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Abstrac%

‘‘‘‘‘

represeﬁt1ng both extremes of the range of act1v1t1es were

;1fselected‘£or further stud?.fGenet;b ana1y818 5h°”ed that 1"

three\of thele strains the genet:c element(s) reSponsxble

.M,

2¢§;;;f” for varxat1on21n»DDC act1v1ty was located on the secOnd -
- chromosome.,Further genetic experlments indtcated that for

one Straxn WGM-40, actxvxty"varzatxoh segregated ae

’"?tézngle unit. Thé results were cbnsistent thh a chrombsomal

iocatLon 1n'”he_immedlate %&cihxty of the structural gene
: e gv :

“tjor DDC. The element respons;ble for act1v1ty varzatron 1n

WGM-40 was named Ddc“

‘”f!tfh_fexaminatmon of a Ddc*‘ straxn throughout_development'

:'7§‘revea1ed that the element was stage speczfic 1n 1t s effect.;,;}i



bacter;ophage \ vector and compared to a cloned Canton S Ddc :

TN

reglon,;Exten51Ve restrlctlon fragment size heterogenelty

“vas dlscovered in a 10 Kb regzon 1nclud1ng the\DdC gene. A'_ we

:-total of f1ve small 1nsert1ons and one delet1on were foﬁ“a

fegln Ddc*‘ "DNA relatxve to Canton*S*‘These dxfferences l1e 1n _7"ﬁ§o

”‘*_ transcr1oed but nbneod;ng reglons of the Ddc gene as’ well as 3 |
'”’51n 5' flankxng reg:ons._sxtens1ve heterogeneaty of thzs)type~ ':o;l,
V;Lhas not been descrxbed 1n other between straln comparxﬁpns "u‘ﬁ' '

“;‘of DNA sequenée.,f'

LY
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1. Introduction

Each cell type in'a multicellular organism expresses e
perticular»snbset of the coding capacity of-the genome.iThis |
is reflected in differences in the spectrum of proteins |
and/or poly-A* RNA monitored either‘before«and'efter |
differentiation or between different terminally’ |
-d1£ferent1ated cell types (Affara et al., 1980 Bernsteln N
and Donady, 1980; Blessman; 1981- Davidson. and Brltten,
1979; Sakoyama and Okubo, 1981) In-addxtxon,’a cell or
'tlssue may experlence transient changes in the pattern of
gene expressxon in response to external Stlmull such as.
'hormones~(0 Malley and‘Means, 1974) or heat shock (Ashburner :
and Bonner, 1979). | | ' |
| Dur1ng the last ten years the processes by whlch

. . .
information flows from DNA sequence to phenotype have been

_ found to be startl1ngly complex. Because of this complex:ty

and because of the variety of regulatory mechan1sms
: descr1bed to date, it . is d1ff1cult to make any general
-statements about gene regulatlon.w

_ In several systems, the regulatxon of gene expre551on

has been shown to he at the transcnptlonal level. Pulse - B t

/

:nlabellxng of nuclear RNA generated d1rect ev1dence for‘s "1;1//7

transcr1pt10na1 control in" adenovxrus (Darnell 1982) SV 40 /f. S

/

(R1o et al.,'1980), and chxcken glob1n genes (Wexntraub et /

/

al., 1981) For many other genes, 1n ‘a var1ety of organsxys, _
“ s o _' b
jthe exam1nat1on of transcr1pt1ona1 control has by necess:ty '

-been less dxtect Usually changes 1n the pool s1ze of A



particular transcript are taken as reasonable indicators of
transcriptional modulation. However, it is important to
recognize the potential for additional regulatory events

between RNA polymerase activity:and changes in transcrigt-_'

\

pool size. - - , \‘)

Apart from quant1tat1ve Glfferences in the level of
transcrlptlon, two. examples have been descrlbed of tlssue d
specific differences 1n the s;te of transcrlptlon
1n1t1at1on~-Transcrlptlon of:the a-amylase genetln‘mouse
‘:starts at dlffgrent DNA 51tes 1n the}liver ad% salivary"
.‘gland (Hagenbuchle et al.; 1981). In Drosophila, Benyajat1
et al. (1983) have shown that there are twg/dlfferent |
promoters for the structural gene for. alcohol dehydrogenaSe.
One promoter 1s act1ve 1n larvae and the other, whlch 11es
650 nuéleotldes upstream, is act1ve\rn adults. Most of;the
| long 5' leader sequence in the adult transcrlpt is spllced
out, ;%eldlng a. mature mRNA of about the same\slze as the\

' L ) N
: larval mRNA g EEURT SRR '4\\\
Once the pr1mary transcrlpt has been produced,,a se\)e\
vof events ]01nt1y called RNA proce551ng occurs. Dur1ng

| pr0ce551ng noncodxng 1nterven1ng sequences are removed from‘ x

“the transcrlpt by sp11c1ng, a poly A taxl is added to the 3' d:f;

u.end of the mRNA and the message 1s transported through the

fnuclear membrane and 1nto the cytoplasm where 1t can be

= translated. Regulatlon of gene expre551on can potentially

“occur at any p01nt dur1ng RNA proce551ng and transport. In

5ﬂthe rat calc1ton1n gene (Amara\et al,, 1982) and the mouse

".;



aA crystallin gene (Klng and Pratlgorsky, 1983) d1fferent1al

=1

‘_ sp11c1ng yxelds two d1st1nctly different mRNA spec1es. It 1s
not clear that these two. examples of d1f£erent1al sp11c1ng
have regulatory 51gn1f1cance. On the‘other hand, changes 1n h~
SpllClng pattern and the selectlon of “the polyadenylatxon o
51te are cr1t1cal 1n adenov1rus. As v1rus 1nfect1on proceeds ,"

’Adlfferent polyadenylat1on sxtes are selected on the samei
long transCrxpt Th1s 15 assoc1ated w1th d1f£erences in .

o sp11c1ng and results in the generatlon of d1f£erent mRNA°“f

rté'spec1es (NeV1ns and Darnell 1978) : . ';f"‘f»fff =

fk%-; The stab111ty of, mRNA may be an 1mportant perameter in. .

.regulat1on of gene expressxon. Chung et al (1981) have\ .
descrlbed dlfferences 1n mRNA stab111t1es assoc1ated w1th
d1fferent1at1on oi the sl1me mold chtyostelium. Addlﬁdonal
regulat1on may take place at the level of translat1on. For
E‘?}'example, in Drosophfla the heat shack response 1nvolves kfijf;?”

preferent1al translat1on of heat shock spec1fic mRNAs

(Balllnger and Pardue, 1983) B A e o
5ﬂ fpl Tradztlonally, the genetxctst s approach to studylng ljff"

gene regulatlon has been to 1dentify genetzc elements wh1ch

perturb or affect the expressﬂon”of a partxcular gene..It
has been cOnvenlent to cla351£y such regulatory elements as
belng elther c1s actlng or trans~act1ng., ttans actlng |

element does not need to be colinear thh the regulated gene

1n order to affect 1t These elements may'act at:any stageh'




1

o elements makes thelr study dlfflcult and hbnce’not,

part1cularly attract1ve. ClS act1ng element on . the-other,
- hand are’ 51tuated adjacent to the regulated ene’ and may,

\ but do not necessarlly, 1dent1fy transcrlptz nal 51gnals.

o ATh1s last. caveat 1s 1mportant in the 11ght of the regulatory'-

;7h:‘oonplex1ty descrlbed above.

/\

v ' S o ' ) O
- - C : C k¥ L A

‘A, Genetxc analysxs of trans act1ng regulatory elements

‘"b'Q-The expre551oqwof a part1cular gene can deﬂend a great f

,l'deal on the genetlc bpckground in wh1ch 1t flnds 1tself

33‘gUsually genet1c1sts take care to exclude varxatlon 1n gene

:.g_?expre551on due to background dlfferences. However, seVeral

‘-gﬁil"researchers have systematlcally searched for and analyzed

“’5;genes whlch affect the expresszon of other genes from a

3‘;famod1£1er of catalyase act1v1ty 1n maxze. Thelr evxﬂ

g" i'5-"’}{'_suggests thgt thls putat1ve regulatory gene called car 1!

IWJiltranslatlonal effect.,;;.}alagg_J'av:fi:

'f:dlstance and 1n a trans actlng way

~ fﬁacts at the level of enzyme synthes1s. They were not able tO" ﬂu;

_,;{f,d1st1ngu1sh between a transcrapt1ona1 RNA processmng, or} d”f?iﬁ

Abraham and Doane (1978) have character1zed a locus

fgcalled map 1n D melanogaster that mod1£1es the express1on

%lon the second chromosome but are separat”dfby 2 map Un1t5-3

“;Dxfferent alleles of map have dxfferent tzssue speczfic

.

patterns of @ anylase activ'ty.;,t-ﬂf?=”¥4”

Scanda11os et al., (1980) report work on a t_ans actlng.?‘vﬁ

50f the stnuctural gene for a-amylase, The two genes are bOthdﬂlff



In a more extenslve study Laurle Ahlberg and
dcollaborators (Laur1e Ahlberg et al.,_1982 Wliton et al.,'
.l}1982) have carefulyy descrabed the sources of varxatlon for
23 metabollc enzymes 1n D mélanogaster. They use 1sogen1c
,seCOnd and th1rd chromosome substxtutlon 11nes to 1dent1fy |
trans actxng genet1c squrces of varlatlon for many of these -
kufenzymes._Add1txonally, they demonstrate some correlat1on 1nr
-act1vxty among groups of - enzymes w1th related metabolxc

. \ N o
*ffunctlons. ThlS suggests that some oﬁ the varlatlon observedf

"-may be due to genet1c elements wh;ch affect, and p0551bly

f'coordlnately'regulate related enzymes.

The manner 1n whzch these trans actlng elements

7"\

4".‘1nfluence expressxon of dzstant genes is unknown However,\

j;studles on: the yeast matlng type system have shown how some |
gzelements&m1ght act Mat1ng type 1s determ1ned by a 51ngle
ilocus MWT for whlch there are two alleles, MATa and MATa.

' Sllent coples of MATa énd MATaq called HMPa and HMLa ﬂjt;'
ﬁ'respect1ve1y, flank the funct1on1ng MAT locus (Strathern etrfq

'ifal.} 1980) These\sllent coples have the same DNA sequence

‘mu;?as thezr act1ve counterparts at MWT Repress1on of HMRa and ~{37'

"fTHMLa 1s medaated'by several unlinked genes, one of vhxch 153fﬂF7%

"'ricalled SIR (Nasmyth 1982) Mutatxons at SIR cause the

o mfszlent COpleS to be expreSSed and at the same t1me cause

fl”iihﬁchanges 1n the chromatzn adound;HMRa and HMLa.;Nasmyth

"“t?§(1982) speculates that the SIR'gene PrOdUCt 15 resgpnslble

”%‘“&:for maxnta1n1ng the”chromatin aroUnd HMRa”and HMLa in a

ﬁvﬁ-f:configuratzon that pr‘fents express1on.,




. i ’
. B. Genetic‘anelysisiof cis-ecting'regulatog& elements
| ﬁespite @he obvious differences in complexityﬁbetween
gene expre551on 1n prokaryotes and eukaryotes, some
. 51m11ar1t1es in the{Techanxsm of transcrlptlon probably

'eXISt. The prokaryotre promoter is built around a pair of

conserved‘sequences positioned 10 nucleotides and 35

nuCleotides Upstream from the

'

'These sequences are called the

rédScription'startksite.
ribnow'box}and‘appear to be
+ the basic sequence requxrements for Escherichia coli RNA
polymeraSe blndlng and transcr1pt1on 1n1t1at10n. Assoc1ated
w1th thlS ba51c promoter are other sequences, called
; operator sequences, wh1ch medlate transcr1pt1onal control of
1'Op;’eiﬁf“u}the operon by the cell These sequences usually vary
| }':con51derab1y from operon to operon. Our na1ve expect1on 1@
e7lthat somethlng 51m1lar to these two k1nds of Sequences Wlll
| ibe present adjacent to eukaryotlc prote1n cod1ng genes as
‘ 1;Q‘ pewelb S “f‘:,f‘ S R - | ,-f : *

In prokaryotes, both the operator and the promoter were

‘_deflned genetlcally by the 1maglnat1ve use of mutants.eIn 3
1feeukaryotes, cla551cal mutagenesxs and genetzc analys1s has : "@ﬂ‘
‘tffbeen less successful ThlS 1s partly because, w1th a- few‘
'lhfiexceptlons, there 1s a lack of powerful selectxon R |
‘iléiprocedures. However thlS does not seem to be the whole.zﬁvﬁf’:
}Iifstory. For example Sherman et al., (1981) used strong
» ‘pq }vp“" h' ook for mutants wh1ch overproduce o “-.fff}-f.‘%f:fe,~f
vf1so 2-cytochrome'c 1n the yeast Sacchahomyces cenevisiae ;sf_f'f Q(f

They £ound overproducers only rarely and those they d1d f;nd_

U VPRI R SN P S




contained chromosomal reargghgements 5' to the'y\

}1so 2= cytochrome ¢ gene, From thls ev1dence they suggest
that eukaryot1c regulatory reg1ons are generally not mutable
by’ single.base palr changes Slmllarly, ank and ,.‘
collaborators (Donahue et al., 1982) have been unable to
1solate s1ngle base pair mutatlogs in the S‘Inoncod1ng
-reg1on of the yeast Hls 4 gene | ,

o The 1nab111ty to recover regulatory mutants‘from :
mutagenxzed populatlons has prompted- researchers to use o
natural populatlons as a _source of regulatory var1at1on
Br1ef1y,“the approach has been to first 1dent1fy vaglatlon
‘,at the enzyme act1V1ty level and then try to demonstrate 1n
a varlety of gays, that the observed var1at1on is not due to,
structural changes” 1n the enzyme. The" focus 1s on
transcr1pt1ona1 control, “although thls.ls‘not.always
expl1c1t1y stated s SR : . ‘ gk~
The xanth1ne dehydrogenase (XDH) gene enzyme system 1n
'”Drosophlla has been partlcularly amenable to thlS k1nd of

janalys1s for two reasons. Flrstly, larvae lacklng XDH d1e

'v;when purxné‘is 1ncluded 1n thelr food Pos;tﬁ%e/select1on

: V‘

“for purlne re51stant larvae facxlxtated sogh;sencated f1ne

structure mapp1ng of the XDH structural locu$. Sinndly,.?

L

belectrOphoret1c varxants can be used as marketsito determzne~j;

o }1f regulatory elements are cls act1ng. Chovnzck and hxs

J7;group (McCarron et al.,.1979) have 1dent1f1ed two XDH

‘f}jactlvzty var1ant5° one underproducer and one overproducer.»5

The underproducer has about half and the overproducer about:yf




L admlnlstratlon of androgen (Watson et al

twice the act1v1ty of ‘their etandard stra1n. The elements

respon51,leafor both these activity dlfferences map to the

“left of the leftmost structural allele. Both are cis- -acting
_band studzes with anti-XDH antlserum show that the amount of
Vcross reacting material correlates with enzyme act1v1ty
‘Chovnick therefore suggests (McCarron et al 1979), that
these two elements deflne a control element that lles |
adjacent to the structural gene for XDH. |
Natural variation in enzyme activity'has also been
arefully analyzed for B- glucuronldase in mice (Palgen,
(1979) The appearance of th1s enzyme in mouse kldney cells
is. 1nduced by androgens. Dxfferent mouse strains were found
to induce B glucuronldase act1v1ty to varylng extents. o
"Genetlc analy51s 1dent1f1ed an’ element called Gus-r whlch is
respons1ble for this varlatlon. ThlS element is closely
llnked to the structural gene, GUS-S,. and is c1s actlngq
‘Varlatlon at Gus-r has no- effect on the basal level of |

B- glucuronldase in deney or the level of enzyme in other

tlSSUES More recently Palgen s group has shown that Gus—

"7affects the SYnthe51s of mRNA for B- glucuronxdase aft

They

@ s

f;thypothe51ze that Gus r deflnes the chromatln reglon that

o *fib1nds the androgen receptor complex thought to be 1nvolved

fﬂ,;;in hormone medlated 1nduct10n. y'.

Further evidence for cxs actlng regulators of gene

'73}fexpression 15 prov1ded by the work of D1ck1nson on several ‘},

='"".,':}.__'i"v“e-j;'gene--enzyme systems 1n var1ous spec1es of Dnosophila.»ln=*




7Dickinson.has fsolated and mapped a putative regulatory
element .adjacent to the‘aldehyde-oxidase (AO)‘oene»in D.
melanogasten (chklnson, 1975) This element affects AO
act1v1ty at pupar1at10n only and hence is stage spec1f1c..Iny
'addxtlon, D1ck1nson has worked on the genet1c control of |
‘t15$ue speC1f1c1ty of gene expre551on. He found that’ the
'enzyme alcohol dehydrogenase (ﬁDH) has d1fferent t1ssue
h'fspec1f1c patterns of express1on in two closely related
-SpeCIeS of Dr'osopmla, D. gmmsham and D orthofasc:a
’s,(chklnson and-Carson,‘1979) The enzyme also has a |
.dlfferent electrophoret1c mob111ty in these two spec1es.
rfWhen a D .gleshaWI X D onthofasc:a hybrld was created,
| each electrophoretlc form of the enzyme was present onlyvin_
'those tlssues character1st1c of the parent spec1es. Thlsi‘
1mp11es that c1s actzng regulatory elements control tlSSUe
spec1f1c patterns of ADH expre551on. More recently 1t has
"been shown that these elements affect the amount of ADH mRNA
in each tlssue (Rab1now and D1ck1nson 1981) | S
| As I stated earller the focus of all of these stud1es f?*bén
.;fls on - transcr1ptzonal control, even though 1t is. not always
'i;;stated exp11c1tly. A log1ca1 questlon therefore 1s- what areici'
'd--fethe chances of 1dent1fy1ng var;atlon 1n transcr1pt10nal | E
l‘f5control 1n mater1al selected on the bas1s of yarxatlon 1n
A"_the amount of a prote1n7 A large amount of 1n£ormatxon 5?:fg;i7t3

?'7rgathered on glob1n gene expre551on 1n humans addresses thlS"

#[t'hquestzon.'If elther a orgﬁ glob1n 1s syntheszzed'at[af
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.disease of the blood cells called thalassaemla The great .
majorzty of thalassaemla patlents turn out to have
‘ c1s actlng mutatlons in ore of their globln genes .
(Weatherall and Clegg, '1982). Surprlslngly, out of perhaps
20 to 30 mutant genes examlned only one. has a mutation in a
putative control region 5'}to the gene (Orkln et,al., 1982).
: This B- globln gene has ac to G transver51on 87 nucleot1des
upstream from the tfaﬁscrlptlon start ‘site. Other studles |
have shown thlS reglo;’to be important for globln gene -
'expre351on (see below) The rest -of the mutanrs are very
.o
d1verse at the molecular level Qu1te a few thalassaemlas’
‘are due to deletlons of var1ous s1zes. Others are due to
'Ynonsense mutatlons. Members of/one 1nterest1ng class of
eB thalassaemlas all have mutatlons 1n 1nterven1ng sequences. c
.;These mutatlons dlsrupt sp11C1ng and prevent productlon of .
normal amounts of mature mRNA (Trelsman et al., 1983)
) Another B thalassaem;a 1s characterlzed by an,unusually d_
unstable mRNA (Maquat et al., 1981) J |
*l;~;jl Except for the one CtoG transvers1onvment1oned above,e'
none of these mutat1ons affect true regulatory processes,,at:

o ‘
least as far as the globln genes are concerned Th1s is

\ s
undoubtedly because there are many ways of d1s.upt1ng gene

af thalassaemla!wxll 1nvolve only mutatlons cau51ng loss of '

j;_ gene functlgg;iStudxes 1nvolv1ng complex regulatory

CLE

functlon/ﬁfthout affectlng regulatory process s and a study'f7°"




C. Molecular studies of gene transcription

In the past several years the approaches descrlbed

&~

| 'above have been complemented and 1n some ways supplanted by -

- what has been called surrogate genetlcs A large ndmber of

”

,eukaryotlc genes have now been cloned and: sophlstlcated

9

' .methods of 1ntroducxng a varlety of dlfferent mutatlons into

'1ncludes Drosophlla (Rubln and Spradl;ng,_1982)

- these genes have been developed Once constructed .there are

several in VltPO transcrlptxon systems in use for testlng
the.effects of these mutatlons on’ transcrlptlon - |
Alternatlvelytthe mutant: gene can be relntrodueed into a
cell by DNA med1ated transformatlon. Unt11 recently. ,.f

transformat1on was: p0551ble w1th bacterlal yeast, and

mammal1an t1ssue~culture cells only However the llSt of

Atransformable organlsms 1s d%nstantly gr0w1ng, and now f

The startlng mater1a1 for these k1nds ‘of studles is DNA

sequence 1nformat1on. Hogness and Goldberg (Goldberg,i1979)

Ca

notlced 2 reglon 25 to 30 nucleotlde palrs upstream from the

mRNA start 51te wh1ch 1s conserved in all polymerase II

T A T A box was shown to be essent1a1 for normal

transcr1bed genes.‘The 1mportance of thlS sequence, ngﬁ',ﬂ :
known as the T A T A box, has been examlned for a number}of
d1fferent genes (Breathnach and Chambon, 1981~.H1rose et
l., 1982 Math1s and Chambon, 1981) Sequences upstream
from the mRNA start S1te were altered In VItPo aﬁd the DNA

tested for 1t Sf\blllty to support transcrfpt1on 1n one °ffff Lot

several ln vItPO transcrlptlon systems.ﬂg"fifﬁ”qﬂ ase




Mtranscription; Studies jn vivo (Benoist and Chambon, 1981;
Grosschedl and Bi;nstiel 1980; Groéschedl et al., 1981;
Grosveld\et al.;‘1982; McKnight and'Kngsbury, 1982? also
demonstrate the importance of the T-A-T-A box. However it
séems that” for some genes,hfor insgance the Herpes simplex
thymidine kinasé gene (MéKnight and Kingsbury, 1982), the
loss of the T-A-T-A sequence affects both the site of
initiation.of.transcription as well as the rate of
transcription whereas in others, such as the SV 40 early
‘transcription Qnit (Benoist and Chambon, 1981), this same
loss affects only the choice of initiation sité but not the
actual rate of.transcription. Chambon and his group find

that the initiation site at -the SV 40 early promotor can be

moved further downstream from the normal start site by

> o

-'deleting sequences between the start site and the T-A-T-A
box. In the deletion strains the distance from the T-A-T-A
sequence to the site of initiation is always about 25
nucldotide pairs. This suggests that the T-A-T-A sequence is
.important-for positioning the RNA polymerase for initiation
of transcription. In a further study, (Davison et al., 1983)
Chambon and_éollaborators demonstrat:ifﬂ? specific binding
of‘t}anscriétion factors to the %—A—T—ﬁ*box. These Eactors
are derived from HelLa ceils and are eésentiai for
transc;iption in crude cellular extracts.

gA 1 of this evidence suggests that the T-A-T-A box is

' -

an i&portant part of the RNA polymefése I1I promoter. However

. v . , o
sequences further upstream also affect transcription. Hen et



al., (1982)4find that sequences 34 to 97 nucleotides
upstream f;om the mRNA start site are required for
expression at the adenovirus major late promoter both in
vitro and in vivo. Unfortunately, they find that expression
of the»adenovirus genes on their plasmld is also dependent
"upon the presence of a 72 nucleotide sequence from SV 40
called the enhancer sequence (see below). This seguence
enhances transcription of many genes from a distahce in some
unknown way”(Wasyiyk et al., 1983). This requirement
complicates the interpretation of their experiment. The
sequences between nucleotides 34 and 97 may be important
only when associated with enhancer sequences. McKnight and
Kinggbury (1982) also réport an upstream effect on

transcription of .the herpes simplex thymidine kinase gene.

[

They find two sequence blocks, one 47 to 61 nucleotides -
upstream and the other 80 to 105 nucleotides upstream which
are important for normal in vivo expression. In a similar
way, sequences between 50 and 100 nucleotides upstream from
the traﬁscription start site of the rabbit B-globin gene are
required for'trénscription (Grosveld et al., 1982). This is
consistent with the discovery, mentioned‘earlier, of a
p-thalassaemia with a single base change at the -87
p051tlon. ThlS mutation was found to decrease the rate of
_transcrlptlon of the B- globln gene ln vivo (Trelsman et al.,

n

1983).

’
It is possible that these dpstream sequences are also

part of the basic RNA polymerase II promoter, here defined
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as the minimal sequence regyirement for polymerase functibn,
However seguence consensus is not as strong in these regioné
as it fs for the T-A-T-A box and no clear pattern of effects 
has yet emerged from in vitro mutagenesis expériments.

Perhaps some of these sequences are gene specific and

represent regulatory sequences distinct from the basic

promoter. S ‘ iQf§\\\\~

Support for this idea comes from studies in Drosophila
and yeast. Hugh Pelham (1982) has been studying the
expression of the Hsp 70 heat-shock gene from Drosophila by;

inserting this gene into a vector containing the SV 40

origin of replication, and transforming monkey cells that

support high-level replication of the veltor. He found that,
as 'in Drosophila, expression of the Hsp 70 gene could be

induced by heat shocking the monkey cells. Using a series of

. Hsp 70 genes with different small deletions in the 5'iregion
“he showed that induction depended on sequehces 47 to 66

~ nucleotides upstream of the mRNA start site. A similar

sequence is found in approximately the same location in
several other'DPosophila hegﬁ shock genes. Fipk and
éol}aborators have beeh studying expression of genes
involved in amino acid biosynthésis in yeast (Donahue et
al., 1983). The expression of genes in several amino acid

biésynthetic'pathways is regulaéed coordina;ély by what is

‘called the general amino acifl control system. Starvation for
R \

any one of these amino-acids results in increased

transcription of all the genes in the general control

o :
N
3 ]
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system. Fink's group has shown that a 6 nuclgotide sequence
repeated several times in the 5' nontranscribed\region of
\————"‘t

these genes is necessary for this derepression.
X

A gbecial kind of upstream seguence exists 5' to &Q
SV40 early promoter. This 72 nucleotide sequenee, called the ——
enhancer or activator (Wasy1yk et al., 1§83),»is present as
a tandem repeat starting 115~nocleotides upstream of the
mRNA start site and extending upstream. Deletion of both
members-of the tandem repeat completely eliminates
transcription from the early ptomoter. Howeverjtranscriotiog
is restored if the eiement is replaced;?irreépective‘of its
orientation or exact}position relative to the mRNA start
site. This sequence also seems to enhance tfansc;iption at -
other eukaryoticggplymerase 11 promoters and even;activates
transcripfion where no promoter is known to~ekist (Wasylyk

et al., 5983). Agaihvneither the orientation nor the exact
position of the element with respect to the start site are
critical. However the 'strength of the effect does decrease
with distance. Similar sequences are fouhd in the long
terminal repeat (LTR) fegion,of some animal RNA viruses.
Levison et al., (1982) show that a 72 ﬁuclebtioe tanoemly
repeated sequence from the LTR‘of Moloney sarcoma virus can
‘function in SV 40 ih.place'of the SV 40 tandem reoeat.vThere
is no ‘sequence homology between these two sequences. Wasylyk:
et al., (1983) suggest that enhancer %equences gtt as a 51tev
for the entry of RNA polymerase II. The polymerase 1s then

4

~able to scan up and down the\DNA in search of.transcr1ptlon



3

_ Further,»theyYEOund that for.chicken giobin~genes this

16

start signals, possibly the T-A-T-A box.

[y

p. Chromatin structure and gene expression

Work on enhancer sequences indicates that quite
different nucleotide seguences céh have similar regulatory
effects. This may be because a speeific chromatin
configuration,'perhaps a configuratien essential for gene

expression, could be compatible with several primary
' []

fsequence arrangements. However, this is sensible only if

chromatin structure can be shown to affect gene expre551on

Chromatin, in it's most basic form, consists of DNA plus the
5 histone proteins organized in a repet1t1ve array of

| . - | -
nucleosome units. Further structural complexities may arise

when this basic structure 1nteracts wlth varlant hlstone

proteins and a diverse collect1on of non-histone protelns.

The first direct ev1dence that gene expre551on is
accompanied by a change in chromat1n structure came from'

work by Weintraub androudine (1976). They found that

~actively expressed globin genes are more sensitive to the

endonuclease DNase I than are inactive globin genes.

increased sensitivity is dependent upon the presence of 2
Specific non~histone proteins (Weisbrod and Weintraub;
1979) ,~‘j'5-” ' N ’_ .

D1fferent1a1 nuclease sen51t1v1ty has now been»

'documented for a number of genes 1nc1ud1ng the DPosophlIa

iheat shock genes (WU et al., 1979), and hlstone genes (Samal e,v

]’ .



- et al., 198l), the conalbumin gene in’chickens (Kﬁo et al.i
*1979), and mating tYpe loci in yeast (Nasnyth, 1982)}1In _a
7additlon to a general increase in’DNaSe I sensitivity these
researchers find that specific Sites.ot_bNase'I |
hypersenSltivlty.are associated with actively-expressed o
genes (Elgin, 1981l Hypersen51t1ve 51tes are 1nvar1ably but
not exclu51vely present at the 5°' end of act1vely expressed
genes. In the a- glob1n gene of chlckens the 5'5
hypersen51t1ve 51te appears before the gene is expressed but‘
only in. tlssues vhere expressron will eventually occur. ThlS
means that the hypersen51t1ve 51te 1s~probab1y necessary but
-not SUfflClent for. globln gene expre551on (We1ntraub et L
al.,1981). o
A»close relatidnship between hypersensitive’sites-andff"
gene expre551on is 1nd1cated by work on the‘§gs 4 gene in -
DPosophlIa. ThlS gene codes for one of the glue prote1ns |
\~,—wh1ch are secreted by the sallvary glands of the - organlsm
durlng puparlatxon Shermoen and Beckendorf (1982) fznd that._'
5 hypersens1t1ve 51tes appear 5' to the gene when it is
'expressed dur1ng late thlrd 1nstar. Muskav1tch and Hogness
(1982) studylng variant stra1ns whlch do not express this -
R _gene flnd that 1oss of gene expre551on correlates w1th loss_ld
_of one or more of these hypersen51t1ve 51tes. In anotherjjf’i
iStudy (Mcclnnls et al., 1983) ‘a 51ngle base change w1th1n a Ei;av

}-hypersen51t1ve reg1on correlates w1th a 50% reductlon 1n 595119

j‘4 spec1f1c mRNA

i




’The exact nature of DNase I‘hypersensitive,sites'has
not been determined There is sgme suggestion that they
EAER represent reglons of slngle stranded DNA. Slngle
| strandedness implies an absence of nucleosomal organ1zat1oni
‘Thls may - make the DNA more’ acce551ble and hence more
fsens1t1ve to macromolecular probes such as nucleases (Larsen;‘

and Welntraub, 1982).

 E. The DOpa decarboxylase gene enzyme system_ : |
\.‘ The enzyme Dopa decarboxylase (DDC) is a homodlmer w1th
'subun1t molecular welght of - 54 000 daltons. It catalyzes the
conver51on of Dopa- to dopamlne (Clark et al 1978) . |
| Dopamlne in turn is requlred 1n epldermal cells for
ﬁproductlon of N- acetyldopam1ne, a compound 1nvolved in the
;sclerot1zat1on or hardening of" newly dep051ted cutxcle
‘f (chklnson and Sull1van,,1975)' In add1tlon dopam1ne is-
thought to functlon as a neurotransmltter in. neural t1ssue.
7Genet1c ev1dence 1nd1cates that the same enzyme is
| xfrespons1ble for dopamlne product1on in both these tlssuesf
'n“;ff:tm(L1v1ngstone and Tempel 1983 Wrxght et al., 1982) Enzyme
T,};f{; *:‘iact1v1ty also appears 1n ovar1an tlssue hut the functxon of
df"ﬁ.hfth1s act1v1ty is not known. ~ -'~~V¥
Ll AR The gene codlng for DDC was locallzed by
vfhiiiffi?!recomblnatlonal analy51s (erght et al., 1976) to map 3
\‘”hf:posit1on 54 1 on the left arm of chromosome 2 Slnce then ﬂlf

'iijnumerous mutant alleles of the Ddc gene have been 1solated

}3i;§1nclud1ng null alleles, wh1ch behave as recesszve lethals,dyfsﬁ
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and two temperature sensitive alleles (erght et al., 1981).
.~More recently, a fragment of DNA containing the Ddc gene was
1solated from a Charon 4A recomblnant lrbrary”(lesh and

Davrdson,v1981) | | | | »l _

The expre551on of the Ddc gene is hlghly regulated both
u1n a. spatlal’and temporal sense. As noted above act1v1ty is
present 1n 3 drstznct tlssuest However the ma]orlty of total
-DDC act1v1ty appears ‘in the epidermis at 6 spec1f1c stages
“durlng thé'anlmals l1fe cycle. These stages»are hatch1ng,
t the 2 larval molts, puparlatlon, pupatlon, and adult |
. eclosidn (Kraminsky et‘al.; 4980;;erght et_al., 1982)
| Early interestyin the DDC‘system,fOCUSSed on the

_1nduct10§§of enzyme»actigfty.at pupariatfon. Experimentsvby'
Karlson and collaborators (Karlson and Sekerls, 1966) on
Cailiphora specxes showed that the stero1d hormone L
’_ecdysterone was necessary for the appearance of DDC act1v1ty
' at puparlatlon. Fragoulls ‘and Sekerls (1975a and 1975b)
_later demonstrated that the appearance of enzyme act1v1ty
h7represented de novo synthesxs of enzyme and that this .
synthesrs was c01nc1dent w1th the appearance of translatabler
:tDDC mRNA In. DrosophlLa elegant exper;ments usrng the
p ecdysoneless mutant edc1 showed that ecdysterone 1nduces.a
.‘E,frap1d 1ncrease 1n translatable DDC mRNA (hramlnsky et al.,_'
"1980) More recently Clark and Hodgetts (personal -

'"1icommun1cat10n) have shown that the appearance of DDC

'V:transcrlpt after ecdysterone treatment 1s 1ndependent of

"‘hffproteln Synthes1s._Ashburner and Berendes (1978),‘work1ng on,ff)i““ .




polytene chromosomes puffs in salivary glands also found
that rapid responses to ecdysterone are.independent of
protein synthesis. Based on these observations they‘suggest
that ecdysterone or an ecdysterone-receptor complex is
direttly affecting the rate of'transcription,
| Regentiy tno studiesvhave strengthened the hypothesis
that steroid hormones, when assocxated with receptor
protelns, interact dlrectly w1th chromatln Gronemeyer and
- Pongs (1980) localized ecdysterone-receptor complekes‘on
.poiytene.chronosomes hy chemically cposelinkingithese‘
»cOmplexes in situ and labelling with immunoflourescent
technlques. They found that ecdysterone was situated at
t'51tes where hormone is known to 1nduce puffing. Mu1v1h111 et
'a;.,_(1982) have ;dent1f1ed’a DNA sequence 250 to 1300
nueieotides upstream from several progesterone’responeive_
’genes in ch1cken that seems to preferentlally bind
progeFterone receptor complexes. Hopefully a 51m11ar site
w1ll be-1dent1f1ed for,ecdysterone_recognltlon when more
'ecdysterone respons1ve genes are analyzed -
Un11ke pupar1at1on, the peaks of enzyme act1v1ty
»:eappearlng at’ hatch1ng, the 2 1arval molts, and ec1051on are
not c01nc1dent w1th 1ncreases in ecdysterone t1ter.'1n
f;add1t1on there 1s probably Ddc gene expressxon 1n neural
‘» nt1ssue throughout development. This suggests that the
.’tmechanlsm\of Ddc gene regulatlon may . be dlfferent 1n -

Lf-‘;d1fferent stages and 1n dlfferent t1ssues..For example Gletz-*

ix"ﬂ.fand Hodgetts (pers. comm ) have analyzed Ddc expre551on
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during embryogenesis.‘They find that DDC transcript begins.
to accumulate late in\embryogenesis just shortly before the
peak of DpC activity. The ecdysterone titer at this time 1is
very low.r o | | |

The hlghly regulated pattern of gene expression
described above makes the Ddc gene an ideal cand1date for

the study of gene requlation. My approach has been to

“1dent1fy ‘and characterlze cont1guous genetic elements that

modlfy the expre551on of this gene. As I mentioned earlier
some studies suggest that conventional mutagenesis does not

efficiently produce regulatory mutants. Natural populat1ons

-represent an alternat1ve source of regulatory variation. For

this reason Dr. Ross Hodgetts conducted a screen of 109
stralns 1sogen1c for 1ndependent1y isolated second

chromosomes. This ' screen 1dent1f1ed the several stralns of

, DPOSOphJIa with altered act1v1ty levels. which represent the

raw mater1a1 for thlS work, One of these strains is analyzed

here in detail and found to be stage- spec1f1c in its

evarlatlon. Mapplng experlments show that the element

responsible for activity variation in this strain is closely

linked'to the structural gene for DDC. By-using Southern

.,blottlng analysis and detalled restr1ct1on mapplng of cloned
v DNA several sequence polymorphlsms were 1dent1f1ed in the

© . region of the Ddc gene 1n the varlant straln. One or more of

these polymorphlsms may be respon51b1e for the act1v1ty

varlatlon -and therefore 1dent1fy sequences 1mportant for the

-]
regulat:on'Qf the'Ddc gene.



11. Materials and Methods

A. Growth media and selutions
LB - The'media used for growing all bacterial strains was
Luria broth. This contained per liter: 10 gms
Bacto-tryptone, 10 gms NaCl, and 5 gms Bacto-yeaet
extract. Solid medla was LB containing 15 gm/l
Bacto-agar. Medla used to culture stralns carrylng
D plasmids conferr;ng antibiotic resistance were
supplemented with 20 mg/l1 tetracycline or 100 mg/l
b-ampic{llin. The antibioties were added after the medium‘
was autoclaved.
.LMB - Bacterial euItures used-forrgrbwth of.bacteriqphage A
| were grown in LB plus 10mM MgSO, . |
TE - DNA preparatlons were typically stored in TE buffer
which was 10mM Tris HCl (pH 7.5), 1mM EDTA.
‘TMG - Bacterlophage A partlcles were handled ‘and stored in
" TMG buffer. This buffer contalned 10mM Tris HC1 (pH
7.5), 10mM. MgSO., 0.1% w/v gelatin.
SSC - Blott1ng procedures involved the use of a h1gh salt
: Solut1on called §SC. This solut1on contalned 150mM
NaCl 15mM trisodium c:trate.
'Extractlon buffer - Crude extracts of DPosophlla
| melanogaster uere prepared in extract1on buffer

l

conta1n1ng SOmM Trls HC1 (pH . 7. 3) 1mM phenylthlourea.

o
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B. Stocks“
All:DFOSOphila melanogaster stocks were routinely
maintained on a standard yeast- sucrose medium' (Nash and
Bell, 1968) at 25° C in. complete,darkness. Table 1 glves a e
‘complete list of all D. melan?gasten stocks usedyand their:

origin. Table 2 provides the same information for the

bacterial and bacteriophage stocks used in this study.

C. Determination of %ost embryonic DDC activity and.

ecdysterone titer

Growth and stagxng of organisms
Canton S embryos were collected at 25° C in a large’
N

' /
populatlon cage on 1, 5% agar partlally covered w1th live

"'«fste. Time zero for each sample was taken to be the

gof a two hour ldglng period. The flrst collectlon

u;

;g development' hatch, the second 1nstar to th;rd 1nstar

F, puparlatlon, and ec1051on.

sln- at hatch . »
‘irox1mate1y two houts before the ex ected mean hatch
agar trays conta1n1ng the embryos were washed

gently v1th d15t111ed water. All newly hat hed f1rst 1nstar

;f 1arvae were washed away whlle the partxally embedded eggs i

o
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Table 1

Drosophila melanogaster Stock List

-

‘Stock . . : Soufce
109 wild-type lines. : o Drs. G. Bewley aad
' N ' G. Carmody ‘
Cy/Pm»} Sb/Ubx - - ' Dr. J.B. Bell
rdo hk pr/ndo‘hk pr . o ’ A Dr. R.B.'Hodgetts
- \b ndo hk pr cn/b PdQ pk pr cn  . fhiS'study
T ‘fndolhk'pf/CyDT ‘ - ,"  Dr. R.B. Hodgetts

hk/hk‘, . ~ . ‘ - | ‘Bowling Green Stock
‘ : ' : Center P

" Ddc*4 pr/Ddc** pr : - : - This study
lCanton—S ® o | o Dr. R.B. Hodgetts

DE(2L)130 cn bw/CyOt .. - Dr. R.B. Hodgetts

'+ Cy0 - In(2LR)Q, dp Cy prcn

: ot
o
'




- Table 2

Bacterial 'and Bacteriophage Stocks

.25

Qt?a;n
. HB 101

Q358

~ BHB 2688

E.coli

o

BHB 2690

Mét&;rs_V

F-, hsd S20(ramx), rec A13,

- ara-14, pro A2, lac Y1,
—gal k2, rps L20(Sm ), xyl-5,
- mti-1, supk44, \-

~ hsd Rt, hsd M, supF, 880, P2

N205'nec1A-{kimm?34,.cIts;
b2, red-, Eam, Sam/\] .

a.N205 bec.A-[XImm'34,,cIts,
‘,bgr Ped" Dam/kl L

- Bacteriophage A i
S E ;

. Source

Dr. R.B. Hodgetts

hsd Rt, hsd Mi, supF, 80 BRL
BRL

Dr. R.Y.C. Lo .

&7
t

.Dr. ‘.R.'Y I\c' Lo.

A1059  hAs Bam I' b189 (int29, NL44, BRL
o Cc1867, pacl29) (int-cIII) .. =
KH54, SRI4*, NINS, chi3

acI 857 CI8S7 ., ’ W.C. Clark

no- r,'B" S

'* -mB ..\ : q‘
: $?1 Rk k’{, J
N
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remained‘stuck in the agar. After a two hour wait the wash
was repeated and the newly hatched larvae collected on a
§{£g£‘ééreen._TheSG larvae were placed on agar completely
covered with live yeast paste and incubated at 25° C. One

more two! hour collection was made for each tray.

Staging at thepgécond instar to third instar molt

‘It is fairly ea%y to distingdish between second and

\

third instar larvae by looking at the\anterlor spiracles.

The anterior spiracles of second 1n$tar larvae are small and
rudimentaty when compared to those- ot third instar larvae
(Bodenstein 1950). As a sample aéB;Qached the time of Sepond
.tb'third molt the larvae were removed from the live yeast
paste by collection on a Nitex screen, washed with distilled
water and placed on, a moistened filter paper in a glass
petri dish. By using a dissecting microscope third instar
larvae were identified and removed from the sample. Two
hours later third instar larvae were again removed and

placed on agar covered with live yeast paste. This cycle was

repeated two or three times.

Staging at pupariation

For a period of approximately one hour after

'pupafiation the prepupae remain white. These white prepupae- Ed
were picked from the sides of a tray and placed.in a petri 4

- -
Eé.dish lined with moistened fil%;r paper.

ey

[l
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& Staging at eclosion

Newly eclosed adults (0-2 hours) were collected by

clearing bottles and collecting two hours later.

Assays

Samples were removed from the live yeast paste or
filter paper at various times throughout postembryonic
development and i1mmediately f:ozen‘in liguid nitrogen.
Extracts for enzyme assays we;e prepared at a concentrationw
of 50 mg live weight per ml in extraction buffer using ;
motor driven teflon pestle in a glass homogenizer. The
extracts were cleared Sy centrifugation at 27,000 x g f9r
"ten minutes. DDC assays were done according to Clark e£ al.,
(1978). Determination of protein concentration wag'done as
described by Spector (1978).

| Extracté to be used for the determination of

ecdysterone titer were prepared by grinding larvae in 70%
methanol, 1 mM phenythiourea at a concentration of 50 mgs/ml
in a teflon grinder followed by cehtriﬁugation at 27,000 x g
for ten minutes. Tﬁe ecdysterone titers were determined by
radioimmune assay in the laboratory of Dr. J.D. O'Connor at °
the Department'of Biology, U.C.L.A. Hormone assays were done

on larval samples only, s0-as to coﬁplemént data published

by Hodgetts et al., (1977).
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D. Survey of DDC activity

Newly éciosed adults (0-2 hours old) were collected
from each of 109 stocks isogenic for independently isolated
wild second chromosomes. Extracts were made at a
_congentration of 20 mgs/ml'in extraction‘buffer. Each
~extract was assayed for DDC activity in duplicate according
to Clark et al.,'(1978).
E. Genetic analysis

In order‘to determine the second chromosome
contribution to the activity variation observed, the crosses
outlined in Figure 1 were performed. Newly eclosed F2
progeny of genotypes Cy/Cy*;Sb*/Sb- and Cy*/Cy-;Sb/Sb- were
assayed for DDC activity. An equal number of male and female
flies were included in each sample. If a strain showed
activity variation segregating with the second chromosome
the crosses described in Figure 2 were performed. These
crosses were designed to show whgther or not the element
.responSible for activity. variation lies between hk and pr on
the second ;hrohosome, a region which includes the

structural gene for DDC (Wright et al., 1976) .

F. Immunotitration of DDC

The amount of cross reacting material (CRM) in a sample
was estimated by determining the concentration of agiiserum
'suff1c1ent to precipitate half the DDC act1v1ty in that

sample. Antlserum was prepared as descrlbed in Clark et al.,

-



Figure 1: Crossing scheme used to determine the
autosomal segregation of DDC activity
variation. All genetic markers are described

in Lindsley and Grell (1967).
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Fiéure 2: »Crossing séheme used to test_fqr_sources of
DDC.éétivity.variatién between~hk and pr on
the left arm of.ch:omosome 2; DDC éssays
‘were'pérformed.as describedAin-Clatk et al.
(1978); Extracts of negly'eclosed adults
wefe prepared from equal ﬁumbers.of maiégaﬁd_
“female f1i;s. Whitekpuparia ﬁgre not sexed

priof_to being assayed fo;'DDC.activity.
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(1978) except that' the ammonlum sulfate prec1p1tat10n step
_was not done. StaphyIOCOCCUS auneus cells were prepared and.
arsupplled by Dan Gietz as 1n Kessler (1976)

Typlcally extracts were made at a concentrat1on of 50

mg/ml of extractlon buffer. The extract was d1v1ded 1nto 25

- ul aliguots and made up to 50 ul w1th antlserum solut1on

d11uted to the de51red concentrat1on 1n extractlon buffer.’
All the . samples vere 1ncubated for two ‘hours at 4% C. To °

| 'ensure ‘that 1mmunoprec1p1tat1on did not depend on the o
antlbody to antlgen rat1o 10 ul-of a 10% S. aureus
'suspensxon was added to act as 1mmunoadsorbent Incubatlon
at 4° C for 30 ‘minutes was followed by centr1fugat1on at . |
8500 X g for 10 mlnutes. The supernatants were removed and
’centr:fuged agaln at 8500 x g for 10 m1nutes. These
supernatants were removed and frozen in- llquzd nxtrogen.

; Each sample was assayed in dup11cate and the fraction of.the
"act1v1ty remalnlng calculated u51ng the tube with no | |
ant1serum added as a reference. These numbers were plotted
'agalnst serum concentrat1on and that concentrat1on y1e1d1ng
50%venzyme 1nact1yat1ongdetermlned;from the_graph. |
5G. In vivo. radzolabelllng of DDC ' _‘;’ :t <d l“l.f‘l ' g

Approx1mately 50 mg of wanderxng th;rd 1nstar larvae

( c were fed 100 uC1 of 355 meth10n1ne 1n 2% ethanol d1luted

"Vlth 55 ul of water 1n a Small petr1 dish (Pass 1979) After
._thls was completely 1ngested (approx1mate1y 4 hOurs) the i7

“larvae were fed a ﬁ% sucrose solut1on for a per1od of 8 to_.f

i
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.10 hours. Crude extracts were prepared in extraction -buffer
at a concentration of 50 mg/ml.
H. Immunoprecipitation of in vivo radiolabelled DDC
Preimmune 1gG and anti-DDC 1gG were generdysly supplied
by Dan Gietz after purification on protein-A. sepharose
coiumns. Enzyme was immunoprecipitated as described in
Kraminskf et al., (1979). A 300 ul volume of radiolabelled
crude extract was incubated with 300 ul of 150mM NaCl, 5mM
-EDTA, 50mM Tris‘HCI (pH 7.2), 0.02% w/v sodium azide’(NET) +
.5% Triton X-100 and approximately 50 ug of preimmune IgG
for 12 hours at 4° C. The IgG was precipitated by adding 100
ul of a 10% S. aureus suspension, incubating for 30 minutes
at 4° C, and centrifugingigt 2000 x g for 5 minutes.:.This
was repeéted with a further 100 ul of S. aureus suspension.
Apbroximately 25 ug of anti-DDC 1gG was added and the
solution}incubated at 4° C for 3 hours. The IgG-enzyme
complexes were precipitated with 100 ul of S. éuneus
suspension as described above; Ce}ls coliected by

‘ . . . I ' .
centrifugation were washed 5 times with NET + .05% Triton

i

‘ x§100 and stored at -20° C;‘
}I; Deierminatibn of alpha-methyl Dopa'sensitivity

 §tanda;d jeast*suc:ose media was sqpplemented'with'
varyihg concentrations of‘a—methyl Dopa (aMDf made up fresh
in 2001 N HCl(Sherald and Wright 1974). The concentration of

_aMﬁ usually ranged from .5 x 1074 to 4 x 10°4 M with-



nonsupplemented standard food as a control. Fifty newly .
hatched first inSta; larvae were set on squares of moistened
filter péper.‘Thgse filter papers we;e-laid on top of 5 mls
of food poured into small tubes. Viability was:scbfed after
all surviving larvae had pupariated and the % surinal
determined by referenée to the control. Three tubes at each
concentration were éet up in each experiment. The mean
number of surv1vors calculated u51ng all three)tubes was

used to determine % surv1val at each concentratlon

J. RNA e#traction from D. melanogaster

All glassware used in RNA extractions was heat treated
at 150°.C for at least 4 hours to inactivate‘RNaSe.
Extractions were performed from firs; instar lérvae,
wandering third instar la}vae, and ﬁéwly eclosed.adults-in
the following extraction buffer: 250mM sucrose, 250mM NaCl,
250mM NH,Cl, 50mM MgCl,, 25mM Tris HCl (pH 7.5), 5mM EGTA,
5mM N—ethylmélemide, 100 ug/ml heparin, .5% v/v
2-mercaptoethanol, 2% w/v SDS, SO-ug/ml spérmiﬁe (Benyjati
et al.i981) This buffer was made up 1in double dlStllled
water that had been made 05% in dlethyloxldlformate and
autoclaved. Third instar larvae and adults were ground to a
fine,powderlin liquid nitrogen using a precooled mortar and
pestlé. Thisvpdﬁder was placed in'a glaSs grinder and .
hbmogenizéd‘at a,cpncentration of 20 ml extraction buffer to

: \ ‘ v , o

1 gm of material. First ihstarllarvae were ‘treated the same

way‘excapt tﬁ&} grinding in 1iquid_nitrbgeh.was not
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required. After grinding, the homogenate was made 1%‘v/v NP
40 and vortexed for several seconds. A .5 volume of phenol
saturated with 50mM Tris HCl'(pH 7.5) was added and the‘\»
solution again vortexed for severel seCopds. Next a .5
volume of chloroform was added'and the solution hand
agitated for several minutes. Centrifugation at 12,000 x g
for 10 minutes separaged the phases. The aqueous;phase'was
removed and extracted 2x with equal volumes of chloroform.
Finally the RNA was precipltated by making the‘solution e

adding 3 volumes of 95%

200mM sodium acetate (pH 7. 0'-

ethanol, and placing at -20° C for at least 8 hours.

K. DNA extractxon from D.. melanogasten )

This p;ocedure for the isolation of h1gh molecular
weight,DNg§was,adapted from that of Schachat and Hogness
(1974). Typically DNA was extraéted from embryos 0-24 hours
old. However this procedure was applied to larvae and adults
as well. -

‘Embrfos were dechorionated by béthing in 2,5% sodium
hYpocthrite fof 90 seconds and homogenized at a fetiqvof
1:10 w/v in 150mM Nac1; 50mM EDTA,. 1% w/v sarkésyl (pH 7.8)
(NES) in a Bellco glass hompgenizer. The‘debfls was rem6ved
by centrifugation at 12 000 x 9 for 10 mlnutes. The
supernatane vas ﬂ!xed with one volume ot phenol saturated
'w1th 10mM Tris HCl (pH 7.8), ImM EDTA. Extraction proceeded :
for 1 hour with gentle shak1ng at 4° C -The phases wefe Jk-

- separated by centrifugation at 12,000 x g for 15 minutes.
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' After removing the aqueous phase, the phenol phase was

racted with .5 volume of NES for 30 minutes with

1 g. The agueous phase was removed after

l and pooled w1th the first aqueous phase. This
1?ga1n extracted with phénol at room

»v After centr1fugatlon the aqueous phase was

g;4x with ether and the DNA prec1p1tated w1th 3 o
?of 95% ethanol at -20° C overnight. The DNA was

;%d by centrifugation at 4, 000 x g in a GSA rotor for
2071 utes, dr1ed under vacuum, and resuspended in 7.6 ml
TE1 151um chloride (7.38 gm) and ethidium bromide (400 ul
ofii ml mg/ml solut1on) were added and the solution placed

in f 50. 1 n1trocellulose centrlfuge tubes. The DNA was

bandedﬁby centrifugation at 36, 000 rpm at 15° C for 48
houps,,‘_e DNA was recovered w1th a syr1nge and the: eth1d1um
bromlfﬁ . oved by extractlng 3x w1th water saturated

ﬁiboi ‘ 1. Flnally the DNA was dlalyzed agalnst 1,000 ml of

, TE w1th 3 changes at 4° C.

'L. Oligo dechromatograhy

Ollgo dT chromatography was performed accordlng to Av1v
:and‘Leder (1972) Approx1mately .25 gms. of ollgo}; o
dT-cellulose was equ111brated in 10mM Tfls HC1' (pH 7 4),
,400mM NaCl 5% w/v SDS ‘and placed in a pasteur plpette.‘v
Bulk RNA collected by centrlfugatxon and resuspended 1n

equlllbratlon buffer was . appl1ed to the column ata rate of

12 mls/hour.lAfter sample,appl1cat;oncthe'column_was.waehed~
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with equilibration buffer. The absorbance at 260 nm was
mouitored continuously wlth an I1SCO UV analyaer aﬁd flow
cell. When the absorbance‘pad returned to uaseline_the poly
A’ RNA was releasea from the column with 10mM fris HC1 (pH_ o

e
7.5), . 05% w/v SDS. The poly A* RNA sample was

rechromatographed until no RNA was detected in the &;sh , I
Frequently this requ1red 3 passes over the column. Flnallxk////ﬂ—f\\\
the RNA sample was made 200mM in sodlum acetate (pH 7. O) and
preclp;tated in 3 volumes of ethanol at -20° C for 8 hours.
The preclpitate was resuspended in a small volume of
,distilled'water'and stored at -70° C.
o , A

M. Gel electrophoreeis 4 : , . N
(SDS polyacrylamxde gel electrophcres;s

In vivo radlolabelled DDC“was analyzed on SDS
polyacrylamlde vertlcal slab gels accordlng to Kikuchi and
| K1ng\(1975) Samples were prepared by d1lut1ng 1: 1 in
cracklng buffer (3% w/v SDS, 5% v/v 2- mercaptoethanol, 10% -
/v;glycerol 62mM Tris HCl (pHGgB)) ‘and bo111ng for 5 : o
| minUtes S. aureus cellular debr1s was removed by |
centr1fugat10n ‘at . 2000 X g for 5 mlnutes A 10% separatlng
gel and a 4.5% stacklng gel were used both 30:1 acrylamlde i
to bis. Electrophore51s was carrled out’ at 90 volts for - 3 to
4 hours at. room temperabﬁ%e..?rote1ns were flxed 1n the gel
‘by. bathlng in” 10% v/v acetlc ac1d solutlon for at least 3 ;'

.hours. To remove the ac1d in preparatlon for fluorography .

¢ '.
EN

PN
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the gel was 1ncubated in 20 volumes of water for. 30 minutes
(Chamberlaln, 1979). It was then ancubated in 10 volumes of

™ sodium salicylate (pH 7.0) for.approximately 1,hour. The

gel was dried7under[vacuum.and Kodak XRP-1 x-ray film was

" exposed to the dried gel-at -70° C..

DNA polyacrylam1de gel electrophores1s
DNA restr1ctlon fragments were analyzed on 3 5%

polyacrylamide (30:1 acrylamlde blS) vertlcal ‘slab gels

‘(Maniatis et al.,1982). Gels were cast and run in 90mM

Tris-borate (pH 8.0) 2mM EDTA Electrophores1s was for 3 to

‘4 hours at 80 volts. Samples were loaded°1n .03% xylene

cyanol, .03% bromophenol blue, 10% glycerol.

»

Denaturlng RNA agarose gel electrophores1s

Agarose electrophore51s of RNA ‘was performed

0

essentlally as in-Derman et al., (1981). RNA samples were

?denatured by heating‘at 65° C for 5;minutes in 50% v/y-

formamide, 6% v/v formaldehyde, 20mM sod1um borate (pH 8 3)
‘2mM EDTA After denaturatlon the samples were made - 03%

xylene cyanol 03% bromophenol blue, 10% glycerol The

3 S
' samples were loaded onto a. horlzontal 1. 25% gel made in 20mMi"'
sodlum borate (pH‘9¢3) .2mM EDTA, -3%. V?v formaldehyde and e

'run at a constant current of 100mA for 3 tqaf hours The

runnlng buffer was reC1rculated to prevent the formatlon of

[

- a pH gradlent from anode to cathode. Yeast r1bosomal RNAs

were used as molecular welght markers Marker RNA wa5\

~ (‘;
. : o I
- ‘x{“" /' o '

:-l /
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visualized using long wavelength UV light after staining 1in

.5 ug/ml ethidium bromide for at least 4 hours.

DNA agarose elecirophoresi&

DNA preparations yére routinely analyzed on horizontal
submerged agarose gels ranging 1n agarose concentration frém
.4 to 1.5 %. Gels were cast and run in 40mM Tris-acetate
(pH 8.0), 2mM EDTA (TAE) at approximately 30 volts for 12 to
24 hours at room temperature. The ;unn;ng‘butfer contained
ethidium bromide at a concentration of .5 ugs/ml Samples
were loaded as described for DNA polyacrylamide gels. After

. :

electrophoresis the DNA was visualized with long wavelength

Uv light and photographed with a Polaroid 545 Land camera.

Cellulose acetate electrophoresis

Extracts wefe‘prepared%in standard extraction buffer
and run on gelatinized cellulose acetate -
(cellogel, Chemetron) strips 1n a‘SOmM barbitol (pH 8.8)
buffer at 200 volts for 30 mlnuteg Dopa decarboxylase was

\

v1suallzed by an antlbody overlayt%‘thnlque using DDC

>
,\‘,

spec1f1c antiserum. First crude serum, diluted in 10mM
sodium phosphate (pH 7.3), 150mM NaCl, was applied to the
éel by séturating a cellulose acetate membrane in antiserum
solution and laying this membrane over the cellulose acetate
gel. This was iﬁcubated at 4° C for 2 hours. Thfn the
‘overlay membrane was replaced with another membféne; this

time saturated with 1251 labelled anti-DDC 1gG. This



antibody was purified by protein A-sepharose chromatography
and iodinated using the lacto-peroxidase method (Bio-Rad) by
the Edmonton Radiopharmaceutical Center. After an incubation
period of 20 hours the gels were washed with 1M NaCl, 10mM
sodium phosphate (pH 7.3), 1% Triton X-100 for 24 hours with
2 buffer changes. The gels were then air dried and exposed

to x-ray film.

Agarose gel purification of DNA restriction fragments
Restriction fragments were purified using low melting
temperature agarose (Sigma) according to Maniatis et. al.
(1982). A 1% low melting temperature agarose gel was cast 1n
TAE at 4° C in a horizontal slab gel apparatus. The DNA
sample was loaded as described above and run in~TAE buffer
with ethidium bromide at 30 .volts and at 4° C until such
time as the restriction fragment of interest was well
separated from other DNA fragments. The DNA band was cut out
of the gel, placed in 5 volumes of TE, and incubated at 68°
C for 10 minutes. The solution was extracted with 1 volume
of TE saturated phenol at roém temperature and the phases
separated by centrifugationTat 12,000 x g for 10 minutes at
room temperature. The phenol phase was re-extracted with a
.5 volume of TE, again at room temperature. The pooled
aqﬁeous phase; were extracted with phenol-chloroform (1:1)
and then chloroform. If necessary the DNA was concentrated.

with secondary butanol before precipitation in 3 volumes of

 95% ethanol at -70° C fof 1 hour.



N. Northern analysis

The method used for transier of RNA is essentially as
described by Southern (1975) for application to DNA transfer
with some modifications (Derman et. al. 1981). Gels were not
stained after electrophoresis but instead placed directfy on
a wick composed cf 12 layers of Whatman Bﬁm paper saturated
with 10 x SSC buffer. The gel was overlaild with a piece of
nitrocellulése filter (Schleicher and Schuell, BA85) that
had been eguilibrated first with distilled water and then
with 10 x SSC. This was then overlaid w{;h 5‘pieces of
Whatman 3MM paper saturated with distilled water and about 5
cm of dry paper towel weighted down with a full 1 liter
flask. Blotting was allowed to proceed for 12 to 18 hours. . .

At completion the nitrocellulose filter was removed and

. baked for 2 hours at 80° C under vacuum.

O. Southern analysis

Southerns were done as described by Southern (1975)
with some modifications as outlined in Davis et al., (1980).
DNA samples were run on 1% agarosé gels using TAE as the
buffer system. Before blotting the gels were bathed in .25N
HC1 at room témperature for 30 minutes with one solution
change. This was followed by 30 minutes at room témperature
"in .5M NaOH, 1.5M NaCl with one change and 30 minutes in .5M
Tris HCl (pH7.5), 1.5M NaCl again .at room temperature. All '

: )

subsequent steps were done as described for northern

analysis except that 20 x SSC was used in place of 10 x SSC.
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P. Hybridization og radiolabelled DNA probes to nucleic acid
blots |
K

Hybridization of nick-translated DNA probes to blots
was done according to Thomas (1980). Each filter was
prehybrid}zed in a 10 ml volume of 50% ;/v formamide, 5 x
SSC, SOAM sodium phosphate (pH 6.5), 250 ug/ml sonicated and
denatured salmon sperm DNA, and .62% each of bpvine serum
albumin, ficoll and polyvinylpyrolidine for 2 to 8 hours at
‘42° C. Hybridizaticn buffer consisted of 4 parts |
prehybridization solution and 1 pért 50% w/v dé}tran .
sulfate. DNA probes were denatured by heating tc 95° C for S
to 10 minutes and added to 10‘ml of hybridization mix.

Hybridization was for 12 to 20 hours at 42° ﬁ with shaking.

The blots were washed with 4 changes of 2 x SSC, .1% SDS for

5 minutes each at room temperature followed by two 15 minute

washes with .1 x SSC, .1% SDS at 50°'C. Blots were wrapped
in saran wrap and Kodak XRP-1 x-ray film was exposed to the

O

blots using an intensifying screen at -70° C.
Q. Estimation of réiativg Ddc transcript levels
Autoradiographs ofsﬁérthern blots were scanned using a
Perkin Elmer 559 A spectrophotometer with a gel scanning
attachment. The infensity.of a ‘band wés measured by cutting
out and wéighing the peak produced by the recording unit of
the spectrophotometer. This value in milligrams was then
corrected for the amount of RNA loaded 6n the gel. Each gel

typically consisted of 4 slots of each sample to be

-~
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analyzed. The 4 intensity values for each RNA type were then
averagecd to obtaln a mean. In crder fo ensure that the
values produced were within the linear range of the system a

standard curve of increasing amounts of RNA loaded was

included on each gel.

R. Enzymatic treatment of DNA
?y//*“‘l .

All restriction endonucleases were used as recommended

Endonuclease restriction

by the manUfacturér. Typically 1 u§ of DNA was restricted in
a volume.of 15 ul with 5 units o; enzyme at a temperature of
37° ¢ for 1 hour. Reactions were stopped by incubation at
68° C for 10 minutes. The volume of the reaétion and the

time of incubation were increased for those DNA samples

found to be slow to digest.

Ligation of DNA with T4 ligase

The DNA samples‘to be ligated were precipitated
together gn 3 volume of 95% ethanoi, washed 1 x with 70%
ethanol apd resuspenaed in 50mM Tris HC1l (pH 7.8), 10mM
MgCl,, 2mM dithiothreitol, 1mM adenosine triphosphate, 2mM
spermidine, 50 wg/ml bgvine serum albumin. After addition of

.1 unit of T4 DNA ligase the reaction was incubated at 14° €

for 2 to 12 hours. = - .
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‘Nick-translation of DNA

Radiclabelled nucleotides were incorporated intc DNA by
nick-translation as in Davis et al., (1580). Typically,
reactions took place in a 25 ul volume. TQ; reaction mixture
contained 50mM Tris HCl (pH 7.5), 100mM MgSO,, 1mM
dithiothreitol, 50 ug/ml bovine serum albumin, .02mM dATP,
dGTP, and 4TTP, approxfmately 50 uCi 325 dCcTpP, 5 unitslof
DNA polymerase 1, .125 ng DNase 1 and .5 ug DNA. Incubation
was at'14° C for 3 hours and the reaction was stopped by
addition of an equal.volume of 200mM EDTA, 2mg/ml sonicated
salmon sperm DNA,..Z% SDS. Unincofporated nucleotides were
removed by passing the reaction over a Sephadex G-50 column

<o
i

in a pasteur pipette equilibrated with TE. The first .5 to 1
ml containing radioactivity as monitored by a Mini |

- Instruments Geiger meter Qas collected. Total incorporation
was measured by spotting a 1 ul‘aliquot of nick translated'
DNA onto a Whatman DE-81 filter. The filter was-placed in a
Millipore filtration apparatus and washed with 30 mi‘of
300mM ammonium formate (pH 7.8). After allowing the filter
‘to air dry‘it was placea in 10 mls of Aquasol-2

scintillation fluid (New England Nuclear) and counted in a

Beckman scintillation counter.

S. Growth and handling of bacteriophage lambda
Most of these procedures are adapted from Maniatis et

al. (1982) and Davis et al., (1980).



Plating of lambda phage

Platihgvculture was prepared by harvesting a freshly
saturated culture of A eensitive eells’and resuspending the
pellet in .4 volumes of TMG buffer. This cultdre was stored
at 4° C and used for approximately 1 week. Phage suspension,
’ﬁdiluted to give 50 to 500 plaques per piate, was added to .1
: ml of plating culture and allowed to preddsorb for 20
minutes at 37° C. Then 3 ml of LMB soft agar heated to 45° C
was added and the mixture poured onto a prewarmed LB plate

A3

After the agar had hardened the plates were incubated upside

*

down at 37° ¢ for 12 to 15 hours.

Preparétion of plate lysate

Approximately 106 phage were plated ber\plate as
descrlbed The plates were incubated right 51de up for
approximately 12 hours or unt11 1y51s was almost confluent
Then 5 mls of TMG was added to each plate‘and;the soft agar
sctaped into a centrifuge tube with a glass rod. A few drops
of chloroform were added and the mixture vortexed violentlyﬁ,
for 30 seconds. The lysates were incubated at room
temperatufe for 30 minutes and then centrlfuged ‘at |
10, 000 x g for 15 mlnutes The clarlfled lysates were stored

at 4° c w1th a few drops of chloroform at the bottom of the
‘tube.

! T~
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Prepafatibn of liquid lysate : o

Typically a 250 ml volume of LMB wgsnihOCUlafed with a
3 ml fresh overnight of A sensitive cells and incubated at
37° C with shaking until an OD®é5° of .4 was attained. Then
the culture‘was'infected with phage at a multiplicity‘of
infection of approximately 5. Preadsorption took place for
20 minutes at 37° C. This was followed by‘from 3 to 4 hours
of vigorous shaking at 37° C. A volume of 2.5 ml of
chloroform was added.to'eéch culture and shaking at 37° C
continued for a further 20 minutes. DNase and RNase were
added to a concentratiqn'of 1 ug/ml and the cﬁlfure allowed
to sit for 1 hour at room temperature. Then NaCl was added
to a concgntfatiop of 1M and the solution cleared by
centrifugation at 101000 X g for 10 minutes. The lysate was

stored at 4° C.

Preparation of 1ysate from a single plaque

A lysate was prepared from a single plaque by removing
the plaque and soft agar with a sterile toothpick or pasteur
piéette and plécing it in .5 ml of TMG. A few drops of
chloroform were added and the solution vortexed vigorously
for 30 seconasf The solution wasva;lowéd_to si§<for_at least
1 hour at room tehpefétufe'or overnight at 45 C before - ~
‘ﬁlatihg. A lyéatg prepared,in this way typically contained

~

approximately 105 phage particles. A
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Purification of bééteriophage lambda

A 250 ml liquid lysate prepared as de¥cribed above was
madé up to 10% w/v with polyethylene glycol 6000 (PEG) and
incubated for 1 hour at %° C. The PEG precipitate was
collected by centrifugation at 10,000 x g for 20 minutes,
drained completely and resuspended in 2 mls of TMG. The PEG
was removed by 2 chloroform e%tractions. The phage ‘were then
further'purified by 2 CsCl block gradients ééﬁdescribed in

Davis et al., (1980).

Extraction of DNA.from bacteriophage lambda

After 'the phage band was removed from the second CsCl
block gradient ghe solgtion was made 200mM Tris HCl (pH7.5),
20mM EDTA. One volume of formamide was added ané the
solutién incubated at least 1 hour at room temperature. Then
1 volume of water and 6 volumes of 95% ethanol were added.
fhg phage DNA precipitated immedi%tely and was pelleted by
spinning in an Eppendorf microfuge for 5 minutes.AThe DNA
Qas washed once with 70% ethanol, resuspended in a small
volume éf TE, and stored at 4° C. |
T. Construction of a D.[melanogasterflibrary in lambda 105§1 :

The bacteriophage A 1059 (Karn et al., 1980) was éhosen.
~as the vector to be used in construction Qf a recombinant
DNA library.AA restriction map of A1059 DNA is presented in
'Figure 3. This phage has 2 characteristic advantages.

Firstly, because it is a Bam H1 substitution vector it is

‘II

L4



Figure 3:

3

Restriction map of bacteriophage A1059. The
location of restriction sites in A1059 was
obtained from Karn et al. (1980). The bold

line indicates pBR322 sequence.

\%_\1,:):7
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& 51
possible to insert Sau 3A restriction fragments since these
2 enzymes generate an identical single‘stranded terminus;
Sau 3A has a 4 nucleotide recognition seguence. Consequently
it cuts relatively frequently and a partial digestion will
yield an essentially random collection of fragments.
Secondly use of the spi phenotypé allows for positive
selection of recombinant phage. The spi- phenbtypenis
conferred by the red and gam genes both of which are
situated on the central "stuffer” Bam Hl fragment of A1059
(Figure 3). A‘spi* bacteriophage A is unable to replicate in
a hos; cell lfsogénic for bacterjophaée P2. A fecombinant

phage replacing the central Bam H1 fragment with Drosophila

DNA would have a spi- phenoype and would grow on a P2

~, O

The strategy for construction of a recombinant library
with A1059 was to partially restrict Drosophila DNA with Sau .

3A; fractionate the resulting fragments on a sucrose

gradient, ligate the 15 to 20 Kb fragments into Bam HI

restricted M1059, package the product phage DNA_ in vij?,
. N e

“and select for recombinants on a host 1ysdgenic for phage

P2.
Sau SA restriction of Drosophila DNA

In order to find the correct conditions for partial
restriction, .5 ug aliquots of DPOSOphfIa DNA were digested
with frbm .01 to 1.0 units of Sau 3A in 6mM Tris HCl

MgCl,, 50mM NaCl fof‘1 hour at 37° C. Each

S~ /

.,h



.
-Sample was run on a .8% agarose gel 1n TAE with molecuiar
weight size markers (Figure 4A). Thcse conditions’ which
pdeuced the most DNA in the 15 to 20 Kb range were chosen
and the reaction scaled up exactly for digestion of 150 ug.
of DNA. After restriction for 1 hour at 37° k the DNA was
extracted‘once with phenol chloréférm (1:1), twice with
chloroform, made up to ZOOmM sodium acetate, precipitated in
3 volumeswof 95% ethanol at -70° C for | hOur; collected by
centrifugation, and resuspended in 500 ul of TE buffer.

@

Sucrose gradient fractionation of restricted DNA )
The 500 wl aliquot of restricted DNA was incubated at
68° C for 10 minutéé,‘cooled ﬁo room temperature and loaded
on top of a 10% to 40% w/v sucrose gradient in 50mM Tris HCI
ka 7.8), 100mM NaCl, 10mM EDTA in a SW 27 polyallomer
centrifuge tube. This gradient was centrifuged in a SW 27
rotor for 24 hours at 25,000 rpm and 15° C. The gradient was
fractionated into 500 ul fréctions on an ISCO gradient |
fractionator. A 10 ul aliquot from every second fraction was
run on a .5% agarose gel in TAE with molecular weight
markers.(Figure 4B). Those fractions containing DNA of
primarilyr15.to 20 Kb were pooled, dialyzed inéo 3 changes

kel

of 1000 ml of TE, and stored at 4° C.

Preparation of in vitro packaging extracts

The procedure for preparation of packaging extracts is

A

essentially the same as that described in Maniatis et -



Figure 4A: Partial restriction of [Ddc-* DNA. Aliguots
of appféifmétely 0.5 ug of high molecular
weight DNA were restricted with from 0.01 to
1.0 units of Sau 3A restrictibn enzyme for 1
hour at 37°C, and electrophoresed on 0.8%
agérose gel (slots 1 through 9). Slot 10
contains restricted DﬁA from a recombinqﬁt
Charon 4A bacteriopﬁage.vThese fragmeﬁts
served as molecular weight markers.(Kb).
Flourescence in the 17 Kb size range 1s the
most intense in slot 6. The conditions used

for restriction of. the DNA in slot 6 were

therefore used for large scale restriction.

Figﬁre 4B: Size frattionation of Drosophila DNA.
Approximately 150 ug of DPOéophila DNA was
restricted with Sau 3A according to
comditions determined above. This DNA was
centrifuged on a sucrose gradient as
described in the text. The gradient was
fractionated and aliquots ffom,fracfions
EhroughoutEthe_grgdieng.were electrophoresed
on 0.4% agarose éel (slots 1 to 4 and 6 to
12). Slot 5~qpntains'marker_DNA'as described
above. The DNA in slot 7 is of the desired.

size and was used for library construction. °
I ’
_ o7
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Sonicated extracts

ma
"1

0f a fresh overright of strain BHB 2690 grown at 30° C.

)

A 500 ml volume of LMB was innoculated with

At
[

This culture was incubated at 30° 6 until an 0Dt of
.3 was reached and then incubated in a 45° C water bath
for 20 minutes to induce producticn of A protelns.
Following inducticn the culture was iﬁcubafed at 37° C
with vigorous shaking for 3 hours. Cells were harvested
as described and resuspended in 3.6 mls of 20mM Tris
HCl1 (pHB8.0), 1mM EDTA, 3mM MgCl;géSmM 2—mercéptoethanol
(sonication buffer). The scolution was sonicated with iU
second bursts on high setting at 4° C until the
solution cleared and the viscosity decreased. Debris
was removed by centrifugation at 5,000 x g for 10
minutes. An egual volume of cold sonication buffer was
added to the supernatant as well as 1/6 volume of 6mM
Tris HCl (pH 8.0), 50mM spermidine, 50mM putrescine,
20mM MgCl,, 30mM ATP, 30mM 2-mercaptoethanol (packaging
buffer). Aliquots of ;5 ul were frozen in liguid

nitrogen and stored at -70° C.

Freeze-thaw extracté

A 500 ml induced culture of BHB 2688 was prepared
exactly as described above for BHB 2690. The cells were
reguspended after harvesting in 1 ml of cold 10% w/v

sucrose, 50mM Tris HC1 (pH 7.5). This solution was



placed in two .5 ml Eppendorf tubes, mixed with 25 wl
of 2 ma ml fresh lvsozyme in 250mM Tris HCL (pH 7.
anc frozen in 1iguid ni:}ogen. Thé frozen mixtures were
thawed on ice. A 25 ul vclume of packaging buffer was
added to each tube and the suspension was centrifuged
at 48,000 x g for ! hour at 4°C. The supernatant was

divided into 10 wl! aliquets, frozen in ligu:id nitrogen,

and stored at -70° C.

In vitro packaging

Tubes containing aliqucts of freeze thaw and sonicated
packaging extracts were removec from the -70° C freezer,
allowed to thaw on ice, and mixed. Then 2 wul aliquots of
ligation mixture were mixed with the packaging extracts and -
incubated at room temperature for 1 hour. A voluhe or 250 ul
of TMG phage buffer was then added to each tube. All of the
aliguots were pooled in preparation for plating.
Aamplification of the library

The library obtained after packaging was amplified by

plating onto strain Q358 at high density to yield a high

titer plate lysate.



U. Library screen

Filter preparation

The \:Drosophila library was screened essentigﬁﬁﬂPas
described in Maniatis et al., (1982). Approximately 10,000
plagues were plated in .3 mls of Q358 plating culture. In
place of agar, .7% agarose was used in the top layer.
Plagues were allowed to develop for approximately 12 houg
and then the plates were cooled to 4° C for at least 1 hour.

\

Dry nitrocellulose filters (Schleicher and Schuell) wefe
placed carefully on the cooled plates and allowed t@fégsorb
phage DNA for 1 minute. India ink applied with a syringe was
used to mark the filter and plate simultaneously for later
oriehtation. The filter was removed from the plate and
immersed seguentially in; 1.5M NaCl, .5M NaOH for 1 minute,
1.5M NaCl, .5M Tris HCl1l (pH 8.0) for 2 x 5 minutes, and
6 x SSC_fér 2 x 5 minutes. A duplicate filter was prepared
from éach plate. This second filter was allowed to sit on

the plate for 2 minutes. After the filters had air dried

they were baked in a vacuum at 80° C for 2 hours.

Hybridization
Prehybfidization and hybridization were performed as
described earlier except that hybridization was done without

dextran sulfate. /

!
‘
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1

V. Transférmation of Escherichia coli cells with plasmid DNA

Transformation of £. coli cells was done accerding to
Cohen et al., (1872). A/fresh saturated culture of strain HB
101 was diluted 1.740 in LB and incubated at 37° C with
shaking for 1 hour. Cells were harvésted by centrifugation
and resuspended iﬁ é .5 vszume of cold 50 mM CaCl,. Cells
were immediately pelleted again and resuspended in a-.1
v&lume.of cold 50mM CaCl,. This suspension was then
incubated on ice for at least 1 hour before use.

_For transformation a 10 to 20 ul volume of DNA was
added to .1 ml of competent cells. After incubation on 1ce
for 30 to 60 Tinutes the cells were heat shocked at 45° C
for 2 minuteg%‘A .3 ml volume of LB was adéed to each’
transformation and the cultﬁre incubated at 37° C for 45 to
60 minutes. Dilutions were plated ontb LB plates-with

appropriate antibiotics. The plates were incubated for 12 to

24ohours at 37° C.

W. Extraction of plasmid DNA

Plasmid DNA was isolated as described in Maniatis et

-~ al. (1982). A 25 ml volume of LB + antibiotic was ‘inoculated

with .1 ml of a saturated culture and grown at 37° C with
shaking un;il an OD63%0 of .6 was reached. This culture was
then used to inoculate 500 ml of prewarmed LB .+ drug. The
culture was shaken vigorously at 37° C for 2.5 hours. Then
2.5 ml of a 34 mg/ml chlqramphenicol solution was'édded to

—

the 500 ml culture. Vfgorous shaking at 37° C was.continued

2.
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‘for 14 to 16 hours..The cells were harvested and resuspeqded
‘n 10 ml of 10% w/v sucrose in 50mM Tris HCl (pH 8.0). To
this solution 2 ml of 10 mg/ml fresh lysozymet in .25M Tris
HC1 (pH 8.0) and 8 ml of .25M EDTA was added. The tube was
then left on ice for 10 minutes. Chromésomal DNA was
precipitated by addition in rapid succession and with gentle
mixing, 4 ml of 10% w/v SDS followed by 6 mlvof 5M NaCl.
After incubation on ice for 1 hour the solution was
centrifuged at 48,000 x g’for 30 minutes. Thelsupernatant
was extracted twice with TE saturated phenol chloroform
(1:1) and once with chloroform. Plasmid DNA was precipitated'
in 3 volume of 95% ethanol at -70° C for 1 hour, washed 1in
70% ethanol, harvested by centrifugation and resuspended in
8 ml of TE. For every ml of DNA solution 1 gm of CsCl was
added. Ethidium bromide was added.to a concentration of .8
ug/ml and the solution centrifuged at 45,000 rpm in a 50Ti
rotor for 36 hours at 20° C. The plasmid band was removed by
syringe and the ethidium bromide removed by extraction with
water saturated n-butanol. Cesium chloride was removed by,
dialy§§§'into 1,000 ml of TE with 3 changes and fhe DNA

stored at 4° C. , _ .

X. Rap1d extraction of plasmid DNA

Plasmid DNA was isolated for analyt1cal purposes
acchdihg to Birnboim and Doly (1979). A .5 ml volume of
fresh saturated was centrifuged for 1 minute in an Eppendorf

microfuge and the pellet resuspended in 100 ul of 2 mg/ml
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fresh lysozyme, 50mM glucose, 10mM EDTA, 25mM Tris HCl

' (pH-B.0). After incubation on ice for 30 minutes 200 ul of
.2M NaOH, 1% SDS was added and the solution vortexed until
viscous. Chromosomal DNA and protein were preclpitated by
addition of 150 ul of 3M sodium acetate (pH 4.8) and
incubation on ice fof 60 minutes. The supernatanf was
cleared by centrifugation for 5 minutes in & microfuge. A
400 ul volume of supernatant was removed and plasmid DNA
precipitated by addition of 1 ml of 95% ethaﬁol and
incubation at -70° C for thirgy minutes. The DNA was
resuspended in TE and reprecipitated in 95% ethanol, washed
once with 70% ethanol and resuspended in a volume of 40 ul
TE. A 5 ul volume of this DNA was uéually sufficient for 1

restriction. Often RNase A was added to a concentration of

.4 mg/ml during restriction. . K



iII. Results
o, ‘ .
A. DDC activity and ecdysterone titer dqring post embryonic
development
.

As a necég%éfy_prelude to the analysis of DDC activity
variants, the 1evei of DDC activity was determined in a
Canton-S strain throughout post-embryonic development. In
addition, the ecdysterone titer was determined during the 3
larval stages. These data complement embryonic and
post-puparial data obtained in our laboratory and together

constitute the profile plotted in Kraminsky et al., (1980)

and presented here in Figure 5.

B. Survey of DDC activity

In an attempt to identify natural variation in DDC
activity Dr. Ross Hodgetts and ‘Bhagya Venkataraman surveyed
enzyme activity at adult eclosion in.109 different strains.
These strains were gifts of Dr. Glenn Bewley-and Dr. George
~Carmody. They were originally constfucteé”by‘isogenization
of 109 different wild-type second chrbmosomes. The results
of the survey are summarized in Figure 6. Enzyme activity
for the 1.09 s.trains is(e}xpressed relativ.ewean'tc‘)n—s. The
arithmetic mean of the distfibution is 91% and the median
- value is 89%. Figure 6 shows thaﬁ the values range- from 65%
to 150%. However, it should be no§éd that the two strains at
the -upper extreme of the distribution contribute
disproportionately to this range} Strains WGM-06, WGM-19,

. o ¥

) K 61 - A
*\\ | f —



Figure 5: DDC activity and ecdysterone titer during
| the life cycle of the Canton-S strain at 25°

C. DDC assays were performed as described 1n
Clark et al. (1978). Enzyme activity 1s
indicated by open triangles and ecdysterone
titer by open circles. The dete;minaﬁion of
ecdysterone titerwas done b{)Dr. J.D.
0'Connor. Embryonic samples were collected
by R.D. Gietz. Some of the DDC assays on
pupal énd adult samples were performed by

W.C. Clark. This Figure has been published

in Kraminsky et al. (1980). -~
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Figure ¢:

Survey cf.DDC activity in strains isogenic
for independently isclated wild-type second
chromosomes. Newly eclosed adults irom each
of 109 different strains were assayed for
DDC activity using the micro-diffusion assay
described 1n Clark‘et al. (1978). The enzyme
activity for each strain is expressed as a
percentage of Canton-S acti;ity. The
positions 1n the distribution of the 4
strains selected for further study are

indicated by the arrows.

5



65

mw— oGt Gyt oWt GEg1 O

D

13

m_u— gelt O

(§-uowo) %) Aitatid0 5ad

N,m:o:mo_oo.mmommmommm
|1 1 | | l ] ]

0L

OP-WOM————>

G9 - WOM——>

-

®
Sl
G.w...a

6l '90 ~WOM———>>

SuIDJ4g 4O JaquinN



ot

WGM-40, and WGM-65 were selected for further study because
+hev fall at the two extremes ¢f the distribution. Since the
survey involved only one DDC activity determination, assays
were repéa:ed on young adults from these four strains. These
determinations showed WGM-40 and WGM-65 to have slightly
lower activitv levels relative to Canton;S than is seen 1n

Figure 6. However it -1s clear that all four strains are

significantly different from Canton-S (R. B. Hodget'ts

- personal communication, Table 3).

3
kS

C. Genetic analysis
The structural gene for DDC lies on the second

chromosome between the markers hk and pr (Wright et al.,

1976). Experiments were pérformed on strains WGM-06, WGM-19,

WGM-40, and WGM-65 to determine Qhether the element(s)
responsible for the variation in DDC activity segregates
with the second chromosome. The results, as described in
Table 4, show this fo be the case for strains WGM—O6,’
WGM-40, and WGM-65 (R. B. Hodgetts,.unpublished data). In

contrast only a small amount of the variation 1in activity

observed in WGM-19 1is attributable to the second chromosome.

For this reason no further experiments were carried out with.

this strain.

‘The crosses described in Figure 2 were designed to
further localize the activity variation element(s) to the
region between hk and'bn. No results were obtained with

strains WGM 06 or WGM 65 because the presence of recessive

~



Table 3
Extremes of Variation in Levels of DDC Activity

in Natural Populations

Strain DDC Activity % Differefice
(units/mg live weight) From Canton-S
WGM—40 4.16 ¢ 0.15 g +19.9
WGM—65 3.79 £ 0.08 + 9.2
Cantbn—S - 3.47 £ 0.11 | ‘O.d
“WGM—06. 2.5B\t 0.10 . -27.7
WGM—-19 | 2.4? + 0.08 : -30.8

F]
.
i

@

t Mean of 3 determinhations # 1 standard deviation
. ' & ’ [

- " |
3 - %
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Table 4

.Autosomal Segregation of Activity Variation

DDC Activity (units/mg live weight)

Strain +/Cy ; +.1 ~+/+ ; +/Sb )
WGM—4 0 3.83 4.9
WGM—65 3.25 4.25
}
WGM—06 3.00 2.43 .
WGM—19 3.00 2.73




r

0

lethals made it impossible to generate homozygous

i /
recombinant chromosomes. The results for strain WGM 4C are
summarized in Table 5. These results suggest that the
element responsible for the variaticn iies between hk and
pr. We have named this element DdCL°. To strengthen this
conclusion we repeated this experiment using a DdCc** strain
marked with pr which was generated in the first set of
crosses, and a hk strain, as the 2 parents. The results of
this second set of crosses support the initial cénélusion
(Table 6). Agter these experiments were completed, I became
aware that the data in Tables 5 and 6 do not unambiguously
place the Ddc-¢ element between hk and pr. They are also
consisténs with a map position approximately 10 map units fo
the left of hk. Experiments designed tc resolve this
émbiguity are End?fwayﬁ This problem is examined in detail
in the Discussion.

A standard mapping equation (Nash, 1963) was used to
calculate the exact poéition of the variant element between
the markers bk and pr given that it liesVin this region. Thé
map position = Z+(a/a+b)x, where Z 1s the map position of
hk, x is the number of map units between hk and pr, a is the
numbér of recombination events between hk and the variant
element, and b is the number of events between the variant
element and pr. Using the data in Tables 5.and 6 we have
z=53.9, x=.6, a=2, and b=21. Solving thiS‘equation gives a

map position for Ddc*4 of 53.95. The 95% céﬁfidence interval

for this map position is determined by using the equation:
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location = Z*pix) where p represents the rocts of the

eguation: p-tla*b) *xita*b)! - p{2a2+2éb+x;(a+b>} « ar =0.
The confidence interval calculated 1in this Qay extends from
map position 53.31 to 54.05. This corresponds well to the
pogition of the gene for DDC as determined by Wright et

s

al.(197¢) (Figure 7).

D. Developmental characterizatioﬂ of Ddc-*

The behavior of the Ddc**® variant throughout=«
development was fnvestigated by coilecting Ddc- *pr and
Canton-S organisms at hatch, the 2/3 molt, and at
pupariation and assaying DDCKéctivity. The rate of
developmenty was the -same for both strains (data not shown) .
As can be seen in Table 7 the wvariant is stage specific in
its behavior. There is an overproduction of enzyme activity
with respect to Canton-S at all stages except pupariation at

thich time'there 1s a marked qnderproduztion. This result 1is
gf special interest because pupariation 18 tﬁe only time

during development that the appearance of DDC activity 1s

closely related to the appearance of the insect steroid

% hormone ecdysterone (Kraminsky et al., 1980). Also this

stagevspecific phenotype suggests that the variation 1in

énzyme activity is a result of a change in the steady state

o

level of enzyme and not a result of a change in specific
activity. BN

To determine if the element responsible for the

variation in activity at pupariation is in:the immediate’



Figure 7:

Chromosomal location of the Ddc-* ,

element(s). The map position of Ddc- ¢ and

o

the 95% confidence interval were determined
as described in the text. The map position
of hk, Ddc, andgpr are from Wright et al.

&

(1976). =
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Table 7
DDC Activity During Development of Canton-S

and Ddc*4 pr Strains

'

DDC Activity (units/mg live weight) %

Strain ' © Hatch %/3 Molt Pupariatfbn Eclosion
Ddc~ ¢ 1.6410.27 2.4520.16 1.9640.03  4.04+0.23
Canton-S 1 16£0.07 1.6310.22  3.9020.20  3.20£0.11
Dc-¢:Canton=s. i 1.4% 1.50 0.50 1.18

[}

t Mean of 3 determinations t 1 standard deviation



vicinity of 4Ahe DJC gene, the recombinants described 1n
Table b were collected as white puparia and assayed for
'enzyme activity. This data is presented 1n Table 8. It is
clear that the variation at pupariation is behaving the same
genetically as the variation at eclosion and therefore may
be determined by the same genetic change. However 1t 1s
important to note that the var:iant chrOmosome\was originally
isolated from the wild and thus could easily carry several
polymorphisms near the Ddc gehe.
: .

E. Sensitivity to dietary alpha methyl Dopa

Sensitivity to the drug aMD has been shown to be
related in some complex way to the level of DDC actféity
(Wright et al.,1982). it'was therefore of interest to

>

measure the aMD sensitivity of Ddc**. Figure 8 shows that
the variant is clearly less sensitive to the drug than
Canton-S, The implications of this result are dealt with

>

more fully in the Disc®sion section.

F. Immuﬁotitrétion of DDC

To éhow\that‘cﬁagges'in eniYme activity reflect changes
in the amount of enzyme, %DC~activity was immunotitrated in
adult and whité pfépupél extracts with a monosﬁecific
antise:um. The-resdlfs for each titration were plotted, and
the concentration of antiserum giving a 50% titration of
%pzyme‘activity determined from-the curve. Each experiment

was performed 3 times witk!a different extract each time.

- K
-~

1

\
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Figure 8:

Sensitivity to dietary ae-methyl Dopa.

Canton-S and Ddc-%pr larvae were tested for
3

survival on food supplemented with various
concegﬁrations of a-methyl Dopa as described
in the Materials and Methods. The LDso was

-

determined from the graph. :
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Typical titration curves are presented in Figures 9 and 10,

and the means calculated from the three 505 titration values
displaved in Table 9. In becth white prepupae and adults the

amount of énzyme*in Ddc*“pr relative’to Canton-S measured in
this way, corresponds closely to the relative amgunt of -

enzyme activity (compare Tables.7 and 9). Whe

concentration of antiserum giving a 50% titration is plotted .
versus enzyme activity for both strains and at both stages,
the points form a line (Figure 11). This linear relationship
indicates that diffgrences'in activityy, between strains and

stages, reflect differences in enzyme levels.
/

«*

G. Electrophoretic analysis of DDC . o o - A ;ﬁﬁ&u
DDC from Canton-S and Dd¢+4pr whs compared on two
different gel electrophoresis sysEemsf In vivo'35S
methionine labelled DDC from both strains was‘rUn on an SDS . o
polyacrylamide gel and visﬁalized by f?uorography. The

flhorograph displayed in Figure 12 shows that the ehzymes'

are of identical size. ( ,
. . - q, AY

In an attempt to detect possible charge differences
between the two enzymes, crude extracts prepared from newly

eclosed adult flies were run on cellulose acetate gels. In

. this case the enzymes were visualized using a radioiodinated

. ¥ e L )
antibody specific to DDC. No difference 1n migration was

found between the Canton-S and Ddc** engymes (Figure 13).
o R P V A U
This method of enzyme detection also provides an estimate, of

\ n :
\CRM"levelsk\The amount of CRM was not quantified but from
. \ ' : AP ‘

A 1

-t



Figure 9:

e ¥

Y

L4
Immunotitration of DDC in white puparia..

Monospecific anti-DDC antiserum was used to.

determine the amount of cross-reacting

1]

material (CRM) in Canton-S and Ddc"*pr white
puparia by immunotitration as described in

the Materials and Methods. The concentration = -

—

of antisera at 50% inactivation of ehzyme“

was determined from the curve.

i#o v
L4 ) ’ *‘
] ’ * ’I

¥ | |

e

g
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Figure 10:

-.:(Jm

Immunotitration of DDC in newly eélosed
adultsqrMonospecifi; anti-DDC antiserum was
used to determine the amount of CRM in
CantonxS$S éha‘Ddc“pP newly eclosed adults by
immunotitration as described in the
Materials and Methods.lghé concentfétion of

antiserum at 50% inactivation was determined

from the curve.

4
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Serum Concantration at 50% Inactivation
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. ;:‘. - . -‘ = PR .n. “ . Table 9 . A‘ , - Vo
. DpC Cross.Reacting Material in Canton—§ and DdC** pr Strg;néf:

- e

N . )
\ ‘ - ~ o 8 . . ) . i

SOX,TitiatfbhrPoint (serum conqcntratth in %)t

.» . strain ~ pupariation . Eclesion
canton—=§ . 0.193 % 0.014 " 0.163 ¢ 0.020
co T e Y o o cohe

. ” \ ‘

o

' .pde*4 pr .. 0,105 £°0.024 :0.213 £10.012°

" pde++ priCanton-§ o.se0 o o 13t

sle




f-i‘i-immunot1traticn of DDC 1n Canton*S and Ddc‘

ef?pr extracts, was plotted aga1nst enzyme'
Eﬂ*feactxvxty. CRM measurements expressed as the; LR
"ffant1serum concentrat1on at 50% epzxme e

“iﬂactxvatxcn are found 1n Table 9 Enzymew,p~*-‘“

Tactivzty levels are preseﬁted in Tableyi}lﬁl’i5kﬁ.;fﬁﬁﬁfﬂ

‘J[feThe 11ne was extrapolated t° the orig1n.‘5







-fogure 12' SDS polyacrylamlde gel electrophoresxs ef

co el - Sa
e ‘~r1mmunoprec1p1tated DDC:‘rom Canton-s and

Y . »
] PR

_‘:ijd&’4 strazns. Larval prote1ns were
i Wffradxoact1vely labelled in Vivo w1th “’S

'7%ﬂ3¥meth1onxne. DDC was 1mmunoprec1p1tated from'

'{icrude bomogenates thh pur1f1ea antx—DDC IgG

N

' 1ffand staphylococcus aureus._ abelled DDC was

i »E'fseparated from IgG electrophoresed on an :i ‘3L

,ﬁiiijsms polyacrylamxde 9*{ and detected by
l t:¥£1“°f°9faphy. Slotqj'is DDC from-Canton S ia ;>_
,3  f;;f1arvi:; slot 2 1s an approxxmately 1 1 e
_@;;_mxxture of exttacts of Canton-s and Ddc“pp

DDC from Ddc*‘pr 1arvae.,7yl'“

"° zf1arvae; slot ,”

*%;kThe hor;zontal_liny xnd;cates thé P°51t1°"

This prote1n R

fof,the IgG heavy chﬁin protex,
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Figure 13

.
.

Canton-S homogenate .

,

A : x /
Cellulose acetate gel electgophoresis of DDC
from Canton-S and Ddc**4 strains. Crude

homogenafe prepared from newly eclosed

‘adults was‘electfophofesed on Cellogg&‘gb@

strips (Chemetron). DDC was precipitated in
the gel with '°I labelled anti-DDC 1gG and
visualized by autoradiography. Slot 1

contains Ddc! homogenate and slot 2
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t ' a r

visual examlnatlon alone it is clear that the Ddc*‘pr crude

»

homogenate contains more CRM than does the CantonJS crude
. R B

: homogenate. ThlS obsgrvatlon is conSIStent with the

- |

‘ 1mmunot1trat10n experlments de5cr1bed earller.f‘ '
. ‘.‘ ‘ ¢ ) N Ry
> . ‘ s i ( E ‘ . ) M
- H. DNA organization in'tha'region of the Ddc-gene
BT L The avallab1lﬁty oﬁjcloned gdhomic DNA (H1rsh and

gDav1dson, 1981)'facglrtated the analy51s of DDC spec%flc:
tran§$r1pts and geddmgc DNA organlzat1on. These clones vere
obtalnéd from a Canton S 11brary constructed by J. Lauer L
. . (Manlatls et al., 1978) The clones, along wlth 1n£ormat1oh
| on the’ Locatxon of restr1ct1on endonuclease 31tes, ‘were |
. klndly supplled by Cliff BrUnck and Jay Hirsh. Fzgure 14'
'¢prov1des restrlctzon 51te and transcrlpt 1nformatlon forva
f10 Kb r¢glon contalnlng the Ddc gene (lesh and Dav1dson,. ,
19813 /f:l'us study) ;I‘able 10 lists the plasmlds used in this
i]sttdy along with thear der1vatlon. S o o s
/ - A' :‘dﬂ..“d’j;’ , a

"yl Extractxon‘of Poly A RNA

/H-_ AThe phenol chloroform RNA extractxon procedure was used
e to extract RNA from newly hatched first instar larvae,_f*
Vj)-_ wanderlng thlrd 1n§tar larvae, and newly eclosed adults.

Wanderxng thlrd 1nstar larvae werevibed 1nstead of wh1te

%x:fjg prepupae because 1t 13 eaS1er to collect quant1t1es Of

larvae\suffxcxent for RNA extractzon.»}jeﬁﬂa;@”jj‘}f;f_l_’ﬁ |

-t .“..'

'ﬂ?ff%;ff In order to mxnxmxze var1ab1y1ty 1n the e£f1c1ency of;»="d



Figpre 1473

ﬂ .

y

Restriction map of DNA in the Ddc region of

Canton-S Information on the 1ocati6n of”.w
&l

restrlcunon 51tes was obtalned from J. H1rsh

(personal communlcatl@n) and thlS study

Rgstrlctlon sites fqr the enzymes Pst I,,BgL,_
;11, and Eco RV have been mapped only in the
‘region bound by the Bam HI 81tes at
.'coordrnate5'0*7vto 8 2 ' The approxlmate
'locatlon of - the Ddc transcription un1t 1s

'1nd1cated above, the restrlctlon 51CB map (J.'

lesh personal commun1cat1on) Exon

 ;sequences are represented\by stralght 11nes

v

and 1ntroh sequences by cross hatched boxes./;

e
s

o
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(0.7 - 5.3)
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Table 10
" Plasmids Containﬂng Ddc Gene Sequence
\
~ Plasmid Vector rosophila Source of
Designation Insert Drosophila DNA
!
pDDC— 1 pBR322 Bam HI/Bam HI Canton—S
» _ (0.7 - 6.3) &
pDDC—-4 pBR322 Bam HI/Bam HI Canton-§
: . (6.3, 8.2)
pDDC-9 . pBR322 ‘Bam HI/Eco RIt Canton-S
. (0.7 - 10.4)
°
pDDC—10 pucs Eco RI/Rgo RIt Canton-§
(5.7 - 10.4) ’
pDDC40—1 pBR322 Bam HI/Bam HI Ddc++
(6.3 - 8.2)
pDDC40-2 - pBR322 Bam HI/Bam HI ~Ddc#

rd

l

All Canton-$ sequeqnces. were gifts from Drs. C. Brunck and

J. Hirsh A .

ad

a

- . 0, . Ce s C :
+ This Eco RI site 1s an artificial restriction site

created by cloning

/

!

h 3

3

i b AR Rk T




'parallel'under exactly the same oonditions and using the
same reagents. Since the organisms were homogenized in
buffer containing 2% w/v SDS, both nuclear and cytoplasmic
RNA was extracted. Total RNA from a particular pair of
extractlons was\chromatographed on the same oligo-dT
‘cellulose column. Even after oligo-drT chromatography
ribosomal RNA.is a siﬁpificant contaminant in the poly A°
‘RNA preparatlon. Since I was 1nterested in comparing the
amount of DDC transcript present in Canton S and Ddc+ 4 poly
A* RNA, it was importantfto ensure that this contamination
was equivalent in both gamples. Towards this end, poly A’
RNA samples were rechromatographed on oligo-dT cellulose °
repeatedly until no RNA- was detected in the w%fh fractions.
Usually this required 2 passages oyer the column. %

" Representative RNA yields at all three stages are summarized

in Table 1t,

J. The level of DDC transcript}in Ddc+ 4 ;nd Canton-S
The object of these experiments wae-to compare the
steady state levels of DDC specific transcripts in Canton-S§
and Ddc** strains, Differences in the amount of DDC
“transcrlpt 1n Ddc*‘ concurrent w1th the differences in
enzyme act1v1ty described above would suggest that the | AN
bserved variation in the level of gene express1on is “a |

_ result of an altered rate of transc:1pt10n or a ohange in

the processing or stability of transcripts.
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T
Table 11 3“ .
,/W" RNA Extraction Yields
Live Weight Total RNA ‘Poly A* RNA
(gm) (ug) (ug)
Eirst,lnstar -
Canton-S - 0.5 2,180 78
Ddc+** pr 0.5 2,600 72
Third Instar : '
Canton-S 2.9 24,600 190
Ddc*+ 'pr 3.6 27,200 172
Adults
Canton-S o~ 0.3 1,980 40 -
Ddc** 0.3 1,820 29
£
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Poly A* RNA from Canton-S and Ddc*‘pr new1y>hatched
first instar larvae, wandering third insta;.larvae, and,
newly eclosed adults was analyzed on northern blots. At
least 2 blots were prepared for each stage and each blothin
turn contained 4 slots of'Canton?s RNA and}4-slots o{\Ddc“
RNA. Blots wvere probed w1th nick- translated 4.8 Kb Eco RI
fragment (coordinate 5.7 to 10.5 on F1gure 14) or 1.9 Kb ham‘
HI fragment (6.3 to 8.2). The 51gna1 1nten81ty in each slot
' was quantified as described in the Materlals and Methods and
the result expressed in terms of arbitrary units/ug RNA
loaded Comparlsons can be made only between samples on the
. same ‘blot because of var1ab111ty in blottlng ‘and
hybr1d1zat1on. For -the purposes of these experlments the
important parameter is the ratio of Ddc“ to Canton-S$ s1gnal
on each blot. | L 3

As can be seen :in Flgures 15, 16 and 17 ana//hmmar1zed
in Table 12, the relatzve amount of DDC tran5cr1pt in Ddc
closely paraIlels the relat1ve amount of DDC activity at
hatch, late third instar and at ec1051on. At both hatch and
eclosion there is between 40% and 50% more DDC transcrlpt in-
the var1ant while in late th1rd 1nstar Ddc*‘ has only 50%

the amount of transcrxpt present in Canton S RNA )

preparatxons.'



Figure 15:

Comparisoh of DDC transcript levels in
Canton-$§ ana Ddc*4 straihs in early first
insEar lafvae.}Qde ug of pély A*RNA from
Canton-S and Ddc;%br newly hatchaﬁ first
instarAlgrvaé was run on a 1.25% agarose gel
in the presence of 3%’v/v forﬁgfaehyde, The
RNA was blotted bnto-nitrocellulose and’the'“

blot probed with nick-t?énéiated 1.9 Kb Bam’

HI fragment (6.3 to 8#2, Figure 14). Slots

1, 3, 5, and 7 contain Canton-S RNA while
slots 2, 4,;6;'and 8 contain Ddc*‘pr RNA,
Yeast ribosomal RNA was run as a moleéhia;

weight standard and visualized with ethidium -

bromide.

9



Y

00



éigure

Y

16

.': 15. Slots 1, 3, 5 and. 7 contaln Canton S

S . v
ompariéon of  DDC transcript:leVelg in

'Canton S and Ddc*4'stra1ns 1n wanderlng -

—_— (

"thlrd 5pstar 1arvae. One ug of Canﬂon S and
deC"pP RNA was electrophoresed blotted

onto n1trocellulose, and. probed as in. Flgure

]

. RNA and slots 2 4 f6, and 8 contain Ddc*‘pp

'RNA,, '
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Figure 172 Comparlson of DDC/{;aﬂsc:ipt lewels in
Canton-S and Ddc<i)étrains in newly eclosed
adults Northern ahaly51s was performed on
adqlt poly-A* RNA ﬁ;om Canton-$ and Ddc** as
described for Figufe 15 exeept that 0.8 ug
of RNA/slot was loaded and the blot was
probed w1th nick- translated plasmld pDDC 10
Slots Y, 3, 5, and 7 codta1n Cantonrs RNA

. " and slots 2, 4, 6, and 8 contain Ddc** RNA.
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Table 12

< -

Comparison of DDC Transcript Levels in CantanSvand'DdCf*

. ) | - Mean unxts/ug RNAT
anaiﬁ'“ Hatch * ‘Pupariation Eclosxon
~ canton-§ . 52 £°7.1 54 £ 9.7 124 % 37
. Ddc** . 74+ 6.1 28 %65.2 184 £ 27
N o ) v .' . I ‘} i ¢ ’ '. ( ‘ b‘ N ’ :
‘Ddc*4:Canton-S$ 1.40 - 0.52 .  1.48
-

N ' - : Tt -
T Meap of & determlnatlons + the standérd dev1at1on.;ﬁ ‘
_;Compar150ns can only be made within a stage since units
rare arbztrary and not normalized for exper1mental , '\ o

variation (for example, probe spec1£1c act1v1ty, A

- ' ':'autorad1ograph exp05ure)
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, K,'Cloning the Ddc region of Ddc“
In order to analee the Ddc*4 gene in‘detail it wask

+

necessary torconstruct a recombxnant DNA 11brary }sing a;
Ddc“ straln as a source of "DNA. The detalls of/;;?

rary
constructlon are descr1bed in the' Materxals and Methods The
lzbrary contaaned a total of 170, 000 1ndependent plaques
before amp11f1cat1on.,Th1s represents approxlmately
_1 3 X 105 plaques/u@ of DPOSOphIIa DNA After ampllflcatxon
ithe l1brary t1ter was 1.5 x. ﬂos pfu/ml |
.;5 ‘The Dﬂosophlla DNk’fragments used to construct the _
—.hfk1059 Ddc*‘ 11brary were between 15 and 20 Kb in l&ngth. In:
. order to be 99% confzdent of cloning a part1cular DNA
‘sequence approximaiely 35 OOG recomblnant bacter1ophage
conta1n1ng fragments of thls size need to be screened

,;(Clarke and Carbon, 1976) To max1m1ze the chances of }\fg,w

ﬁdetect1ng a Ddc conta1n1ng bacterlophage, 50 000 plaques

‘;jwere grown on stra1n Q-358 and screened w1th agarose gel

'fpurxfxed 1. 9 Kb Bam HI fragment (6 3 to 8 2 on Flgure 14) B

Jatotal of 7 strongly hybr1d1zxng plaques were p1cked and

| ~1Fa10"3§°ph”a 1nsert vhlch spans the Ddc reg1on Flgures 18

*:rescreened after plat1ng onto strazn Q 359.

Restr1ctxon analysxs of bacter1ophage DNA showed that T

“anthe 7 recomb1nants were oY 3,:2965. The f1rstutypﬁ. of whlch chff’*

L;]there are 2 1dent1cal represent§;1ves, )15 and k4 conta:ned

””ﬂf“;iand 19 show a restrrctzon analysis and Southern blot of k15b‘1,g«if7

"thl a Drosophlla Ll

.The second type is a 11059 recomblnant

;insert whach hybrzdzzes strongly~to the 1 9 Kb Bam HI”’
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Fiéure‘18A$'Restriction}gnélysis of A15. prroXiﬂately.
?,ug/slot of M5 DNA was restricted wgzh |
endonuclease and. electrophoresed on a 0. 8”
agarose ggl. Slots 2, 3, and 4 conta;n A5

DNA restricted with Bam HI, Eco RI and Hind

e

v
!

ITI respeqtively.lglots 1 and % contain
ACI857 DNA restricted with:Hind III and

Eco RI plus Hind/III respectively.

7 . >

}ﬁdgdfe'ﬂeB; Restrictidn masnbf the 115 insert. The
Drosophlla 1nsert conta1ned in X15 1s
1llu§trated above the restrlctlon map of the

: Ddc reg1on. The two ends of the 1nsert
ksequence fall wzthln the dotted llnes at

each extteme.

Ve
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Figure

19:

Southern analysis of X15. The DNA in the gél
displayed in Figure 18A was blotted onto
nitrocellulose and :the blot probed with
nick~translated.pDDC—9. This plasmid
contains sequences fro% coordinates 0.7 to
10.4 (Figure 14) and hence spans the entire

Ddc regiony Slots 1, 2, and 3 correspond to

slots 2, 3; and 4 in Figure 18A.
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fragment but has a restr1c£1on pattern completely unlike
that of DNA 'in the Ddc reg:on. There werne 3 1dent1cal
examples of this type. The third type of bacteriophage is
similar to the second type in that endonucleasa restriction
'genérates no familiar restriction fragments. In addition (
this bacteriophage seema-éo-have undergone a rearrangement

which introduces an Eco' RI site 1n the left arm of the phagé\\\\\\

(d4ta not shown). .

L. Yhe identification of DNA sequence polymorphisﬁs in and
adjacent to the Ddc gene of Ddc-* '

The results described in preceeding-sections,show tha£
Ddc+* strains carry a mappable genetic po;ymorphism yhich
alters the s;eady state level of DDC trahscript and .
ultimately the amognt‘of Dbc enzyme activity. In an attempt s
to further characterize this polymorphism the DNA sequence
orgaﬁizafion of the Ddc region in Ddc** was éompared to that
6f Canton-S by examination of genomic Southera blots and by
doing careful reatriction analysis of‘clonéd Ddc++4 DNA.

A total of 5 differénces\between Ddc+* and Canton-S Ddc
' DNA were observed on genomic Southern blots. These are
summarized in Figure\ZO and Table 13. High molecular weight
DNA was isolated from embryos, restricted with a variety of
-restr1ctlon enzymes,’ electrophoresed on an agarose gel,
blotted onto n1troce11ulose and probed with one of several

nick- translated DNA probes. In addltlon to Canton-S and

. Ddc*+* samples, restrlctlon dlgests of DNA éxtracted from



N

Figure 20: The location of DNA polymorphisms in-the Ddc

-

region observed by comparison of:Ddc*4 and
Canton-S DNA on genomic Southern blots. Five
differences (a to e) were observed on

Southern blots (Figures 21 and 22). The

nlocation.of‘each'polymorphism'is shown below

the restriction map.'A'descriptiOh of these
-.~« . 1 ' . N )

differences is found in Table 13. The

location of the Ddc transcription unit is

indicated as in Figure 14.
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Table 13  o e L v

Resiric;ion Frégment Polymorphisms Revealed by Sbuthe:ﬁv

~ Rnalysis of Ddc** and Canton-$

N

'Pblymorphish

'f’Bam%HiVEameI

Restriction- s
. Fragment .

~ Bam HI/Bgl 11

(0.7 - 2.3)

Bgl II/Eco RI

—

'Eco RI/Eco RI
(4;954,5.7)

<100 nuclgeyide inc

Change‘iﬁjFraneﬁt Size

oD

”<10Q,nuclectidé increase

<100:nﬁdleotidelidcfeasef

rease
¢

: ]<100:nuc1ébtidé'decreaSe,

A

loss Qf?Hfﬁd'III~site at 4.5
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CYO/DF130 flies were included on these blots. Since DF130 is
.a deflc1ency whlch removes the Ddc gene, thxs DNA contains
Dac sequence from the CyO chromosome only. The Cy0 gene for
DDC is expressed at a S1m11ar level to: “the Canton S gene '
Tr(data not shown). Any polymorphlsm common to both the Ddc*‘ e
DNA and the EyO DNA ‘is therefore not llkely to. be
'respon51b1e for the variant Ddc:*4 phenotype. -

Figure 21 shows an- autorad1ograph of a Southern blot~

‘probed with n1ck translated plasm1d pDDC- 9 Th1s plasmld

*-f contalns DPosophlla DNA spann1ng the ent1re Ddc gene plus

'i_aPPYOXImately 1 Kb of 3' flanklng sequence and 4 Kb of 5'

'flank1ng sequence (0.7 to 10. 9). Both the. Eco RI and Bam HI
lbdlgests on thls blot show that there are no major DNA

w_*rearrangements in the Ddc*‘ DNA However thls autoradlograph

does reveal 2 d1fferences between Canton S and Ddc*‘. The

B JH1nd Il restr1ct10n site present at coordlnate 4.5 (Flgure' '

'14) in. Canton S 1s absent 1n Ddc+4 ThlS dlfference is

;called polymorph1sm c on F1gure 20 Restrlctlon of CyO DNA

':hw1th Hind 111 (slot 9) shows that this s1te is absent in CyUfu

"l;as well Slot 9 in Flgure 21 also demonstrates add1t1onal »

'h;dlfferences in the CyO restrxct1on pattern as compared to

’*rfboth Canton—s and Ddc*‘ restr1ct1on patterns. It appears '

'3«lthat the H;nd III 51te at coordlnate 10 has been replaced by,'jf'

‘H{T{;a 51te approx1mately 1, 2 Kb further 3" Consequently the 2. 8?”

YAQ"_}Kb H1nd III fragment has been replaced by a 4 0 Kb fragment.‘zf o

”i]The second Ddc*4 polymorphlsm v1sxble 1n thls Flgure

(polymorphxsm e) 1s a_small decrease (less than 10Q



r
F1gure 21- Southern analy51s of the Ddc reg16n 1n A
‘Canton S, Ddc"pn, and DF130 cn bw/CyO
‘J_, stralns (I) ngh molecular we1ght DNA was t
| 1solated f?ﬁh embryos in the case of "
Canton S and ch*4pr ~and from adults for
:_f‘Df13O cn bw/CyO restr1cted with
N ’ endonuclease, and electrOphoresed on-a 0.8%
agarose gel. The DNA was blotted onto
nltrocellulose and the blot .probed with
nxck-translated pDDC-10. Slots 1, 4, and 7
“contaln Canton-s DNA, sloté‘Z’ 5, and 8’
- conta1n Ddc*‘pr DNA-vand slots 6 and 9
. contam Df130 cn. bw/CyO DNA The DNA m' -
A_slots 1 and 2 was restrlcted w1th Eco RI, in

slots 4,35, and 6 w1th Bam HI, and 1n slots”

74 8 and 9 w1th Hlnd III.;






»
Ay

~ 4nuc1eotides) in the size of the 1.9 Ké Bam HI fragment (6.3-
to 8.2)'from.DdC“ when compared to either the Canton-S or
the CyO counterpart.

' The autoradxograph displayed in F1gure 22 reveals 3
addltlonal differences. This blot has been probed with
plasmid’ pDDC-1 which contalns Drosophila: DNA from coordlnate,'
0.7 to 6.3. Polymorphism d is a small 1ncrease (less than
100 nugleoti@eS) in.the size of the .8 Kb Eco RI fragment
(4.9 to 5.753 Polymorphism b is a small decrease (less than
100 nucleotides) in the size of the 2.3 Kb Eco RI1/Bgl II
fragment (2.7 to 4.9) andupolymorphism'a is aAsmall increase
(less than 100 nucieotides)vin the size of the T.f Kb Bam
HI/Bgl II fragment (0 7 to 2.4). Polymorphism a,.or one
51m11ar to it at thls level of resolutlon is present in Cy0
DNA as well. Polymorphlsms b and d are unigue to Ddc*+* among
these strains.’ )

Restriction analysisvof cloneo Ddc* 4 sequences proauced
similar but not identical -findings to those descrlbed above.
In order to facilitate analysis of the Ddc*4 DNA contalned
in x15, 2. Bam HI fragment;, the 1.9 Kb (6 3 to 8.2) and the
5.6 Kb (0.7 to 6.37 from 15 were 1nserted into the Bam HI
restriction site of. the plasmldzpBR322 These 2 plasm1ds
. were named pDDC 40 1 and pDDC 40 -2 respectlvely Thelr
structures are’ descrlbed in Flgure 23. The 2 plasmrés
o contalnlng analogous Canton S fragments are als% descrlbed

-lnﬁthls F;gure.‘

<



Figure 22: Southern analysis of the Ddc region in
O Canton-S, Ddc*4pr, and Df130 cn bw/CyO

strains (I1). Southern énalysis was
performed as in Fiqure 21 except that the
blot was probed w1th plasmld pDDC-1 Slots
1, 4, ‘and 7 contain Canton-S DNA; slots 2,
5, and 8 contain Ddc** pr DNA; and slots 3,
6. and 9 DF130 cn bw/Cy0 DNA. The DNA in
slots 1, 2, and 3 was résfricted with Eco RI
and Bam HI; in.slots 4, 5, and 6 with Eco RI
and Bgl 11, and slots 7, 8, and 9 with Bam

HI and Bgl II.
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Figure 23:

Description of recombinant‘plasmide
contaihing‘DNA from the Ddc region of Ddc**
and‘Capton—S strains., Plasmids pDDC40-1 a
pDDC4d*2 were cbnstructed by inserting
Drosphila Bam HI fragments from 215 into the

Bam HI site of pBR322. pDDC40-1 contains the

1.9 Kb Bam HI fragment (6:3 to 8.2, Figure

14) and pDDC4O 2 contalns the 5.6 Kb Bam HI
fragment (0.7 to 6.3). pbDC-1 is identical

to pDDC40-2 except that the Drosophila

'fragmentmis derived from Canton-S. pDDC—4

‘contains the Canton-$ 1.9 Kb Bam HI

fragment. This fragment has been inserted in -

the opposite orientation relative to

: pDDC4d—1 Eco RI (E)'énd Bam HI (B)

séquencesAare.nonstlppled

Lo

restr1ct1on 51tes are 1nd1cated on pDDC4O 2
and pDDC 1. H1nd III (H) and Bam HI 51tes

are Shown on pDDC40 1 and pDDC- 4 pBR322 ‘

',‘sequences are stlppl/a whlle Dﬁosophlla

N



pDDC40-1
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Various restriction digests of these 4 plasmids were
analyzed on polyacrylamide gels. A total of 7 differences
were detected between Ddc+4 and Canton-S derived DNA. These
differences are summarized in Figure 24 and Table 14. The
Hind IT11 site at coordinate 4.5 is missing from plasmid pDDC
40-2 (data not shown). This difference is called
polymorphism 3 in Figure 24 and polymorphism c in Figure 20.
Polymorphism 7 is a small decrease of less than 50
nucleotides in the size of the 1.1 Kb Bam HI/Hind III
fragment (7.1 to 8.2). This difference can be seen in slots
~ 5 through 9 of the 3.5% polyacrylamlde gel displayed in
Figure 25 and probably correséénds to polémorphlsm e as
determined by Southern analysis (Figure 20).

The gel displayed in Figure 26 reveals several
additional polymorphisms. Slots 1 through 6 are restrictions
of pDDC 40-2 and pDDCﬁ1 with Ecé R1, Bam HI plus one of Ava
I, Xba 1, or Bgl II. In this case the third restriétion
enzyme 1S irrelevant; The alternating arrangement of these
restricrions shows élearly that both the .6 Kb Eco RI/Bam HI
fragment (é 7 to 6.3) and the .8 Kb Eco RI fragment (4.9 to
5.7) are slightly larger in pDDC 40-2. The dﬁ%?erence in the
Eco RI/Bam HI fragment is likely less than 20 nucleotides
and is called Qplymorphism 6 in Figure 24. The polymorphism
in the Eco RI fragmert éorresbonds to polymorphism d as
determined by Southerns (Figurelée). However if these
plasmids are restricted by both Eco RI “and Eco RV and
‘electrophbresed on a polyacrylamlde gél the difference in

4

9



Figure 24:

The location of DNA polymorphisms identified
by comparing cloned Ddc** and Canﬁon—S Dac ¢
DNA. A total of seven differences numbered |
to 7 were identified between cloned Ddc+*

and Cantgn—s Ddc DNA. Their location 1s

shown beneath the restriction map. A
description of these polymorphisms 1s found
in Table 14. The location of the DdcC
tfénscription unit is indicated as in Figure

14.
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Table 14

126

Restriction Fragment Polymorphisms Revealed by Comparison of

 Cloned Canton-S and Ddc** DNA

Polymorphism

Restriction
Fragment

- Bam HI/
(0.7 - 1.

Eco RI/E¢o RV
(4.9 - 5.1)

Eco RV/Eco RI
(5.1 - 5.7)

Eco RI/Bam HI
(5.7 - 6.3)

Hind II1/Bam HI
(7.2 - 8.2)

Change in Fragment Size

=50 nucleotide

=50 pucleotide

increase
g ;

increase

loss of Hind III site at 4.5

<20 nucleotide
<20 nucleotide
<20 nucfebtide

<50 nucleotide

increase

increase

increase

increase




Figure 25:

Restriction analysis of pDDC40-1 and pDDC-4.
Approximately 1 ug/slot of plasmid DﬁA was
restricted with en%gnuclease and
electrbphoresed on a 3.5% polyacrylamide
gel. Sldts 2, 4, 6, and 8 contain-rgstricted
pDDC40-1 DNA while slots 3, 5, 7, and 9
contain restricted pDDC-4 DNA. The DNA in
slots 2 and 3 is Bam HI restr}cted;'in slots
4 and 5 Hind III restricted; and thevDNA in
slots 6, 7, 8, and 9 is restricted with both
Bam HI and Hind III. Slot 1 cdntains Taq I

restricted pBR322.

o
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Figure 26:

Restriction analysis of pDDC40-2 and

pDDC51=(3), Approximately 1 ug/slot of

plasmid DNA‘was ?estrictedvﬁith endcnucleaée
and electrophoresed on a 3.5%'polyacry1amide
gel. Slots 1, 3, and 5 contain pDDC40-2 DNA

while slots 2, 4, and 6'containvaDC-1-DNA.'

_All DNA samples were restricted with Eco RI -

and Bam HI. In addition each DNA sample was

restricted with a third enzyme: 1 and 2 with

- Ava I; 3 and 4 with Xba I; 5 and 6 with Bgl

11,
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%
Figure 27:

Restriction analxsis of pDDC4A0-2 and

pDDC-1 (II). Approximately 1 ug/slot of“
plasmid DNA was restricted with endonuclease
and electrophoiesed on a 3.5% polyacrylamide
gel. Slots 2 and 4 contain restricted

pDDC40-2 while slots 3 and 5 contain

, : i
restricted pDDC-1 DNA. The DNA in slots 2

through 5 is restricted with Eco RI plus Eco

RV. Slot 1 contains Tag I restricted pBR322.

A Ya
%
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the size of the Eco RI fragment is found to be composed of 2
smaller size increases in the 2 Eco RI/Eco RV fragments
(Figure 27). Polymorbhism 5 is in the .5 Kb Eco RI/Eco RV
fragment (5.2 to 5.7) and polymorphism ¢ rs in the .18 Kb
Eco RI/Eco RV fragment (4.9 to 5.1). In slots 3 and 5 the
.18 Kb Eco RI/Eco RV fragment is visible just below a .19 Kb
fragment. This fragment is derived from pBR322 sequence. In
slots 2 and 4, wh1ch contaln Ddc-+ DNA, the Drosophila
fragment is comigrating with the pBR322 fragment because of
its slightly larger size relative to the Canton-S version.
Both of these small fncreases in size (polymorphisms 4 and
5) are probably less than%%O nucleotides. The gel in Figure»
' 271also-illustratee_polymorphism 2. The 1.8 Kb Eco RV/Eeo RI
fragment (3 1 to 4. 9) is slightly larger in pDDC 40-2

Flnally, the gel dlsplayed in Figure 28 shows that

there ;& a fairly substantlal difference in the size of the

.3 Kb Bam HI/Pst 1 fragment (0 7 to 1.0). The fragment from
pDDC 40-2 is approx1mately 50 nucleotides larger than the
_analogous pDDC.1 fragmentf This difference is called
,polymorphlsm 6 in Flgure 24 and is probably the same as
polymorphism a in F1gure 20.

As stated above the d1fferences observed when compar1ng
”Tcloned ‘Ddc+* and Canton S DNA are not identical -to those
seen when comparlhg Ddc+* and CantonJg DNA on genom1c~
~Southerns. Thgtconfllct 1nvolves the reg1on of DNA between
the BglaII 51te at coordlnate 2. 7 and the" Eco RI site at

9 Whole genome Southern ana1y51s shows that the Bgl
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R . Restriction analysis of pDDC40-2 and
pDDC-1 (I11). DNA samples were. |
’elect;ophofesed'as iﬁ Figure 26. Slot 1

- contains pDDC-1 DNA and slot 2 contains
pDDC40-2 DNA. The DNA in both slots was
réstricted'with'Eco RI, Bam HI/ and Pst I.

Slot 3 contains Tag 1 restricted pBR322.
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I1/Eco Rl fragment (2.7 to 4.9) is slightly smaller in the
Ddc+4pr strain (Figure 22). However anaiysis of pDDC 40-2
and pDDC-1 show#s that the Eco RV/Eco RI fragment (3.1 to
4.9) derived from the Ddc-* cloné ié'slightly largér thaﬁ
the analogous Canton-$ fragmeht'(Figure 27). The smallEBgl'
II/Eco‘RV fragment (2.7 to 3.1) is identical in size in both

plashids (data not shown). )
There are two péssible_explanations for‘thig

observation. It 1s poésible that the polymorphism in the-Eco

RV/Eco RI fragment of pDDC 4Q~é is rare inithe Ddc**

population ;nd that most Ddc** genes haﬁe the smaller

| version of the fragTédt. Alternativelx the Canton-S strain

. from which I isolated the DNA used for Soutﬁerh analfsis’ﬁay

have a largervEco RV/Eéo RI fragment‘than that Canton-$ g

vskrain uséd to constfuct the origin;l Canton-S library.

[N

¥



IV. Discussion

The‘study cf gene regulation 1n eukaryotes has been
hampered by the lack of mutants defective in regulatory
processes. Tgis is due &n part to the inherent difficulties
associated with the genetic manipulation of multicellular
organisms. However other factors may contribute as weli. For
example, our ability tc recover regulatory mutants from a
mutagenized population depends, in a general way, on how
stringent the requirement is for a specific DNA sequence. In
prokaryotes single base changes have been shown to have
dramatic effects on gene expression (Reznikoff and Abelson,
197§). Should we expec;)this to be true in eukaryotes as
well? Regulation of gene.expression may be less rigorous and
less economical in eukaryotes. Because the complex
organization of multicellular orgénisms buffers them from
the environment, rapid and precise changes in gene
' eépre551on are not required. Perhaps the complexity of
eukaryotes permlts a larger tolerance in regulatory
| processes This might make 1t more difficult to perturb
these processes by standard mgt genic procedures.

Natural populations prov;ée an alternate source of
'regulatory variation. Several different studies have
1dent1f1ed putatlve requlatory elements, both cis-acting and
trans-acting, by analyzing naturally ocurring variation in
enzyme activity (Bewley, 1981; McCarron et al; 1979; Paigen,

*."\.1
1978). This approach has been applied here to the dopa

decarboxylase (DDC) gene-enzyme system.

137



A collection of wild type straihs was surveved for
variation in DDC activity. Four strains representing the
extremes of the range were selected for further analysis. My
working hypothesis was that the observed variation 1n
activity was due to changes in regulatory~elements adjacent
to the.structural gene. This hypothesis was tested by asking
two guestions: 1) does the variation in enzyme activity map
in the vicinity of the structural gene? 2) are the
alteratiéns in activity levels due tc regulatory changes or
structural changes in the enzyme? The phenotype of one
regulatory variant, Ddc-*%, was investigated at several\
stages 1in development. Finally, the first step was taken
towards the identification of DNA sequences responsible for
the observed variation 1n gene regula;ion.

t
A. Survey of DDC activity -

Newly eclosed aduit flies from a total of 109 digferent
strains were assayed for DDC activity. The range of activity
among these stfains was from 65% to 150% of Canton-$S
activity, or an approxihately 2.5 fold range. If the two
high outlylng strains, WGM-40 and WGM-65, are excluded the
range is slightly less than 2 fold Because null mutations
at the DdC locus are recessive lethals, DDC is considered an
essentiél enzyme (Wright et al., 1976). The enzyme's
importance to the organism might be expected to impose

greater limitations on the permitted range of activities' in

natural populations than other less essentiallenzymes.
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Surprisingly, Laurie-Ahlberg et al. (1982) found variation
of a magnitude similar to that found in this study for 22
different enzymes, including some nonessential (null-viable)
enzymes,\among 48 wild-type lines. The implications of these
results are. largely outside the scope of this work. It is
apparent however, that the degree of evolutionary constraint
on the accumulation of variation in enzyme activity cannot
be directly extrapolated from the severity of mutant
phenotype 1n the laborétorf. In any case, it appears that
even for an essertial énzyme such as DDC, natural

populations contain enough activity variation to be

potentially useful in the study of gene regulation.

B. Genetic agalysis bf\activity variant strains

Strains WGM-06, -19, —40,land -65 were selected for
further study because they fall at, or near, the extremes of
the range of activities (Figure 6). The object of the
genetic analysis performed in this study was to determine 1if
fhe‘element(s) responsible for the éctivity variation maps
in the region of the structural gene for DDC. Wright et al.
(1976) place the gene for DDCXat 54.1 on the left arm of the
second chromosome.

Laurie-Ahlberg et al. (1982), in their studf of
variation in activity for 23 enzymes in Drosophila,'showed
that chromosomes other than thg chromosome whiéh carries the
structural gene for an enzyme, were a significant source of

-

variation. As a conseguence, the autosomal segregation

-
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pattern of the activity variation was examined for the four
selected strains. The results\presented in Table 4
oemonstrate that for each of strains WGM-06, -40, and -65,
activity differences segyegated with the. second chromosome
Strain WGM-19 had only a slight activity difference‘
associated with the second chrohosome and was therefore
dropped from this study.

If the data in Table 3 andﬂTable 4 are compared, it 1s
apparent that the DDC overproduction in the +/4,; +/Sb
progeny of the crosses involving WGM-40 and, WGM-65 1is more
extreme than in the parent strain; This kind“of‘observation
was made several times during the coorse of this work.
Outcrossing increased the DDC activity‘of the variant
strains but did not increase the‘ac;ivity}of those strains
with a level of activity closer to the median of the range.
Modifier loci may exist which act to moderate DDC activity
levels towards some optimum level, presumqbiy the median of
the distribution presented in Figure 6. .

The structural gene for DDC is flanked by the visible
markers hK at-53.9 and pr at 54.5 (Wright et al.,’1976).
Crosses were performed with WGM-06, -40, and -65 to tesc
whether any activity variétion mappeé.to this region.
Brlefly, the scheme involved selecting recombinant
chcomosomes from +’+/hk pP flies, where the source- of the
hk* pr* chromoeome was one of the activity variant Streins.

The recombinant chromosomes, both + hk and pr + were made

homozygous and’ the segregation of the element(s) responsible
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for activity variation determinéd by DDC assays (Figure 2).
Flies homozygouslfor recombinant chromosomes derlved from
strainsyWGM-06 and WGM-65 dl?_got survive. The cause of this
lethality was not 1nvestlgated further, but it seems likely
that both strains had accumulated a number of recessive
lethal mutations on the second chrdmosome since tﬂe t ime bf"
isolation. |
Strain WGM-40 did not pfqunt the same problem. A tptal
~of_23 strains homozygous for s;;ond chromosomes generated by
recombination between alleles ‘0f hk and pr were recovered
from this scheme (Tables 5 and 6). DDC activity
determinations showed that thé activity variation observed
in WGM-40 was segregating as a single unit. The element
responsiblé for the variation was named Ddc-*. However the
data do'not unambiguously place‘DdC“ between hk and pr, as
was first thought. The problem lies in determining whether
‘Ddc-* lies to the right or to the left of hk. Only 2 of 23
recomblnants were generated by a crossover event which
separated the hk allele and the Ddc-* element. This 1mp11es
either that Ddc** is between hk and pr but much closer to
_hk, % that Ddc:4 lies to the left of hk. If this second m p
p051t10n were correct, a double crossover consisting of one " \
event between Ddc*# and hk, and one event between hk and pr
would generate the two recombinants mentioned above.
Assuming no intérferepce) it is possible to calculate the
approximate map position of Ddc** if it vere to map to the

left of hK. The putative double event was recovered twice
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while recombinants generated by a single crossovor between
hk and pr were recovered 21 times. The map diotance between
hk and pr is .6 map units. Therefore the frequency of the
double event is 2/21 X (.006) = .0005'7,O This freguency -is
composed of the ffequency of an event between hk and pr

(.006) times the fréquency of an event between hk and Ddc-*

(y). Solving the equation .00057 = (.006)(y) gives y = .093,

meaning that Ddc** is located 9.3 map units to the left of
hk. Experiments designed to distinguish between the 2

possible map positions are currently underway.

C. Developmental‘characterization of Ddc* ¥
Approximately 90% of DDC activity 1in D melanogaster is

localized in the epldermal cells. The enzyme's role 1n these
cells is to provide precursors for the process of cuticle
sclerotization, which occurs éfter every ecdysis and at
pupariation. Regulation of thé gene fop DDC is therefore
precisely and inextricably linked to the‘developmehtal
program of the organism. This is illustrated in Figure 5.
| Sharp peaks of enzyme activity occur at hatch, " the two
‘larval molts, pupariation, and ec1051on. An additional peak
of activity has been detected at pupation (Wright et al.,
1982). Initial ihterest'in the DDC gene-enzyme ‘system
focussed on the peak of act1v1ty at puparlatlon. Numerous

studies in our laboratory and others (Clark and Hodgetts,
,unpubl1shed results- Fragoulis and Sekeris; - T975b- Kramlnsky

et al., 1980) support the view that the increase in DDC. 4

L AN

\
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activity.#t this stage is related to the increase in the
.insect steroid hormone ecdysterone, or molting hormone
(Figure 5). In this way expreséion of the gene for DDC 1s
‘coqveniently linked to the larger developmental program of
pupariation. However, aﬁ other‘stages,'ecdystenone appears
to play no direct role in the regulation of the Ddc gene,
even though the gene is under rigorous developmental control
at these times as well. The. peaks of enzyme aetivity at
hatch,.the larval molts, and eclosion follow peaks of
ecdysterone titer by at least 10 hours and in fact occer-at
.Elmes when ecdysterone titer is at the basel level. If
ecdysterone is interacting éirectly at the 5NA level to
indece-expression of the Ddc gene at.bupariation, then there
Amuét be additional regulatory components aetive.at the other
times when the gene 1is expressed. )

The level of DDC act1v1ty in a Ddc*4 strain was
compared to the level of activity in Canton S at hatch, the
2/3 molt, puparlatlon, and ec1051on. Table 7 shows that -
Ddc+* had more DDC act1v1ty at all stages except
pupariation. At this stage the variant had only haif the
Canton-S level Mappihg data (Table 8)‘indicates that the
varlatlon in activity at pupariation is behav1ng the same

o

genetlcally as the overproductlon at eclosion, 1mply1ng that

elther the same element is respon51ble for the 2 opposite
act1v1ty alterations or that 2 closely llnked elements are

'n‘1nvolved.
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If we aSsume'that both effects are due to the same
alteration, several points can be made. Lt is difficult to
imagine a structural change in the enzyme that would result
1n an- increase. in act1v1ty at one stage and a decrease at
another stage. Similarly, a simple change in a basic
promoter sequence, such as a- T-A-T-A box, would not result
in opposite effects at two different stages. Instead, Ddc-*
may define a complex regulatory element which interacts with
a hormonal stimulus at pupariation,'and some undefined
effector at other times of Ddc geﬁe expression,

Besides epidermal cells, DDC aCtlvity appears in
nervous tlssue (Livingstone and Tempel, 1983) and in ovaries
(Wright et al., 1982). Experiments are underway to determine

the effects of Ddc*4 on gene expression in these tissues.

D. The regulatory nature of Ddc**

~ The developmental>oharacterization deseribed above
suggests that the actlvity variation defined by Ddctﬁ is due
to chadges ln regulation and not changes’ln enzyme
structure. ﬁh{tter sﬁpport fot this hypothesis was obtained
in three ways. First, measuremeat of CRM levels by -
immunotitration ‘with a monospec1f1c antiserum showed that
.¢hanges . in enzyme act1v1ty c01nc1ded wlth changes in CRM
Second analy51s of -DDC. from Ddc** and Canton- S on two
dlfferent gel systems falled to detect any structural
dlfferences. Thlrd, compar1son of the steady state level of

DDC mRNA in Ddc**+ and Canton-S strains shows that



145

diffgrences in activity levels are reflected by differences
in the amount of DDC transcript.
- *
CRM levels in Ddc-4pr and Canton-S strains
Immunotitration"%f DDC with a monospecific antiserum
~was done on crude homogenates of white puparia and young
adults. In both stageé the ratio of Ddc-*%:Canton-S CRM was
very close to the ratio of Ddc-4:Canton-S enzyme activity
(Tables 7 and 9). These resulfz\imply thatwsactivity
differencés between Ddc*+ and Canton-S are due to changes 1n
the rate of synthesis of énzyme'or in the stability of
enzyhe. In addition, differences in CRM between stages of
the same strain were mirrored by the same relativeﬁ
differences }n enzyme activity, eliminating the possibility
that stage to stage modulations are due to gome undescribed
thopIasmic factor (Figure 11). There is no evidence that

enzyme activity is regulated by anything other than the

amount of enzyme present in the organism.

Electrophoret1c analys1s of. DDC

"~ ppC from Ddc** and Canton -S strains was analyzed on two
gel systems in an attempt to detect structural dlfferences.
The SD§ polyacrylﬁmlde gel system resolves differences: ‘ine
size while the cellulose acetate system separates onythé' “
basis -of both size and charge. No difference in migration
‘ibetwéen;the two enzymes was observéd.in either system |

(Figures 15 and 16).. However, this analysis is not
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particularly rigorous and does not exclude the possibllity
-that small structural differences exist. ' )
| Sy

DDC transcript levels in Ddc-“and Canton-S strains

Thg Best way to demonstrate gene tegulation at the
level ofhtranscription is to pulse label nuclear RNA with
radloact1ve nucleotides and measure the amount of
incorporation 1nto a specific transcript by. hybrldlzatléﬁ
with a DNA probe. Unfortunately, the technical difficulties
associated with such an approach for the Ddc gene in |
Drosophila are rather formidable. In lieu of a direct
measurement of transcriptiona} activity, the steady,state
level of DDC transcript was compared in Ddc-* and Canton-S
strains by examination of norﬁhérn blots. No attempt was
‘made to detetmine the actual concentration of DDC transcript
in these experlments The object was tqo compare the levels
of poly-A- transcript in these two strains and relate that
comparison to relative levels of enzyme activity and CRM.

In both newly hatched first instar larvae and newly
eclosed adults there 1is betﬁeen 40% and 50% more DDC
transcripf in Ddc**4 than in Canton-§, while at pupariation,
Ddc** has SO% less DDC transcript (Table 12). In light of
this result, the differences in»CRM level described above
-must be due to differences 1n the rate of enzyme synthesis.
" This difference, in turn is a consequence of an altered

concentration of DDC transcript. The question now is: what

causes the alteration in the size of the DDC transcript .
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pool? One possibility 1s certainly a Egangé\in the }ate of
transcriptidn, bug’other alternatives cénnot be ignored. For
‘exémple, in Dictyostel ium the stab111t§ of some mRNA specles
changes as development proceeds (Chung et al.; 198*
huﬁans, a mutant B-globin gene ﬁas been identified that
prbduces a very unstable mRNA (Maguat et al., 1981) .7 Other
stéps.in RNA processing such as intron splicing,
polyadenylation, and transport may also be affected.

?

E. Sensitivity to dietary a-methyl dopa

The dopa aenalogue a-methyl dopa (a-Mﬁ) has be;n.shown
to be an inhibitor n vitro of bpth_hammaliap (Lovenberg ét
al.,y19625 and Drosophila (Sparrow «and Wright, 1974) dopa
decarboxylase. Supplementing Drosophila food with «-MD at
concentrations of approx1mately 107* M causes lethality 1in
. larval stages. The larvae die shortly after the larval molt
suggesting that lethglity 1s caused by the inhibition of DDC
aﬁd the consequent ipability to sclerotize newly deposited
cuticle. Sparrow and_wrlght (1974) and Sherald and Wright
 (1974) attempted to|use a~-MD supplementatlon as a means of
selecting for mutants with decreasgd and increased levels of
DDCJactivity, belie?ﬁ g that such chénges would be reflected
by changes in sensitivity’to the drug. Surprisingly, they
found that theré Qas not a simple relationship'between’a-MD
sen51t1v1ty and DDC act1v1ty A total of 33 «-MD sensitive

mutants have now been 1solated (erght et al., 1982), all

alleles of the J/(2)amd gene. These mutatlons have only small



affects on DDC act1v1§% Conversely,.null mutations at the
DdC locus do not effect sensitivity to a- MD. |

Despite all this, «-MD sensitivity does seem to be
related to the amount of ﬁDC activity in some way. Two
strains of Drosophila have been described which overpreduce
DDC. Both of these strains are also less sensitive tova-MD
(Marsh and w}ight, 1979:; Sherald and Wright, 1974). As-can
be seen in Figqure 8, Ddc"* behaves 1in a similar way. Is the
- change in a-MD sen51t1v1ty due to increased DDC activity? By
using deficiencies and dupllcatlons of the DdC region, Marsh-
and Wright constructed straxns‘wlth different doses of the
I}Q)amd and the Ddc genes. They found that as the relative
dose (Ddé‘:amd) increased the sensitivity_to’a-MD also
increasedv(personal communication). This result suggests
that the decreased sensitivity in overproducer strains is
_due to something other than a simple increase in DDC
aqtivity. Marsh and Wrighg"(personal communication) have
proposed that the dual DDC/a-MD phenotype in these strairs
may be due to changes in controi sequences shared by the
J(2)amd and the Ddc genes. Alternatively, the complexity of
DDC/a-MD interactions may reflect undescribed cqmggﬁkity in

hi

monoamine metabolism.
F. Molézgggr ana1y51s of the Ddc gene in Ddc**

The molecular studles of the gene for DDC descrlbed
'here, vere fac111tated by the cloning work of lesh and

Dayldson (1981). By u51ng cDNA probes prepared from third
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instar larvae and early embryos, stages when the DJC gene is
exereseed, and not exbressea respectively, they were able to
recover several recembinant )N carrying the Ddc gene from a
DPosophila library. The library was‘constructed in

A Charon 42 by Manlatls et al. (1978) using Drosophila DNA
from a Canton—S strain. The recombinant A wh1ch carry bdc
sequences were kindly supplied to us by J. Hirsh and used in
our\laboratory as a source of Ddc specific probes.

The goal of this section of this study was fo compare
in some detail tﬂe DNA organization of the Ddc gene and
surrounding region, in Ddc-* and Canton-5 strains, 1n order
to identify dflferences which may be respdnsigle for
regulatory variation. Rest:iction enzymes were used to
examine Canton-S and Ddc** sequences for differences in the
pattern of restliction sites and the size of restriction
fragments. Single base changes go unnoticed with this kind
of analy51s unless they happen to disrupt a restrlctlon
site. However evidence from several studles suggests that
differences detectable by restriction analysis should not be
unexpecéed. | |

In those instances where mutants with lncréased rates
 of transcrlptlon have been analyzed at the molecular level
. large scale rearrangements ‘have been found 5' to the gene.
Sherman et al. (1981) found that mutants in yeast which

5
overproduce iso-2-cytochrome c carrled»translocatlons,

1nsert10ns, and deletions in the 5' flank1ng region, A

'result reported by Scherer et al (1982) on the hls-3 gene
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in yeast 1S even more bizarre. They constructed in vitro, a
his-3 gene completely lacking 5' flanking sequence. This
gene was transcr1pt1onally inactive. The mutant gene was
1ntroduced into yeast cells by transformat1on. They then
selected for events which: allowed transcrlptlon of the gene
by growing the transformed cells on medlum lacklng
hlst1d1ne ‘Revertants fell into 2 classes One class all
contained insertions of the yeast transposon Tyl 5' to‘the

“

gene. Tyl elements have also been shown to act as promoters

2 AN

wheh-in§érted adjacent to ‘the alcohol dehydrogenase_gene .
(Wllllamson et al. 1981) The second cldss of revertants

had all experlenced dupllcatlon of sequences 5! to the his—3ﬁ,
gene.,Most of the duplications involved pBR322 and A
sequencesKQHich do not normally possess promoter\actiVity.

a

Apparently rearrangement of these sequences actlvated
normally silent promoters in the prokary tl‘ DNA

In Drosophila, many mutatlons have been shown to be due
to large scale rearrangements of DNA sequence. Several
mutant alleles of the white 1ocus carry 1nsert10ns of what
‘appear to be transposable sequences (Colllns and Rubin,
11982; Zachar and Bingham, 1982). Another white mutatlon,'
called whlte—lvory, is assoc1ated w1th a 2. 9 Kb tandem
dupl1cat10n within the-white locus (Karess and Rubin, 1982).
of part1cular interest is @& mutatlon called Domlnant
Zeste-Ilke. This mutat1on seems to be caqud by an 1nsert1on

of a 13 Kb fragment of DNA at the extreme right end of the

‘white~locus. On the ba51s of genetlc evidence and the

v
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molecular analysis of a collection of white alileles, Zachar
and Bingham (1982) suggest that this element acts at ¢
distance to suppress expression cof the white gene. There 15
no conclusive evidence as yet that any éf these insertions
and rearrangements in Drosophila cause regulatory changes,
but the studies 1n veast discussed above suggest that such

evidence will be forthcomlng.

Cloning the Ddc gene from a Ddc ' strain ,
The bacteriophage M 1059 was chosen as the vector for
construction of a Drosophila library for two majol reasons.
First, and most important, because A 1059 accepts DNA
inserts with Sau 3A restricted ends, it is easy to construct
a library‘confainihg a random collection of DNA fragments by
partial restriction of the insert DNA with Sau 3A. Second,
since it is possible to select directly for recombinant
phage, there 1s no need to purify A arms before library
construction. Unfortunately, X 1059 is a prototype model and
consequently has several annoying disédvantages. It was
originally constructed by a complex recombination event
involving 2 different phages and a pBR322 derived plasmid
containing A seguence including the )\ attachment site
(Brenner et al.,ﬁ982). The’product (Figure 3) 1s a phage
with duplicated attachment sites flanking a central region
containﬁng both A and pBR322 sequences. This central region

also contains the red and the gam genes. These two genes are

required feor positive selection of recombinant phage. A
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phage which is red® gam' is said to have a SpI’° phenotype
anc cannot)grow cn a host lysogenic for phage PZ. 1f the
central fragment is replaced with foreign DNA the phage
becomes spi and will grow on a P2 lysogen. Hoyevern
according to Maniatis (1982), int gene mediated
recombination can alsc generate Spi° phage capable of
growing on a P2 -lysogen. These phage appear at a freguency
of 10 °. This contamination would not be a serious problem
if the central fragment did not contaiy pBR322 sequence. It
1s common‘practiSe to maintain probe sequences 1in pBR322

derived pl?fm§q§. Even if the DNQ fragment to be used as a

probe 1s gel purified, some pBR%EZ sequence will 1nevutab1\

\\(
N

remain. When this probe is used to screen a library
constructed in 21059, all those sSpi  phage generated by the
int mediated recombination event wilz score positive because
of pBR322 homology. A final inconvenience associated with
21059 was encountered when analyzing recombinan? phage
recovered from the library. Each recombinant A was
constructed by ligation of a Drosophila Sau 3A’fragment with
2 X arms, each with & Bam HI terminus. This ligation event
destroys the Bam HI restriction site, making 1t impossible
to separaté insertbeA from vector DNA by restriction. As a
consequence 1t was’ ‘difficult to determlne the exact
endpoints of the inserted DPOSOphIIa fragment.

when the Drosophila library constructed with DNA from a
Ddc** strain was screened with gel purified 1.9 Kb Bam HI

fragment (6.3 to 8.2, Figure 14), a very large number of
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-plaques scored faintly positive. These were probably spi-
21059 hybridizing tc contaminating pBR3ZZ sequences 1n the
probe. Standing out above this bac%érbund were 7 strongly
positive plaques. AsS described in the Results, only 2 of
these 7 phage contained 1inserts with a restriction pattern
_similar to that of the Ddc reaion. These 2 phage (X4 and
A15) were identical and were .probably clonally derived from
the same ligation product. The,other 5 phage formed 2
groups. One group contained 3 identical phage (A8, 212, and
213), again probably clonally derived. Although A8 was shown
to contain DNA from the Ddc region by Southern blotting
(data not shown), restrictioQ\of this DNA did not generate
any familiar restriction fragments. These phage may contailn
a rearranged copy of the DdC region which could be present
in the Ddc-*¢ population. If present, this rearrangement
would have to be rare since Southern analysis with the same
DNA used to construct the library did not reveal any
unexpected restriction fragments. Alferﬁat;vely these phage
may have been generated by ligation of 2 Drosophila
fragments, one from the DdC region and one from some other
location. in the genome, with the 2 A arms. If the fragment
from the DJc region was small enough it may be
unidentifiable by the restriction analysis performed.

The second group of phage had 2 identical members (A5
and 7\9). Nola&tempt was made to confirm homology between
'their inserthNA and DNA in the Ddc region by Southern

blotting. Restriction analysis suggested that these phage

\
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had undergone & rearrangement which introduced an Eco RI
site into the left arm. An int mediated recombination evert

may have been responsible for this rearrangement.

Restriction analysis of the Ddc region from Ddc-*

The Dd¢ region of Ddc** was compéred to that of
Canton-S by examination of both genomic Southern blots and
cloned seguences carried on bacterial plasmids. No large
rearrangements of DNA séquence were detected . Ddcf"lacks a
Hind II1 site which is present 1in Canton-S.DNA at coordinate
4.5 (Figure 14). This polymorphism is also present in
several other strains of Drosophila melanogaster (Hirsh,
personal communication), including strains carrying the CyC
balancer chromosome (Figure 21). A number of restriction
fragments were found to be slightly different in size 1n the
two strains (Tables 20 and 24). These differences are all
less than 50 nucleotides and liein 5' flanking regions as

Al .
well as transcribed regions of the Ddc gene. For the
purposes of discussion these differences will be called
insertions and deletions. However, without DNA sequence
information, we cannot be sure that each size change is due
to a siﬁgle insertion or deletion event.

1t is important at this point to compare the results
obtained\through genomic Southern analysis and examination
oflclonéd sequences. When DNA from a Ddc** strain was

analyzed on Southerﬁ blots, only one pattern of restriction
[

fragments was observed, suggesting a high degree of

&



homogeneity in the DdC regicn in the population of Dac-+
flies used as a source cf DNA. This implies that any

rences.detecteéd on Southerns must be present at a high

Q
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frequency. On the other hand differences detected in a
single copy of the region, isclated and propagated by
cloning, need pot be present at a high frequency *in the
popufation. A small amount of polymorphism, even 1in a
recently isogenized strain, 1s probably inevitable. There
are two ways.of ensuring that @ cloned DdC region 1s typical

of the population as a whole. One way 1s to recover a

tely only

reasonable number of overlaﬁping clones. Unfortu
one phage containing Ddc sequence was recovered 1IN this
study. The second way 1s tc¢ show that,differenbé; bserved
on cloned 57quences can also be detécted on genom'g
Southerns. This comparison is possible here. Of the 7
differences between DdC‘g and Canton-S cbserv in cloned
sequences, 6 are also observed on genomic Sou herns.
Conversely all but one of the differences detected on
genomic Southern blots also appear .in the cloned sequences.
The one inconsistency involves the region of DNA between
coordinate 2.7 and 4.9 in Figure 14. Genomic Southerns show
that Ddc+4 carries a 'small deletion in this-region relative
to Canton-§, whereaS'plésmid pDDC 40-2 has a small insertion
in this same region when cbmpared'to pDDC-1. This means fhat' ‘
eithér the Ddc** DNA carried in pDDC40-2 is not typical -of

the Ddc** strain or that the Canton-S clone jin pDDC-1 does

not contain the version of this region common in the

7 .
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Canton-S strain. It is iméossible to determine which of
these 2 alternatives are correct without further
exberiments. However it is worth noting that the same sample
of Ddc-* DNA was used for both genomic Sgﬂtherns and library
construction. The same is}nOt true for Canton-S since the
Canton-S library was constructed before 1978 (Maniatis et
al., 1978).

It is difficult to be precise about the position of
each insertion and deletion 1in relatioﬁrpo the Ddc gene
because of uncertainty concerning the exact dimensions and
complexity of the Ddc transcription unit. Early work on
cloned Ddc sequenceé indicated that the Ddc’%ene consisted
of 3 exons and 2 introns (Hirsh and Davidson, 1981; Hirsh,
personal communication) as drawn in Figure 14. However
récently it has become clear that the battefn of
transcription, and the pattern of trénscript processing are
not simple. Gietz and Hodgetts (manuscript in preparation)
figd several transcripts of sizes not predicted by simple
removal of the two large introns depicted in Figure 14. In

4

addition they find that some Ddc transcripts are stade

C e

seééific. 1t appears that‘differential promoter sélécfion
and/or differential splicing mayfbe involved in Ddc gene
expresgion. Until DNA sequencing and accurate transcript
mapping'are completed, we will7not know exactly which
sequences are transcfibed, nor which”transcribed sequences

codé for DDC.



Despite this uncertainty, the information in hand does
allow one to make some general statements about the location
of the 6 changes. Denaturing polyacrylamide gel
electrophoresis shows that there is no difference in the
size of the Ddc** and Canton-S enzymes (Figure 12). This
implies that none éf the i1nsertions Or deietiqns occur 1n:.
coding regions of the gene. Referring to Fiépre 24,
differences 6 and 7 must therefore fall in transcribed but
noncoding regions of the gene. Differences 4 and 5 may fall
either in transcribed Se%uences or in flanking sequences
depending on where the exact site of transcription
initiation is. Polymorphisms 1 through 3 (Figure 24) and
polymorphism b (Figure 20) all lie in 5" flanking regiqnsf

What effects do each of tgese differences have on gene
expression? Specific information pertaining to this question
exists for polymorphisms 1 and 3 only. Several ehromosomes,
including the Cy0 balancer chromosome, lack the Hind III
site at coordinate 4.5 (pélymorphism 3, Figure 24). Strains
carrying a Cy0 chromosome have a level of DDC activity
similar to that of Canton-S (data not shown) suggesting that
thisichange is neutral with respeét to qu’gene expression.
The same logic cgh be applied to polymorphismbl. Southern/
an;lysis shows that both Ddc** and thefy0 chromosome carry
"an insertion of DNA in the .3 Kb Bam HI/Pst I fraément (.7
to 1.0). Of course without sequence information it is
impossible to say that these two ihsertionsvare the same.

However it is clear that DNA sequence variation in this



region need not affect gene expression. Recent experiments
by Scholnick et al. (1983) also address this point. They

have been applying recently developed DNA mediated

Fd

transformation techniques in Drosophila to the DDC syétem
and find that transformation with a DNA fragment including
the Ddc géne and 5' flanking sequence up to the Pst I site
at coordinaté 2.4 will rescue flies homoﬁygous for the
Ddc'** mutation. This DNA fragment lacks the {egion
containing polymorphism 1. Five different transformants,
~each wiﬁh the DdC gene integratgd at a different chromosomal
location, were recovered. Four of thése five had

approximately 30% more activity at eclosion than the

Canton-S strain. In addition one of these four had decreased

activity at pupariation. The level'of activity at
‘pupariation in the other transformants was not reported. The
similarity between these transformants and Ddc** is
striking. SchoLnlck et al: (1983) 5ugges@ that the enzyme
ac;iviﬁy differences they obserQed may be due to the lack of
rggulatory éequences not included on the DNA fragment used
for transformation. Such regulatory‘seqﬁences, 1f they'
exist, may be in the region of polymorphism 1.

Polymorphiéms 4 and 5 (Figure 24) éhdlpolqurphism'b
(Flgure 20) all probably lie in 5' f nking regions where
regulatory sequences have been. found in studles on othér
eukaryotic genes. If one of these d1fferences is responsible

for the Ddc** phenotypg its gffect‘would l1kely be on

transcription.. Muskavitch and Hogness (1982) found that in



. &~ ) -
Drosophila the presence of small naturally occurring

deletions between 300 and 50C nuclectides upstream from the
Sgs-4 gene correlate with changes in the expression cf that
gene. Further experimentation 18 required before any
correlations can be established between the imsertions 5' to
the Ddc gene and changes 1n gene expression.

pPolymorphism 6 and 7 both lie in transcribed but
noncoding regiohs of the Ddc gene. Agaln, untill more
experimentﬁ'are performed, we can cnly speculate about the
effects these changes may have on gene expression. Numerous
mutant human globin genes have been shown to contaln
séghence changes within introns which alter normal splicing
patterns. Analysis of three such mutant B-globin genes by
Triesman et al., (1983) showed that inactivation of a 5°
splicing signallleads to the use of normally silent'splicing
signals. The fesult was a decreaseoin normal mRNA and the
appearance of altered processing products. A fourth mutant
had experienced a nucleotide change which created a 5'
splicing signal in the middle of an 1intron ana caused
production of an RNA species with ap‘extra exon. It is
conceivable that one of cﬁanges 6 or 7 are causing similar
distgrbances in splicing. Although no aberrant DdC
transcripts have been observed in Ddc*+4 RNA, the experiments
performed to date were not designed to detect any unusual
RNAs. An incorrectly processed molecule, incapable of being

translated, may differ in size from the normal mRNA by only -

a few nucleotides. Alternatively an incorrectly processed



transcribt may be uns%able and therefore not appeér on
northern blots at all.

Re&eht studies on immunoglobulin genes suggest that

, v
intron sequences may play a more active role 1in gene
regulation as well. Parslow and Granner (1982),
investigating expression of the kappa light chain
immunoglobulin gene found that expression of this gene 1s
associated with a DNase I hypersensitive site located within
an intervening seguence. DNase 1 hypersensitive sites are
commonly found in 5' flanking regions of actiVely expressed
genes (Elgin, 1981). At a recent confereéce (BQFS, 1983),
both David Baltimore and Susumu Tonegawa presented evidence
suggesting that seguences similar to the SV40 enhancer lie
within the J-C intron of- both the kappa light chain and the
heavy chain immunoglobulin genes. They also report that

these sequences are necessary for transcription of the two

genes.

G. Polymorph1sm in the Ddc regxon

Restriction ana1y51s of DNA in the Ddc, region 1n
Canton-S.and Ddc*4 strains has revealed a surprising number
of small differences in restriction fragment size. These
results are unigque among those obtained for the single copy
sequences examined to date. For exémple studies on the human
globin genes 1dent1f1ed several restriction site

polymorphisms (Orkin et al., 1982). However, the widespread

occurrence of sa&?l deletions and insertions was not

®

’
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reported. This may be because the resolution of the
technigues used was not sufficient to detect such small
d;fferences. in DPOSOthIa, Muskavitch and Hogness (1962)
have examined the DNA crganization 5' to the Sgs-4 gene 1n
nine different strains. Tﬁey found that three strains had
the same deletion of about 50 nucleotides approximately 500
nucleot ides upstream from the transcription start site.
Another strain had a 100 nucleotide deletion in the same
region. It should be noted that the four strains carrying
deletions were selected for study because they express the
Sgs-4 gene at reduced levels.

Although it is difficult to place the results described
here on the Ddc gene in any kind of larger context in terms
of kind or amount of polymorphism, it is clear that when
dealing with wild-type strains a certain amount of neutral
DNA segquence variaticn should be expected. The use of such
wild-type strains as a source of ‘variation will of necessity
involve determining‘which changes are meaningless and which
are responsible for the phenotype under study.

§
H. Concluding remarks

A genetic element causing stage spéﬁific changes in the
expression of the Ddc gene has been described. This element,
named Ddc-*, probably lies in the immediate.vicinity of the
structural gene for DDC and alters the amount of enzyme
activity by changing the size of the DDC mRNA pools.

Examination of DNA sequences in the Ddc region identified 7



" seguence diffe;ences between Ddc-* and CantPnﬁS stralns, one
or more of which may be responsible for the régulatory
changes.

The tésk of sorting out the effects of each of the
pblymorphisms can be -approached in severalyways. First of
.all DNA seguence information for both Canton-$ and Ddc-*
strains as wellFs a better understanding of the source and
fate of the various DDC transcripts may provide some healthy
clues. For example, perhaps one of the insertions lies 4
édjacént to a recognized regulatory sequence such as a
T-A-T-A box. Any perturbation 1n the first 100 nucleotides
upstream from the transcription start would be‘suspéct since
this region has been shown to contaln gritical regulatory
sequences in other systems. It wfuld also be interesting.to
know what the pattern of DNase I -hypersensitive sites is
around the Ddc gene, and where the DNA sequence differences
lie in relation to those s1tes.

The direct determlnatlon of the effects of each
sequence difference on gene expression can only be
L:’accomplished by éxamination of each polymorphism
individually in a Canton-$S background. To do this
genetxcally would be incredibly tﬁggofgaat the least, and
perhaps impossible. Luckily, it has recently become possible
to introduce ih‘vitro gene constructs into the Drosophila
'£§Zenome by DNA*medgated transformatioﬁ‘(Rubin and Spradling,
1982). The DNA of interest is 1ntegrated into the genome

e

after it is 1n]ected into early embryos on a plasmld

®



carrying -a particular kind of Drosophila transposable
element cealled & P element. As mentionedvearlier, these
manipulations have been performed in the laboratory of J.
Hirsh (Scholnick et al., 1983) with the Ddc gene. They
analyzed a number of transformants. In each transformatant
the Ddc gene had integrated at a different chromosomal
location and was éxpressed at near normal«lévels. Using this
technology it should be pcssible to determine which of the
DNA polymorphisms associated with Ddc*%.is responsible for
the regulatory variation by constructiﬁg recombinant DdC
genes in vitro and examining their expression in vivo by
tradnsformation. '

It wili not be possible to construct a complete picture
of Ddc gene regulation by studying one activity variant.
Many more strains need to be examined. The analysis of two
such strains (WGM-06 and WGM-65) was abandoned 1n this s;udy
because of early problems with theif genetic
characterization. Now that recombinant DNA technology»has
reached. a highldegree of sophistication, and in particular,
now that practical Drosophila transformation systems are

available it should be possible to examine cis-acting

regulation in these strains without deing conventional

' . |
genet1cs.
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