - r e g u l a t e d genes. Several other chromat in 

proteins have also been ident i f ied through screens for dominan t suppressors of 

P E V , for example H P 1 (Mot tus , 1983; Reuter a n d Wolf f , 1981), S U ( V A R ) 3 - 7 

(Reuter et al . , 1990) and S U ( V A R ) 3 - 9 (Tschiersch et a l . , 1994). W h i l e these 

proteins have been s h o w n to local ize to heterochromatic regions of the genome, 

whether their role i n suppress ing P E V is direct or indirect remains speculative. 

In addi t ion , recent studies w i t h antibodies p roduced against the D . melanogaster 

H D A C l p ro te in , fa i led to f i n d s igni f icant he te rochromat ic l o c a l i z a t i o n of 

H D A C l (Bar low et al . , 2001; P i le and Wassarman , 2000). Thus the quest ion of 

whe the r H D A C l or the other c h r o m a t i n pro te ins p l a y a d i rec t ro le i n the 

mechan i sm of P E V has remained open. 

I d e c i d e d to use the technique of X - C h I P to address this ques t ion 

direct ly. This technique has been e m p l o y e d w i t h great success i n single-celled 

organisms and i n eukaryot ic cells g r o w n i n tissue culture, where one can easily 

obta in a r e l a t ive ly homogeneous p o p u l a t i o n of cells. It has been used less 
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frequently i n mul t i -ce l lu la r organisms. In most cases, mul t i -ce l lu la r organisms 

m a y not be g o o d substrates for X - C h I P since they are c o m p r i s e d of m a n y 

different ce l l types, each w i t h their o w n un ique pat tern of gene expression. 

This heterogeneity m a y obscure events occur r ing i n a s ingle cell type and thus 

render results f rom X - C h I P uninterpretable. The exceptions to this rule have 

occurred almost exc lus ive ly i n studies of Drosophila embryos that attempted to 

isolate the b i n d i n g sites of certain regulatory proteins, especial ly member of the 

P o l y c o m b G r o u p of genes, that act i n early deve lopmen t (Or l ando and Paro, 

1993). H o w e v e r , w i t h respect to P E V , there is some evidence that the s i lencing 

observed i n this p h e n o m e n o n occurs ear ly i n embryogenes i s i n many , and 

perhaps a l l , cells i n the o rgan i sm (see Chapte r 1). Therefore I was of the v i e w 

that P E V m a y be amenable to X - C h I P analysis. 

I used X - C h I P and a commerc ia l ly available, X - C h I P qua l i ty ant ibody to 

H D A C l , to ask whether H D A C l is associated w i t h specific regions of the white* 

gene i n three strains: Oregon-R (OR-R), i n w h i c h the white* gene is expressed 

normal ly ; In(l)w'"4 (w'"4) i n w h i c h the white* gene is s i lenced due to P E V and is 

on ly expressed i n about 5-15% of the eye p igment cells; and , In(l)w"'4; HDACl326 

(wm4; 326) i n w h i c h the muta t ion i n HDACl suppresses the s i lencing due to P E V 

and the white* gene is expressed i n 80-90% of the eye p igment cells. 

For this i n i t i a l characterization, I chose to analyze three regions 5' to the 

start of t ranscr ip t ion of the white* gene (Figure 1) i n each strain. The first 500 

base pa i r reg ion , the " P r o x i m a l Promoter" , is i m m e d i a t e l y 5' to the start of 

t ranscr ipt ion and inc ludes the white* gene m i n i m a l p romoter (Levis et al . , 1985; 

Pi r ro t ta et al . , 1985). The second region, the "Dis ta l Promoter" , is the reg ion 

i m m e d i a t e l y 5' to the m i n i m a l p romoter and contains elements i n v o l v e d i n 
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regulat ing the white* gene i n adult tissues (Dav i son et al . , 1985). In addi t ion , I 

chose a r eg ion approx imate ly 6.0 ki lobases 5' to the white* gene, the "5' D i s t a l 

Region", w h i c h does not contain any elements k n o w n to regulate white*. The 

first two regions were chosen because they contain k n o w n regulatory regions of 

white* and therefore m i g h t be expected to s h o w alterations w h e n the gene is 

si lenced. The 5' D i s t a l R e g i o n was chosen i n order to determine whether or not 

any changes observed at the white* promoter were propagated ups t ream of the 

gene. 

X - C h I P analysis of the association of H D A C l w i t h the white* gene w h e n 

it is i n its n o r m a l loca t ion at the t ip of the X chromosome i n the OR-R s train 

suggest l o w levels of H D A C l m a y be associated w i t h the P r o x i m a l Promoter 

reg ion (Figure 3), but that H D A C l is p robab ly not associated w i t h either the 

Di s t a l Promoter reg ion (Figure 4) or the 5' D i s t a l R e g i o n (Figure 5). In OR-R the 

levels of H D A C l associa t ion at the P r o x i m a l P r o m o t e r d i s p l a y e d a 5 fo ld 

increase over b a c k g r o u n d and approximate ly twice as h i g h as that observed i n 

either the Di s t a l Promoter and the 5' Dis ta l Region . It w o u l d not be par t icular ly 

surpr i s ing to f ind that H D A C l is no rma l ly associated w i t h the white* gene at its 

promoter , where , p resumably , it w o u l d act as a repressor. The on ly tissue i n 

the larvae i n w h i c h the white* gene is k n o w n to be expressed, is the ma lp igh i an 

tubules (Levis et al . , 1985; Pirrot ta et al . , 1985). Therefore i n almost a l l cells of 

the 12-16 hour embryos, w h i c h were the substrate for X - C h I P , the white* gene is 

inactive. A c c o r d i n g l y , I bel ieve the 5-6 fo ld increases observed at the P r o x i m a l 

Promoter represent actual sites of H D A C l association. 

Whe the r the 2-3-fold enhancement observed at the D i s t a l Promoter and 

the 5' D i s t a l R e g i o n represent ac tual sites of H D A C l assoc ia t ion is more 
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problematic . O n e of the difficulties w i t h in terpre t ing these results stems f rom 

a t tempt ing to do X - C h I P i n a w h o l e o rgan i sm, w h e r e i t m a y be diff icul t , o r 

imposs ib le , to f i n d a c h r o m o s o m a l r eg ion to use as a negat ive cont ro l for 

a ssoc ia t ion w i t h H D A C l . H o w e v e r , I h a v e p e r f o r m e d X - C h I P w i t h a 

monoc lona l an t ibody that does not have any target proteins i n Drosophila, the 

T7 ant igen an t ibody , and it non-spec i f ica l ly precipi ta tes D N A f rom several 

regions of the genome at levels 2-3 f o l d above the N o A n t i b o d y controls 

(unpubl i shed observations). Therefore, I th ink it l i ke ly that the a 2-3 fo ld levels 

of enhancement observed i n OR-R at the D i s t a l P romote r a n d the 5' D i s t a l 

R e g i o n of OR-R represent non-specific prec ip i ta t ion of D N A sequences by the 

a n t i - H D A C l ant ibody and not actual sites of H D A C l association. 

In contrast, the results clearly show that i n w'"4, where the white* gene is 

s i lenced due to P E V , H D A C l shows a s trong associat ion w i t h a l l three regions 

(Figure 3, 4 and 5). The levels of H D A C l observed i n w'"4 at each region are far 

greater t han that seen i n OR-R a n d s h o w at least a 14-fold increase i n 

association at a l l regions. 

H o w e v e r , w h e n the d o m i n a n t suppres so r of P E V , HDACl326, i s 

in t roduced into the w'"4 strain, the increased H D A C l associat ion no rma l ly seen 

at a l l regions i n w'"4, is abol ished (Figures 3, 4 a n d 5). The levels of H D A C l 

associa t ion r e tu rn to that observed w h e n the white* gene is at its n o r m a l 

locat ion at the t ip of the X chromosome as i n the OR-R s train. In fact the levels 

of H D A C l at each reg ion i n w'"4; 326 precisely mi r ro r the levels observed i n OR-

R, i n c l u d i n g the s l ight enr ichment observed i n the P r o x i m a l P romote r reg ion 

(Figure 3). 
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The h i g h levels of H D A C l associated w i t h the three regions ana lyzed at 

the white* locus w h e n it is s i lenced as a result of P E V i n w'"4, w h i c h are not 

present w h e n white* is at its n o r m a l locat ion i n OR-R, p rov ides s trong evidence 

for H D A C l ' s direct i nvo lvemen t i n P E V . In add i t ion , the observat ion that the 

associat ion w i t h these regions is abol i shed b y a m u t a t i o n i n HDACl imp l i e s 

that H D A C l is an essential component of the s i lenc ing m e c h a n i s m at w o r k i n 

P E V . This is the first evidence of a protein's direct i nvo lvemen t i n the s i lencing 

associated w i t h P E V . 

The fact that an H D A C is present at a site does not guarantee that it is 

r egu la t ing the gene or p h e n o m e n o n also present at the site. F o r example , 

H D A C l has been f o u n d at active genes ( B r e i l i n g et a l . , 2001), w h i c h was 

surpr i s ing , g iven H D A C l ' s suspected role as a t ranscr ipt ional repressor. There 

c o u l d be m a n y reasons for such an association, i n c l u d i n g someth ing as s imple 

as H D A C l be ing stored, i n an inactive form, to be q u i c k l y accessible for r ap id 

repression of the gene. A c c o r d i n g l y , R o b y r et a l . (2002) have suggested three 

cr i ter ia be adop t ed to d i s t i n g u i s h whe the r an H D A C is ac t ing d i rec t ly or 

ind i rec t ly on gene express ion. The authors were speak ing to genome w i d e 

analysis bu t their considerat ions can be easi ly ex tended to a p p l y to X - C h I P 

studies of H D A C s as w e l l . The X - C h I P versions of these cri teria w o u l d be: (1) 

X - C h I P studies to determine whether the H D A C is associated w i t h chromat in at 

the suspected site; (2) since the H D A C s substrates are the his tone proteins, 

analysis of the acetylat ion pattern of the histones at the site of association; and 

(3) t ranscr ipt ional analysis of the suspected H D A C - r e g u l a t e d gene. This thesis 

has addressed two of the three criteria w i t h respect to H D A C l ' s involvement i n 

P E V . The X - C h I P studies conf i rm H D A C l is associated w i t h the euchromatic 
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reg ion that variegates w h e n , a n d on ly w h e n , it is subject to P E V . Secondly, 

muta t ions i n H D A C l , that suppress P E V , abol i sh the associat ion and restore 

t ranscr ip t ion to a lmost w i l d - t y p e levels. The r e m a i n i n g cr i ter ion, analysis of 

the acetylated state of the histone proteins i n the ch roma t in s u r r o u n d i n g the 

white* gene, has not been a part of the s tudy. In spite of this, I submi t the 

evidence presented here in is compe l l ing that H D A C l p lays an essential role i n 

the s i lencing associated w i t h P E V . 
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Chapte r 4 

S u m m a r y and G e n e r a l D i s c u s s i o n 
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G e n e r a l D i s c u s s i o n 

Summary 

The m o d e l sys tem our laboratory has been u s i n g to invest igate gene 

s i lencing is pos i t ion effect var iegat ion (PEV) i n D . melanogaster (Grigl ia t t i , 1991; 

Schot ta et a l . , 2003; Spof fo rd , 1976). W h e n P E V occurs , genes n o r m a l l y 

expressed i n a par t icular tissue are si lenced i n some cells of that tissue because 

a c h r o m o s o m a l rearrangement has p laced the r eg ion i n w h i c h the genes are 

located next to a breakpoint i n heterochromatin. In some cells of the tissue, the 

genes are expressed normal ly , w h i l e i n others, the genes are si lenced, and those 

cells d i s p l a y a mu tan t pheno type . A c c o r d i n g l y , that t issue is mosa ic or 

variegated. Important ly , the decis ion whether a gene w i l l be active or inactive 

is made ear ly i n deve lopment and that dec is ion is passed on to daughter cells 

w i t h reasonable f idel i ty. Thus P E V mimics n o r m a l deve lopment i n many ways. 

Th i s has l e d ou r lab, a n d several others, to try to dissect the mechan isms 

u n d e r l y i n g P E V w i t h the hope they w i l l shed some l igh t o n the more general 

s i lencing mechanisms that occur d u r i n g n o r m a l development . 

One of the convent ional approaches to dissect ing a phenomenon such as 

P E V is to isolate muta t ions that mod i fy the associated phenotype . Subsequent 

analysis of the muta t ions and their effects p r o v i d e s some ins igh t into that 

phenomenon . In the case of P E V , on ly a few mutat ions have been c loned and 

ana lyzed i n any deta i l . H o w e v e r , the insights they have p r o v i d e d into P E V , 

and s i lenc ing i n general, have had considerable impact . Fo r example, Su(var)3-

9 encodes an p ro te in that can methylate lys ine 9 o n histone H 3 . M a n y have 

suggested this creates an epigenetic mark that is passed o n to daughter cells to 
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main ta in s i lencing, not on ly i n P E V , but also i n other s i l enc ing systems i n the 

cel l ( C z e r m i n et al. , 2001; Richards and E l g i n , 2002; Schotta et a l , 2002; Turner , 

2002). A c c o r d i n g l y , the c lon ing and character izat ion of add i t i ona l mutat ions 

that mod i fy P E V holds great promise for increasing our unders tand ing of both 

P E V and other s i lencing mechanisms e m p l o y e d b y eukaryot ic cells. 

Chapte r 2 presents the c lon ing and character izat ion of a gene ident i f ied 

i n a screen for dominan t mutat ions that suppress the s i l enc ing associated w i t h 

P E V . The gene is HDACl, w h i c h encodes an histone deacetylase homologous 

to H D A C l , f r o m m a m m a l s , a n d R p d 3 , f rom S. cerevisiae. Specif ic missense 

mutat ions i n HDACl suppress P E V , w h i l e h y p o m o r p h i c or n u l l alleles have no 

effect on the var iegat ing phenotype. Chapter 3 p rov ides evidence that H D A C l 

is d i rec t ly i n v o l v e d i n P E V b y demons t ra t ing the p ro t e in is present o n the 

c h r o m a t i n s u r r o u n d i n g a gene s i lenced as a resul t of P E V . H o w e v e r , the 

Su(var) m u t a t i o n s i n HDACl abo l i sh the pro te in ' s a s soc ia t ion w i t h the 

ch roma t in s u r r o u n d i n g the var iega t ing locus a n d restore the ac t iv i ty of the 

var iegat ing gene. 

Discussion 

There are current ly two w i d e l y he ld theories about the mechan i sm at the 

basis of P E V (Gr ig l i a t t i , 1991; Schotta et al . , 2003; Spofford , 1976). The most 

endur ing is the "Spreading Hypothesis" . It posits that factors no rma l ly found i n 

he terochromat in spread out f rom the n e w c h r o m o s o m a l j unc t ion a n d create a 

chromat in env i ronment that suppresses t ranscr ipt ion. The distance the factors 

spread is independen t i n each cel l and therefore i n some cells the factors w i l l 

sp read far e n o u g h to inact ivate a va r i ega t i ng gene, w h i l e , i n other cells, 
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s p r e a d i n g w i l l s top before r each ing the gene a n d i t w i l l be t r ansc r ibed 

normal ly . 

M o r e recent ly , an al ternat ive hypothes is , the " C o m p a r t m e n t a l i z a t i o n 

Hypo thes i s " , has been p roposed . It posits that he te rochromat ic regions of 

ch romosomes are p o s i t i o n e d i n specific loca t ions or compar tmen t s of the 

nucleus that exclude the factors required for t ranscr ip t ion and therefore w h e n a 

gene is i n this compar tment it is silenced. The mosaic phenotype of P E V occurs 

because the v a r i e g a t i n g gene is somet imes l o c a l i z e d to a he terochromat ic 

compar tment , and therefore s i lenced, and somet ime l o c a l i z e d to its n o r m a l 

posi t ion, and therefore ful ly expressed (Cs ink and Henikoff , 1996). 

These hypotheses are not m u t u a l l y exclus ive i n that l oc i subject to P E V 

may be relocated to heterochromatic compartments where they are packaged as 

p r o p o s e d b y the "Spread ing Hypo thes i s " . A l t e r n a t i v e l y , it m a y be that a 

var iega t ing locus is packaged as per the "Spreading Hypo thes i s " and then is 

relocated to an heterochromatic compartment . If either alternative is true, then 

a var iegat ing gene w o u l d be fu l ly expressed because, either it was not relocated 

to an heterochromatic compartment, or packaging fai led to "spread" to the gene 

i n the heterochromatic compartment or both. 

A n y a t tempt to e x p l a i n the results obse rved here i n terms of these 

mode l s mus t also accommoda te the fact that strains b e a r i n g the HDACl 

mutations, also carry a w i ld - type copy of the HDACl gene and therefore at least 

50% of the H D A C l i n the nucleus is the w i ld - t ype prote in . The data presented 

here cannot d i s t i n g u i s h be tween these mode l s . H o w e v e r , it is d i f f icul t to 

interpret m y results based on a strict compar tmenta l iza t ion m o d e l . H D A C l is 

not f o u n d i n he te rochromat in , at least i n concentrat ions h i g h e n o u g h to be 
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detected b y an an t i body (Bar low et a l . , 2001; P i l e a n d W a s s a r m a n , 2000). 

A c c o r d i n g l y , it w o u l d seem u n l i k e l y that the presence of H D A C l w o u l d be a 

s igna l to loca l i ze a n o r m a l l y he terochromat ic r e g i o n to an heterochromatic 

compar tment . Th i s imp l i e s that some other factor(s) mus t be responsible for 

l o c a l i z i n g the he te rochromat in associated w i t h the white* gene i n wm4 to a 

he terochromat ic compar tment . H o w e v e r , the fact that H D A C l is f ound i n 

abundance at the white* gene i n w'"4 impl ies the associat ion w i t h H D A C l must 

occur w h e n the white* gene is mis - loca l i zed . In a strict compar tmenta l iza t ion 

m o d e l , it w o u l d be the loca l iza t ion to the heterochromat ic compar tment that 

causes s i l e n c i n g a n d not the associa t ion w i t h H D A C l . A c c o r d i n g l y , the 

muta t ions i n HDACl, that suppress P E V , w o u l d cause mi s r egu l a t i on of the 

factor(s) responsible for l o c a l i z i n g he te rochromat in to the nuclear pe r iphery 

w h i c h w o u l d , i n turn , result i n the failure of the white* gene to be loca l i zed to 

the nuclear pe r iphe ry . T h u s the effect of the Su(var) muta t ions i n HDACl 

w o u l d be indi rec t . W h i l e this scenario is poss ible , it seems u n l i k e l y . The 

presence of H D A C l at the white* gene w h e n it is s i lenced i n w'"4 and its absence 

w h e n the white* gene is expressed i n the HDACl Su(var) muta t ions suggests a 

more direct role for H D A C l . 

The data presented here can be more easi ly e x p l a i n e d i n terms of the 

"Spreading Hypothes i s " . The substantial b o d y of evidence that supports this 

m o d e l was r e v i e w e d i n Chap te r 1. In add i t i on , there is a p h e n o m e n o n i n S. 

cerevisiae, te lomeric pos i t i on effect var iega t ion ( T P E V ) that c losely resembles 

P E V a n d also appears to i n v o l v e the sp read ing of s i l enc ing components (see 

Chapter 2). It s h o u l d be noted that T P E V is also dependent on Sir2, an N A D 

dependent Class III histone deacetylase, for efficient s i lenc ing (Suka et al . , 2002). 
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A c c o r d i n g l y , the data presented i n this thesis is consistent w i t h the 

f o l l o w i n g scenar io . In a c h r o m o s o m a l r ea r r angemen t subject to P E V , 

h e t e r o c h r o m a t i n is a s s e m b l e d n o r m a l l y at or nea r the n e w i l l i c i t 

he te rochromat ic /euchromat ic junct ion. This m a y be dependent o n a complex 

that contains S U ( V A R ) 3 - 7 that is targeted to satellite sequences by the unusua l 

z inc fingers con ta ined i n S U ( V A R ) 3 - 7 . That complex contains or recruits a 

complex that contains H P 1 , S U ( V A R ) 3 - 9 , H D A C l a n d l i k e l y several other 

pro te ins w h i c h create a n d s tabi l ize the s t ructure respons ib le for s i l enc ing 

var iega t ing loc i . The structure can spread in to the adjacent euchromat in but 

requires the act ivi ty of each component to perpetuate its spread. H D A C l must 

deacetylate K 9 of histone H 3 , and perhaps other lys ine residues, w h i c h clears 

the path for S U ( V A R ) 3 - 9 to methylate H 3 K 9 that i n tu rn creates a b i n d i n g site 

for H P 1 s t ab i l i z ing the structure and s i lenc ing any loc i at that locat ion. This 

process w o u l d cont inue u n t i l the concentra t ion of the essential components 

d r o p p e d b e l o w a cri t ical l eve l or a boundary element, i n the euchromatic region 

of the chromosome, hal ted progress. 

H o w then do muta t ions i n HDACl cause suppress ion of P E V ? In the 

p roposed m o d e l , H D A C l act ivi ty is r equ i red for the s i l enc ing mechan i sm to 

spread out f rom the heterochromatic breakpoint . In the mutant strains, 50% of 

the H D A C l p ro te in is w i l d - t y p e and shou ld funct ion no rma l ly . H o w e v e r , the 

remain ing 50% of H D A C l bears a muta t ion and is p resumably defective i n the 

abi l i ty to deacetylate histone tails. Since the mu ta t i on is a s ingle amino ac id 

substi tut ion, the mutant H D A C l may s t i l l assume its p roper shape and take its 

place i n the p ro te in complex i n v o l v e d i n creat ing the s i l enc ing structure (see 

Chapter 2). H o w e v e r , failure of the mutant H D A C l i n the p ro te in complex to 
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deacetylate its targets w o u l d inh ib i t the act ion of S U ( V A R ) 3 - 9 whenever it 

encountered an acetylated lys ine 9 residue on H 3 since S U ( V A R ) 3 - 9 ' s activity is 

b locked b y acetylat ion (Rea et al . , 2000). A c c o r d i n g l y a b i n d i n g site w o u l d not 

be created for H P I , the s i l enc ing process w o u l d abort a n d P E V w o u l d be 

suppressed. 

In the present case it shou ld be noted that the white* gene is s t i l l subject 

to some s i l enc ing i n the mutant HDACl l ines ( in 10-20% of cells). There c o u l d 

be several reasons for this. The process m a y not be absolute ly dependent on 

H D A C l or the mutan t H D A C l s m a y be h y p o m o r p h s a n d the res idua l act ivi ty 

a l l ows sp read ing a s m a l l percentage of the t ime. A l t e r n a t i v e l y , ha l t ing the 

spread of the s i l enc ing structure m a y require the b i n d i n g of several inact ive 

deacetylase complexes i n t a n d e m or w i t h i n a cer ta in dis tance a long the 

chromosome. Once this threshold is met s i l enc ing is not p ropagated b e y o n d 

that point . If that occurs before the white* gene, then the gene is active, i f not, 

s i lencing w o u l d spread th rough and perhaps b e y o n d the white* gene render ing 

it t ranscr ipt ional ly inactive. 

The resul ts of X - C h i p f rom the 5' D i s t a l R e g i o n i n w'"4 (Figure 5) 

demonstrate that, spreading, i f indeed that is the mechan i sm at work , spreads 

far beyond the white* gene, at least as far as 6.0 kilobases. C y t o l o g i c a l evidence 

suggests spreading can extend as far as 80 bands o n the polytene chromosomes 

f rom the breakpoin t (Spofford, 1976). It is not clear wha t factors determine the 

distance that s i l enc ing spreads. It does not appear to be dependent on the 

presence of c o d i n g sequences or promoter regions, since the reg ion conta in ing 

the 5' D i s t a l R e g i o n does not contain any k n o w n genes or regulatory sequences. 

S i l e n c i n g m a y s p r e a d u n t i l s p e c i a l i z e d b o u n d a r y type sequences are 
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encountered or compet i t ion w i t h factors creating an euchromat ic envi ronment 

halts its progress. 

In Chap te r 2,1 presented a m o d e l of H D A C l i n v o l v e m e n t i n P E V based 

largely o n specula t ion since, at the t ime of pub l i ca t ion , the functions of other 

proteins i n v o l v e d i n the s i lenc ing associated w i t h P E V were u n k n o w n . The 

m o d e l p roposed that, because the Su(var) mutat ions i n H D A C l are caused by a 

single amino ac id change, mutant forms of H D A C l w o u l d s t i l l fo ld p roper ly 

and thus be able to become members of their n o r m a l complexes. H o w e v e r , the 

complexes c o n t a i n i n g mutan t H D A C l w o u l d be unab le to deacetylate the 

target h i s tone ta i ls a n d h y p e r a c e t y l a t i o n of h i s tone tai ls w o u l d l ead to 

expression of the reporter gene. Since the functions of some of the other Su(var) 

prote ins are n o w k n o w n , the m o d e l of h o w specif ic muta t ions i n H D A C l 

suppress P E V requires updat ing . 

If P E V does occur as a resul t of the s p r e a d i n g of factors f r o m 

he te rochromat in , then one w o u l d predic t that factors, w h i c h suppress P E V , 

i nh ib i t or abort the sp read ing process. It is n o w k n o w n that S U ( V A R ) 3 - 9 

methy la t ion of lys ine 9 o n H 3 (H3 K9) is i nh ib i t ed i f lys ine 9 is acetylated and 

therefore H P I w i l l not b i n d (Rea et al . , 2000). I have p roposed that H D A C l is 

requi red to deacetylate H 3 K 9 and clear the w a y for S U ( V A R ) 3 - 9 to methylate 

that res idue to create a b i n d i n g site for H P I . I fur ther p ropose that the 

association of S U ( V A R ) 3 - 9 , H P I and other factors not on ly creates a repressive 

chromat in conformat ion, but also recruits add i t iona l H D A C l w h i c h is required 

for p ropaga t ion of the s i lenced conformat ion. Thus , the Su(var) mutat ions i n 

H D A C l suppress P E V because they occupy their place i n the complex(es) but 
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cannot deacetylate H 3 K 9 and this prevents the association of both S U ( V A R ) 3 - 9 

and H P 1 . 

Th i s m o d e l makes several predic t ions and raises several questions that 

can be tested exper imental ly . If spreading does indeed occur then h o w far does 

the s p r e a d i n g ex tend i n the w'"4 strain? Since the Drosophila genome is 

sequenced, it is possible to generate pr imers for X - C h I P further 5' to the white* 

gene and determine h o w far the associat ion w i t h H D A C l extends. Once the 

extent is de te rmined approx imate ly one can ask whether the association w i t h 

H D A C l ends ab rup t ly at specific sequences, sugges t ing the presence of a 

b o u n d a r y element , or i f the associat ion g r a d u a l l y decl ines , sugges t ing the 

spread is dependent o n the ava i l ab i l i ty of the components of the s i lenc ing 

m e c h a n i s m . The c o m p l e m e n t a r y expe r imen t s can a lso be done . The 

heterochromatic / euchromat i c junc t ion i n w'"4 is k n o w n and thus one can ask, 

u s i n g X - C h I P , w h e r e s p r e a d i n g s tops i n a n H D A C l Su(va r ) m u t a n t 

background . 

D o cer ta in sequences present boundar ies to the spread of P E V ? The 

existence of some type of b o u n d a r y e lement is sugges ted b y analys is of 

mutat ions i n Evar93D [also k n o w n as mod(mdg4)]. Mu ta t i ons i n this gene act as 

s t rong enhancers of P E V . It is suspected the p roduc t of this gene b inds to 

b o u n d a r y elements i n euchromat in creating an open ch roma t in conformat ion 

( G e r a s i m o v a a n d Corces , 2001). Thus , i n m u t a n t l ines subject to P E V , 

he te rochromat in m a y spread m u c h further because b o u n d a r y elements, that 

w o u l d n o r m a l l y hal t the spread, are defective. A n a l y s i s of the d i s t r ibu t ion of 

H D A C l or other s i lencing components, u s ing X - C h I P , m a y p rov ide insight into 

this question. 

118 



The m o d e l also proposes that H D A C l is r e q u i r e d to deacetylate the 

histone tails as one of the in i t i a l steps i n the format ion of s i lenced chromat in . 

A c c o r d i n g l y , u s i n g X - C h I P and antibodies for specific acetylated forms of the 

histones, one can de termine the acetyla t ion state of the his tone tails . O n e 

w o u l d p r e d i c t that, i n the n o r m a l w'"4 s t r a in , the h i s tones w o u l d be 

hypoacetyla ted i n any region where H D A C l is present and specifically that H 3 

K 9 w o u l d not be acetylated. Converse ly , i n zu'"4 bear ing a Su(var) muta t ion i n 

HDACl, one w o u l d predict the region su r round ing the white gene w o u l d show 

increased acetylat ion, especial ly at H 3 K 9 . Th i s w o u l d also address the th i rd 

test suggested to con f i rm that an H D A C is act ing at a loca t ion where X - C h I P 

indicates it is loca l i zed [see Chapter 3 Discuss ion (Robyr et al . , 2002)]. 

The m o d e l also makes specific predict ions about wha t proteins shou ld be 

loca l i zed to the s i lenced euchromatic reg ion i n w'"4 and further predicts that a 

hierarchy of interactions may occur. In w'"4, the s i lenced euchromat in shou ld be 

associated w i t h S U ( V A R ) 3 - 9 , H P 1 and perhaps S U ( V A R ) 3 - 7 . An t ibod i e s exist 

to a l l three pro te ins a n d therefore X - C h I P can be e m p l o y e d to de termine 

whe ther they are present and further to ask i f their d i s t r i b u t i o n prec ise ly 

mir rors that of H D A C l . 

Since d o m i n a n t Su(var) mutat ions are read i ly avai lable for each of the 

k n o w n prote ins i n v o l v e d i n the process, one can use the muta t ions to ask 

quest ions about the nature of the s i l enc ing c o m p l e x or complexes . In the 

models s imples t fo rm one w o u l d predict that a muta t ion i n H D A C l shou ld be 

epistatic to muta t ions i n the other components . Thus , i n the Su(var) H D A C l 

strains, one s h o u l d f ind that a l l associations of the other proteins are abol ished 

because the ac t iv i ty of H D A C l is r e q u i r e d for one of the i n i t i a l steps i n 
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spreading. Genet ic experiments suggest this m a y i n fact be the case. A Su(var) 

muta t ion i n HDACl abolishes the enhancer effect of three copies of Su(var)3-9 

( C z e r m i n et a l . , 2001). If i n d e e d the components are a d d e d i n a s tepwise 

fashion then one w o u l d predic t a mu ta t i on i n Su(var)3-9 w o u l d abol ish the 

associat ion of H P I because S U ( V A R ) 3 - 9 creates the b i n d i n g site for H P I , but 

not the association of H D A C l . S imi la r ly , mutat ions i n HPI w o u l d not affect the 

d i s t r ibu t ion of H D A C l and S U ( V A R ) 3 - 9 . H o w e v e r , I th ink a s imple stepwise 

a c c u m u l a t i o n of factors, w h i c h e v e n t u a l l y creates a s i l enced stretch of 

euchromat in , is un l i ke ly . In S. pombe the spread of the S U ( V A R ) 3 - 9 homologue, 

C l r 4 and the H P I h o m o l o g u e , Swi6 , are m u t u a l l y dependent ( N o m a et al . , 

2001). This is l i k e l y because these factors exist i n complexes where it appears 

the act ion of one member of the complex reinforces and abets the function(s) of 

the other members . A c c o r d i n g l y i n D . melanogaster, I p red ic t that a s imi la r 

s i tuat ion w i l l be found . I suspect the four proteins specif ical ly ment ioned and 

several others are members of one or more large complexes . The members of 

the complexes are dependent o n each other for their l oca l i za t ion and spread. 

For example , it appears that H D A C l is a member of a complex that inc ludes 

S U ( V A R ) 3 - 9 and may inc lude H P I and S U ( V A R ) 3 - 7 (Cleard et a l , 1997; Schotta 

et al . , 2002). This complex w o u l d b i n d i n the heterochromat in at or very near to 

the heterochromatic / euchromat ic breakpoint where H D A C l w o u l d beg in the 

process of s i l enc ing b y deacetyla t ing H 3 K 9 i n an adjacent nucleosome. The 

actions of S U ( V A R ) 3 - 9 a n d H P I w o u l d then create cond i t ions that w o u l d 

recruit another complex w h i c h w o u l d repeat the process u n t i l a b o u n d a r y was 

encoun te red or the concen t ra t ion of the complexes fe l l b e l o w a cer ta in 

threshold. 
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The difference be tween these two scenarios is r e a d i l y testable. In the 

stepwise mode l , mutat ions i n H P 1 shou ld not affect the d i s t r ibu t ion of H D A C l , 

as measured b y X - C h I P . O n the other hand , i f sp read ing occurs v i a complexes, 

then a m u t a t i o n i n any one of the members of the complex s h o u l d alter the 

d i s t r i bu t ion of a l l members . A g a i n , the d i s t r i b u t i o n can be measured b y X -

C h l P . 

The fact that H D A C l and qui te l i ke ly , S U ( V A R ) 3 - 9 , H P 1 a n d perhaps 

other proteins, are present at the si lenced euchromat in i n 12 to 16 hour embryos 

suggests their presence m a y be requ i red at the site of s i l enc ing th roughout 

development . It has been suggested they are part of the epigenetic mark that 

mainta ins the s i lenced state ( H a l l et al . , 2002). The m o d e l suggested here also 

i m p l i e s that these pro te ins are i n v o l v e d i n the i n i t i a l de te rmina t ive event 

r ega rd ing whe the r a reporter gene w i l l be act ive or not. The ques t ion of 

whe ther these prote ins func t ion i n bo th i n i t i a t i o n a n d maintenance, or are 

exc lus ive ly i n v o l v e d i n maintenance, analogous to the P o l y c o m b G r o u p of 

proteins (Bre i l ing et al., 2001), is an interesting one that has not been addressed 

here or elsewhere. It m a y be possible to address this ques t ion e m p l o y i n g X -

C h l P and carefully staged embryos. 

Flybase l ist over 180 loc i that, w h e n muta ted , inf luence the var iegat ing 

phenotype associated w i t h P E V (http:/ / f lybase.bio. indiana.edu:82/) . A s noted 

i n Chapter 1, m a n y external factors, w h i c h affect basic cel lular metabol ism, also 

affect P E V . The sensi t ivi ty of the var iegat ing phenotype to such a large number 

of factors suggests m a n y m a y be acting indi rec t ly . Thus one of the challenges 

fac ing inves t iga tors is d e t e r m i n i n g w h i c h mod i f i e r s of P E V to c lone a n d 

characterize, that is, w h i c h are l i ke ly to be m o d i f y i n g P E V di rec t ly and w h i c h 
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represent indirect effects. This thesis presents an approach to c lon ing essential 

Su(var) and E(var) loc i . H o w e v e r , no cri teria r ead i ly present themselves for 

de te rmining w h i c h loc i to clone and characterize first. O u r lab has pursued loc i 

that, w h e n muta ted , have a ve ry s t rong effect of the var iega t ing phenotype . 

H o w e v e r , a b i o c h e m i c a l approach to iden t i fy ing the members of complexes 

containing k n o w n modif iers of P E V shou ld also be pursued . 

F i n a l l y , the presence of H D A C l and perhaps the other proteins o n the 

s i l enced e u c h r o m a t i n th roughou t d e v e l o p m e n t suggests they m a y have a 

greater func t ion than that suspected f r o m the p u r e l y e n z y m a t i c ac t iv i ty 

d i s c o v e r e d to date. These pro te ins are h i g h l y c o n s e r v e d f rom yeast to 

m a m m a l s w i t h large tracts of amino acids a lmost absolute ly conserved (De 

Rubert is et a l , 1996; Eissenberg and E l g i n , 2000; M o t t u s et al. , 2000). It may be 

they are i m p o r t a n t s t ruc tu ra l componen t s of c h r o m a t i n a n d the h i g h l y 

conserved regions represent doma ins i n v o l v e d i n creat ing a n d m a i n t a i n i n g 

specific c h r o m a t i n conformat ions . S u c h a role for H P I is suggested b y the 

studies that demonst ra ted altered accessibil i ty to nucleases at the var iegat ing 

locus i n H P I muta t ions ( C r y d e r m a n et al . , 1998). A n adequate test of this 

hypothesis m a y have to wai t u n t i l a l l the components of the complexes have 

been ident i f ied and the creation of an in vitro ch roma t in assembly system that 

faithfully recreates chromat in as it is found in vivo. 

1 2 2 
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Appendix I 

Lis t of Abbrev ia t ions 

b w v D e 2 

D U b 8 0 

e 

E(var)s 

G C N 5 

H 3 K 9 

H 3 m K 9 

H A T 

H D A C 

H D A C l 

H O X 

InCDscf1 

I n ( l ) w m 4 

I n ( 3 L R ) T M 3 A2-3 Sb 

ISW1 

M A D 

M i - 2 

N - C o R 

b r o w n variegated of Demerec 2 

D. melanogaster u b i q u i t i n fusion prote in 80 

ebony 

enhancer of pos i t ion effect var iegat ion 

histone acetyltransferases f rom S. cerevisiae 

lysine nine of histone H 3 

methylated lys ine nine of histone H 3 

histone acetyltransferase 

histone deacetylase 

histone deacetylase one 

vertebrate homeotic genes 

invers ion one scute s l 

invers ion one whi t e mot t led four 

invers ion three left r ight bear ing the 

transposase source A2-3 and Stubble 

chromat in r emode l ing pro te in 

matr ix associated deacetylase bodies 

A T P dependent nucleosome remode l ing 

factor 

nuclear receptor corepressor 
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N u R D nucleosome r emode l ing complex 

P-1.8 a fly strain bear ing a P element inserted 1.8 kb 

5' to the start of H D A C l 

p300 / C B P transcript ional coactivator 

P C A F histone acetyltransferase 

P c G Po lycomb G r o u p of proteins 

P C R polymerase chain reaction 

P E V pos i t ion effect var iegat ion 

P - U T R a fly strain bear ing a P element inserted 

into the 5' untranslated reg ion of HDACl 

R B retinoblastoma prote in 

R P D 3 reduced potass ium dependency three 

r y 5 0 6 an allele of the rosy gene f rom D . melanogaster 

ry™ an allele of the rosy gene f rom D . melanogaster 

Sb the Stubble gene f rom D . melanogaster 

Sb v a var iegat ing allele of Stubble 

Ser the Serrate gene f rom D . melanogaster 

S M R T si lencing mediator for ret inoic ac id and 

thy ro id hormone receptors 

S N F 2 sucrose non-ferment ing t w o f rom S. cerevisiae 

Su(var)s suppressor of pos i t ion effect var iegat ion 

SWI2 an A T P dependent helicase 

TAF„230/250 transcription associated factor II 

Tb the Tubby gene from D. melanogaster 
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T M 3 a multiply inverted third chromosome which 

suppresses recombination in D. melanogaster 

T M 6 a multiply inverted third chromosome which 

suppresses recombination in D. melanogaster 

tsp temperature sensitive period 

Y Y 1 yin/yang transcriptional corepressor and 

activator 
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