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Table I. ILl and forskolin have distinct effects on expression of pRSV-CAT and p!L2(-

321) in EL4.El cells. 

a 

b 

Stimulation CAT Act ivity (% of controi)a 

Construct Time 
- b 

+ILl (20 u/ml) + l 0 uM forskolin 

pRSV-CAT l8h 63 ± 0.5 427 ! 99 

piL2(-321) 5h 169 ± 22 28 ± 4 

l8h ~ 3 ± 6 51 ± 17 

Cells were stimulated for the indicated lengths of time with 10 ng/ml TPA + 37 

ng/ml A23187 in the presence or absence uf IL 1 or forskolin. CAT activity per 1 x 

106 cell equiva lents was determined and the value for the drug-treated samples was 

normalized v.rith respect to the drug-free control. Results are presented as mean ± 

S.E.M. of 2-4 experiments each. 

These results have been presented in more detail previously (Novak and Rothenberg, 

submitted). 
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Table II. Ill treatment does not affect t he cel l cycle distribc::on of phorbol ester and 
-

ionophore-treated EL4.E 1 cellsa 

· .::..:, of Total Cells in 
5h 18h 

Unstim . Stim. Stim . + Ill Unstim. Stirn. Stirn. +Ill 

Go 5.2 1.9 2.2 4.3 0.5 0.5 

Gl 49.4 22.0 23.3 49.4 27.6 31.3 

s 26.3 37.1 34.4 27.0 24.9 30.0 

G2 + M 18.4 3;- .G 3S .9 18.9 45.3 36.4 

a Cells were stimulated with 10 c.:g/ml TPA + 37 ng/ml A2Jl87 with or wit hout 20 u/ml 

r!La or they were left unst imu lated. At the indicated tirT.es ce l~ s were harvested, 

fixed in 50% EtOH and stored at 4°C. Acridine orange ana iysis of cell cycle 

dis t ribution was as descr ibec (Boyer et al. , 1989) using an Onho cytofluorograf 50H. 
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Fig. 1 Gel blot analysis of cytoplasmic RNA extraned from unstimulaTed 

EL4.E1 cells (lane l) or from cells stimulated fer 5h with 10 ng/ml TPA 

(lane 2), TPA + 37 ng/ml A23187 (lane 3), and TPA + A23187 + 20 ui ml 

hriLla (lane 4). RNA from -3 x 106 cells w::s e lectrophoresed on a 

denaturing 1% agarose-formaldehyde gel, trans~erred to a nylon filter, 

(Nytran, S & S), and hybridized sequentially with eD NA probes specific 

for IL4, IL2 and a skeletal actin. 
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Fig. 2 (A) Gel blot of c ytoplasmic RNA extracted from unstimulated or 

stimulated EL4.El cells. Cells were stimulatec as indicated in the figure 

and RNA from 1 x 106 cells was extracted, electrophoresed on a 

denaturing 1% agarose-formaldehyde gel, transferred to a nylon 

membrane (Nytran, S & S), and hybridized to eDNA probes for IL2 and a 

skeletal actin. 

(B) CAT assay of extracts from EL4.El cells tranfected with piL2(-

2800). Cells were stimulated as in (A). Each lane represents the 

identical stimulation conditions of the RNA gel blot shown above it. 

Extracts were assayed at 3JOC for 5h. Right most two lanes represent 

negative and positive assay controls, respectively. Positive control 

contains commercial CAT enzyme. [C] = unacetylated chloramphenicol; 

[CA] = monoacetylated chloramphenicol. 
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Fig. 3 (A) Normalized CAT assay curves for piL2(-321), piL2(-1890), and piL2(-

2800). Calculations for each plasmid were done separately. Each 

experiment consisted of 4 data points: 5h stimulated ± 20 u/ml hr!L 1 a 

and 18h stimulated ± 20 u/ ml hr!L1a. Cat activity per 106 cells was 

normalized with respect to the highest value in that experiment (in all 

but one case this was the 18h, no ILl sample). Results are the mean ± 

S.E.M. of 2-5 separate experiments, except for the piL2 (-1890) 5h 

values, which were determined once. 

(B) Normalized CAT assay curve for transfected Jurkat ce lls. 

Experimental conditions and calculations were performed exactly as m 

(A). Open symbols are piL2 (-321); closed symbols are piL2 (-2800). Data 

is from one experiment. 
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CONCLUSION 
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Understanding t he . mechanisms controll ing IL2 gene t ranscription 1s 

important for more than just t he insight it provices into regulatory mechanisms of 

inducible gene e xpression. Because IL2 is a potent growth and differentiation 

factor for both T and B cells, the expression of this lymphokine is central to the 

control of immune responsi veness. Thu~ it could be argued that the ultimate 

stimulators of t he immune response are those factors which directly result in 

transcr ipt ion of this gene. The proximate stimulators of IL2 expression: antigen, 

accessor y cel ls, other cytok ines, s ignaling pathways, etc. , may shed light on the 

related quest i,-, :Jf lineage commitment during T -cell deve lopment. One or more 

of t hese prox:rnate factors may se lectively trigger precomm itted IL2 producers, 

or may cause a cell to select IL2 production from among a number of possible 

responses (Rothenberg et al., L 990). The lineage relationship between IL2 

producing Th 1 ce lis and IL4 producing Th2 cells have been t he focus of much 

current research. A simple model which affixes these different effector functions 

upon separate parallel lineages of T cells is almost certainly incorrect. Instead, 

what has emerged is a sense that Th 1 and Th2 dominated responses reflect distinct 

types of immune responses. For example resting T cells produce abundant IL2, bm 

little IL4 and IL5, upon stimulation with antigen or mitogenic lectin. However, if 

purified CD4 + T cells are cultured for several days in vitro (priming) before being 

st imulated they t end to produce primarily IL4 and very Little IL2 (Sa lmon et al., 

1989; Swain et al., 1990). These same observations have been made for antigenic 

challenge, in vivo. The response to primary immunization is characterized by IL2 

production, whereas t he recall response to antigen is dominated by IL4 secretion 

(Bottomly, 1 988). This progression from IL2 dominated responses to IL4 

dominated responses could, in t heory result from two different mechanisms. One 

possibility is that Th2 cells require a longer priming period than Th 1 cells before 

responding and thus are only seen at later times in the response. Of course , it is 
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necessary for Th 1 cells to be short lived or in some way inactivated, otherwise one 

would still detect abundant IL2. This corollary suggests another possible 

explanation for the temporal separation of Th 1 and Th2 responses, namely that 

Th·2 cells a r ise from activated Th 1 cells. The latter hypothesis is consistent with 

data demonstrating that memory - T cells are usually of the Th2 type. This 

developmental progression is also corollated with changes in the cell surface 

expression of several T -cell antigens. Primary responders are CD44-, CD45R hi 

and CD29- while memory T cells are CD44+, CD45 lo a nd CD29+ (Sanders et al., 

1988). Such corollated changes in surface antigen expression and lymphokine 

production can be seen easily, in vitro, with lectin-stimulated human peripheral 

blood lymphocytes (Akbar et al., 1988). The expression of CD29 by IL4-producing 

Th2 cells is provocative in that it provides a mechanism by which this lymhokine is 

selectively secreted. An anti-CD29 antibody has been reported to increase cAMP 

in CD29+ T cells (Groux et al., 1989). As shown in Chapter 2, increased 

concentrations of this second messenger inhibit expression of IL2 but not of IL4, 

even in a cell line which can express both lymphokine genes. If T cells do in fact 

progress from IL2 producers to IL4 producers it is likely that this change is 

accompanied by changes in transcription factors, signaling pathways and/or other 

aspects of cellular physiology. By elucidating the factors which are responsible 

for the stringent cell-type and inducible control of IL2 gene expression it should 

become possible to identify candidate trans-acting factors which may identify a T 

cell as type 1 or type 2. 

The factors responsible for high level production of IL2 in Th 1 cells are a 

combination of ubiquitous proteins (AP-1, NF - KB, Oct-2) and NF AT -1, an inducible 

transcription factor which has been reported to be restricted to IL2 producers. 

The data presented in Chapter 2, and results obtained by this lab more recently, 

are consistent with the notion that NF AT -1 is necessary but not sufficient for IL2 
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gene transcription. The evidence that NFA T -1 is required for e xpress !On comes 

from transient express ion assays us ing mutant IL2 promoter constructs. The 

expression of a 5' deletion mutant, piL2(-232), that lacks sequences upstream of 

-232, including the NF /',T -1 binding site, is several orders of magnitude lower t han 

a similar CDnstruct, piL2(-321), that contains this binding site. In addition, we 

have since made an internal deletion in piL2(-1890) by removing sequences 

between two Xmni restriction enzyme sites located at -326 and -266. This 

plasmid is not expressed in either EL4.El or Jurkat cells (T. J. t\:ovak, P.M. White 

and E. V. Rothenberg, submitted). Thus, the NFAT -1 site, or sequences di rectly 

upstream that are also removed in this construct, or both, are required for high 

level expression from the IL2 promoter. 

While these results are consistent with a requ irement for NF AT -1, other 

data suggest that the presence of this factor is not sufficient for transcription of 

the IL2 gene. An analysis of nuclear protein extracts by gel retardation assays 

indicated that NF AT -1 is constitutively expressed in EL4.E 1 cel ls (D. Chen and E. 

V. Rothenberg, unpublished observations). These cells , however, do not transcribe 

either their endogenous IL2 gene or transfected IL2-CA T constructs unless 

stimulated by TPA. Constitutive expression of NF AT -1 was a lso detected in a 

number of long-term murine T -cell lines, including CTL and Th2 lines which do not 

express IL2 under any of the stimulation conditions examined. 

Deletion analysis of the human IL2 promoter has indicated a role for AP-1, 

Oct 2, and NF KB in modulating expression of this gene. However, deletion of the 

binding sites for these factors did not prevent express ion, suggesting they are not 

required for transcription. A construct, piL2(-232), that contains binding sites for 

all three factors was expressed only slightly above background when transfected 

into EL4.El cells. Since gel shift experiments have demonstrated t he presence of 

these factors in stimulated EL4.E 1, (D. Chen and E. V. Rothenberg, unpublished), 
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their presence is insuffic ient to cause transcription of t hE: :L2 gene. 

The inh ibit ion and enhancement of IL2 expres:_Jn by ei\MP and IL 1, 

respectively, ma y result from changes m ~FKB binc_-g activitv. Gel shift 

experiments indicate that co-stimulation with TPA/A23 . 37 and Ill resul ts tn an 

increase in NFKB activity, while increased cAMP cause-: the oppos ite resu lt (D. 

Chen and E. V. Rothenberg, unpublished). These resu i:.s support the prediction 

reached from transient transfection experiments (C:-,a.pter 3), that if Ill 

upregula ted NFKB activity in T cells, it did so via a mec.anism that was dist inct 

from the cAMP-dependent pathway operating in pre-B ar_: NK cells. 

The results presented here do not suggest th ::~ a single factor (e .g ., 

NFAT -1) plays the role of a "master switch" in l:--::: contro l of IL2 gene 

expression. There is strong evidence, however, that the x esence of this fac tor is 

necessary for high level expression, and that other identi: _ed factors which bind to 

the IL2 promoter can modulate t ranscription. Far upsr--=am DNA sequences also 

play a role in transcription regulation, but t hese regior--5, and the factors which 

interact with them, have not been characterized in detai~ . 
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Proc. !\'ati .~ .-ac. Sci. USA 
Vol. 81. pp ·A\...7494. Decemocr i984 
Developme~ : S•olog) 

Inducible expression of a cloned heat shock fusion gene m sea 
urchin embryos 

AI'DREV. P. McM . .o.Hol'• . THOMAS J . :-:ovAK. ROY J. BRITTEN. AND ERIC H. DAVIDSOt' 

Dtvasaon of B10u..~ . Californaa lnsl!!JJ!: of Tcchno)oc:~ . ?aude:r..a. ( A 91 ::~ 

Contribuuc :-. Roy } . Brill~n . A..JJfUS I J . /98-t 

.UISTRACT A fusion gft>e ronstruct. in ~t·hich the coding 
~quence : .cterial chloramphenicol acot~·ltransferase 

(CAT: ace . • "oA: chloramphenicol 3-0·INt,·ltransferase. 
EC 2.3. }.; • ~ •s placed under the control or the ~Ia to~ 
region or th. r··c>sophilil gene encoding the 70-kilodallon but 
shock protei. • . - . 'locua, P. P. & Dawid, I. B. (1983! Proc. 
,.,.tUI. A.cad. Sci. USA 80, 7095-7098]. ,..as microinjected into 
the c~1oplasm or unfertilized - urchin eggs. Pluteus·s~e 
embryos de~doping from the injected eggs ,. .• ~ exposed to 
b~h temperamre conditions thai we found would elicil an en· 
dogenous su archin heat shod; nsponse. These emb~·os n · 
press the geM for CAT and. afler heat treatment , displa~ 8-10 
times mo~ C ... T ennme acti,in than do extracts from control 
embryos cultured at· normal te~peratures. The inje<:ted o-;A 
is present in ~h mole.:ular ,.·eight concatenates and. during 
dnelopment. is amplified about IOO·fold . Amplified se· 
quences are responsible for all or most of the induced C." T 
tnz~·me acth~ . 

We recen t!: .=.e·.-eJoped procedures fo r the microinjection of 
cloned D~ .-\ rnto sea urchin egss and determined the fate of 
the exogenoL; D~A during development (J. : 1. Jn the pre· 
senl paper.·-.~ provide initial e,·idence that Dl'A sequence~ 

introduced m:.:- these egg; can be transcribed and produc· 
tively expre, ;.ed. in response to inlemal physiological sig· 
nals. The o:--; . .:, is injected into the cytoplasm before fenihza. 
tion . sperm ts. then added. and development is allowed to 
proceed. '.\'e f.:.und earlier that ,..hen linear DN ... molecules 
are inJected. tiley are rapid!} ligated into high molecu lar 
weight end·tc-end concatenates. and that these undergo ex· 
tensive repl!=uon during the ftrst 24 hr of embryogenesis. 
The average !:".let amplification of exogenous DNA mass dur· 
ing this perioc ts 25·fold ClJ: in experiments reponed belo,. . 
an amplificaa.:>n of about lOO.fold was obser>·ed. 

The presen: experiments were conducted with a fusion 
gene assemb~..: b~ Di Nocera and Dawid 13J. in which the 
bacrerial suu...-,ural gene for chloramphenicol acetyltrans· 
ferase CCA T. a.::etyi·CoA:chloramphenicol 3-0.acetyltrans· 
ferase. EC : . .> .1.:81 is placed underthe control of the 5' reg· 
ulatory regioo .:>f the gene coding for the Drosophila 70-kDa· 
heat shock p;-.:>tein lhsp70J. Di !'olocera and Dawid showed 
that when this ~nstruct is transfected into Drosophila tissue 
culture cells. synthesis of the CAT enzyme is induced bv 
heat treat mer:: . Nucleotide sequences that are shared t>e'­
tween the ~'era! different Drosophila heat shock genes 
have been de:nonstrated to be required for transcriptional 
tnducuon uodoe~ htgh temperature conditions 14-7). Most im· 
ponant for ou= present considerations is the finding that the 
Drosophila lts;>iO regulatory region functions inductively in 
heterospecific systems. including the X~nopus OOC}1e nucle· 
us 17. 8). wh~ it is inactive at 20-27' C and induced at 34-
37•C: in moni>ey cells (5. 6 ) and mouse cells C91. where it is 

The pubhc.ati_on =.ost~ of this anidc •·c~ defrayed in part by pqe clu.rit 
payment. Tha ar-..adc must therefore bt herebv marked -odl·,nium,nt­
in •ccordance "'dl 18 l ' .S.C. U734 sol<ly 10. indialt tlus fact. 
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inacrive a1 3i'C and mduced at 43<( .._.,.-j 45'C. respecti,·ely : 
and in yeas! ce lls IJOL where il is =:ti,·e ar 24'C and in· 
duced at 40'C . In Drosophila and urc-sophila rissue culture 
cells . the gene is inact ive at :5' ( anc md uced at 37' ( <3. 11-
13). Thus. in transfection experimer.:; rhe gen' seems tore· 
spond to whate,er remperature i ~ ~essful for the cell tn 

which it is placed . 

MA TERJALS A:'\D METHODS 
Microinjection of .Plasmid hsp-at I illlto Lnfertiliud Eggs. 

Collection of gametes and microinJe:UOn of sea urchin egg, 
were as de veloped b~ ~c~lahon ~~ ~ . 11). About ~pi of a 
solution 124 11-i,. mi l of the plasmid ~;:-catl 13) diSsolved in 
40'/C glycerol ·,.,·a s injected into the e;;i c~1oplasm. The plas· 
mid. " 'hich is about : . ~ l:ilobases <i:: m Jen2th. was first 
linearized b' digestion at its unique B(l site . ._;-.hich is Jocat· 
ed in the pBR3:~ component of the ::onstruct. The amount 
nominally injected per egg represen:: <:.Out 7500 molecules. 
As described b~ D1 ~ocera and Da ..... : :;). hsp-catl contain;. 
a 1.1·kb S" regulatory sequence frotr. ::.e Drosophila gene for 
hsp70. cloned b~ them mto pSVO·c<.:. a vector that contains 
the Tn9 strucrural gene ior CAT an.: S<!lllan virus 40 1 S\·~o• 

early region inrron spliCe and pol~ ' ·" ' addition sequen~es. 
but which lacks the early region pro::...:>ter. 

Protein Labeling of Pluteus-Stage Iab~os. At 71 hr post· 
fenilization. embryos ,.ere suspenae: at a concentration of 
20,000 per ml in 1 mi of Millipore·flhered sea wa ter IFSW,. 
Heat·shocked emb~'OS ~o~•ere incub~ for 1. 1. and 4 hr at 
25'C. and control em to~ os were incu:-..red for 4 hr at lS'C in 
FSW. For prote in labeling. the emb:-,vs were funher incu· 
bated for 1 hr at ::.S' C I hear shocked • or !5'C tcontroll in the 
presence of 180 i<Ci of [3~ S]meth10=e !Amersham. >600 
Ci/ mmol: 1 Ci = 37 GBq1. The emi:-:-:-os were pelleted in a 
Microfuge . washed once in FSW. pe~eted again. and sus· 
pended in 200 !J] oi electrophoresis sc::::::>le buffer contain in~ 
0.1 MCleland's reagent . 2.0"C NaDOCSO, . 80 mM Tris I pH 
6.8). l O'k glycerol. and 0.0159< brorr'""henol blue . 

Protein Gel El«t~is. Aliqu~s of 20 ,.,.1 of labeled 
embryo sampies were heated to 80'C for 1 min. spun briefl~ 
tn a Microfuge to remove debris. anc .oaded onto a ]or;; po.. 
lyacrylamide .'~aDodSO, slab gel. E...e-:: trophoresis was as 
described by Hubbard and Lazaride! i~ l . Gels we re soaked 
in EN 3HANCE INew England Nucl= •. dried under vacu· 
um. and exposed to Kodak XAR5 ftl.!:: at - 70'C for 90 min . 

CAT Assa) . Heat-shocked or conmi plutei were pellered 
in a Microfuge and suspended in 0.:.• M Tris ·HCI lpH 7.81. 
CAT assays were essenrially as des..."Tlbed bv Gorman er a/. 
(15) with the foJJo,.•ing minor altera.:wns. · Embr>·os were 
lysed by two freeze·tha.,. cycles in ;; 959i ethan~! 'dry ice 
bath and spun briefly to remove ce!P.:.:a: debris . Final ~eac· 

Abbrn·iatioos: bsp. hear shock proltin: b;\J. 71HDa hsp: S\'40. 
suruan vtrus 40: CAT. bacten.al chloram;.:=col acetyltransfercse: 
cot. g~ne for CAT: FSW. Millipore·flltced sea water: kb. l:.ilo­
basets) . 
·~sent addr~ss : National Institute for Yedical R~search. The 
Ridgeway. Mill Hill. umdon. )o;Y,'i l..O..o\. En,Jand . 
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FtG. l. Htat shock proteins ir. 5 . p11rpuracus . Proteins synthe­
sized in pluteus-stage emh~·os 16en:: d::s.played by gel electrophore­
sis and autorad10~raphed. Em~~ os ""e..-e: rnamtamcd at a concentra­
tion of~ x iO• pt r ml Gt the nonra.a.J cu!!ure temperature of l ~ ,C for~ 
hr !lane 11 or at Z5:C for 1 hr tlane : L : hr Hanc .3}. and J hnlane 4). 
ioiJo.,..ed in each ca.sc b' a funher 1 hr of incubation at 1s=c or 25cC. 
re~ pec u,·eJy . in the prtsencc of {.:~s ~.methjonme. Size markers are 
sho••n in kDa. 

tion volume s were 150 p l. Thi; ~ontained 0.5 pCi of 
[I4C]chloramphenicol (45 mCi/ mmo!. Amersham) and 0.53 
m~ acetyl CoA <Sigma). Bacterial CAT <Pharmacia P-L 
Biochemicals) o.·as used as a pos!tiYe control in CAT assays 
and in calibrating the reaction . . ~says were run for 2 hr at 
37"C. and the acety lated produc<..s were separated on an 

• 
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Eastman Kodak siioca gel TLC plate . TLCs "' ere exposed to 
Kodak XAR5 film at - ~o-c. 

Rf.Sl' l TS 
Heoot Sbock Respoase ill Strong)·loalllrOll<S pwrpwrlllltJ. Our 

inHial p roi:olem w·a~ to determine the opurnaJ heat shock con· 
ditions fo r 5 . purpurctuJ. -.. hich on the laroratory are raised 
routine!; a t 15' C We ;:h~ ~5'C a s an appropriate tempera­
ture for studies of pfO(eon synthes is after heat shock. on the 
basis of p reliminat} survnal expenrnents a nd unpublished 
protein synthesis data o btaJned t-y B. Brandhorst <personal 
commum:ation) on the same spe:ies . Fog. 1 d isplays protein 
synthesis patterns in e:n r r!os exposed to :.S'C for ~. 3, and 5 
hr and in control eml::;:o s held at 15'C ~e•••l; synthesized 
"prote ins were la be led on e ac h samp le b; add ttion of 
! 1 ~ S}methionine for u'le fin<J i hr of m<:ubation . . ~s observed 
in many previou~ s tudoe s. the autorad iograph of neo.·Jy syn­
thesized proteins of : ontrol embr) os 115'-C: Fig . l. lane 1) 
reveals a near!; commuous size d ism buuon . Exposure to 
25 'C results in a ge~raJ reduction in protein synthesis and 
the appearance of se• eraJ <obundant neo. prOtems (lanes 2-4). 
As in many other orgamsms <101. the majo r heat-tnduced 
species ,.·a s about iO kDa. ln add iuon . a peptode of about 90 
kDa and about five lo.,.·er molecular "'eight bands that can­
not be d tstingui shed on the control sample also o. e re labeled 
in heat-shocked 5 . purpurarus embr;os . Se, e raJ other fairly 
abundant proteins appeared to be s; nthesized in both c on· 
trol and heat-shocked 5. purpura tu: embr)OS. F ig. 1 shows 
that the ac<:umulauon of the heat shock pro:eins was already 
maximal "' ithin : hr • la ne : : <ond fu rther mcubauon r!anes 3 
and 4 ' had litt le efie: t. Ar. inc ubation oi : hr at ~5"C was 
utili zed for the suh.equen: expe riments . 

Ligation and Reptiutioo During ()e,·dop~Mnt of Injected 
bsp-atl 0'\A. Unfe<liiJZed eggs "' ere inj ected from a contin· 
uously !1owing microneedie v. ith =--500 molecules of hsp­
cat l D~A as described in J(a trric ls an d .\.tl'thods. The in· 
jccted hsp-cat1 n:-.;.-\ undu went the expected ligation and 
replication process 11. 2 ). This is demonstrated in the autora· 
diographs shown in Ftg. 2. D'\.~ v.·as extracted from pluteus­
stage (i~ hr) embr)•os raised from injected eggs as described 
by Mc\tahon eta/. (] 1. run on a 0 .8'K agaro~ geL and after 
lr.Ulsfer to nitroce llulose. hybridized to the J:p.Jabeled hsp­
cat1 probe . Lanes 1~ of Fig . :!D contain ~rial d ilutions of 

.. 

"' .. 
:a: 

FIG. 2. Concai<nliiK>n and amptif"o:::ation of injected hsp-catl DNA. I a ) Autoradiograph of J!CI bioi-hybridization benoecn hsp-cat l probe 
and DNA extr.lcted from plutcU5·St~ embryos. Lanes: 1-4, DNA standardl containing 1.80 x 10· IIane 11. 0.90 x 10-i lane 21. 0.45 x 10' (lane 
3!. and 0.2:! X 10' ilaM ~ I molccuies of hsp-call: 5-8 . DNA samples from pluteus-sGI£e embr;·os: DS .~ from embryos JTO"D from uninjected 
egs tlanes ~and 7). D"A from embryos derived from cgs injected "ith hsp-atlllancs 6 and8l. undti<Sled D"-" Ilanes 5 and 61. and J'iru 1-
dig<sted D~A !lanes 7 and 81. D"·" .U.: marken (kb) are indicated. Exposure was for 3 hr wi<ll an intensifyinr screen. tb l Restriction maps of 
hsp-catl dimen that would be forma:! b~· ti11ation of linearized plasmid ao Bgl l site. Solid bar. 5" rqulaJO<' repon from • O.osophila 87( hsp70 
~: open bar. a<ne fa< CAT: stippled bar. SV40 "t" intron and early "'aioo poly!." I addition sequene<s: hatched bar. pBR31:! [from Di Noc<ra 
and Da"·id OJ]. On!~ rel<vant restricrioll sites are shown: B. Bg/J : X . Xho 1: !'. Nru I. Maps: I. -bead to head- concatenate: 2. -head-to-tail­
a< "tail-to-head" concatenate: 3. -aiko-tail- concatenate. Sizes of fraJ~n<nl> that would be relcasc<l on Nn~ I digesuoo are indicated by 
brackets. 
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Table 1. Amplification of bsp-catl and CAT enzyme activity in 
plutcus·stag~ embryos 

Data Exp. l Exp. 2 

Amplification of bsp-catl' x 10; x 99 
CAT enzyme acU\'ity 

Control embryos n~·c t 
Acetylation of [' 'CjCA' 0 .9"-i 0 .8"! 
Units of CAT acti,.ity per .ample· 7.~ x 1o· • 6.9 ~ 1o·• 

Heat-shocked embryos f25•() 
Acet ylation of [1' C]CA • 7 . ~?< 8.W 
Units of C."T acti\'tt} per .ample· 29.5 x 10·• 31.~ x 10·• 
Estimated molecules of 

CAT subunit per embryo' 0.9! x 10" 0.90 x 10" 
Molec. C."T subunit! 

moltc . hsp-cat1 0.86 

• Amplificatjon of inje:::ted sequence~ v.-a3 csum.atcd from densitom­
etry or scintillation counting of poolec embryo D!\ .... samples "'·ith 
reference to k..no~n standard~ as in Fti 2. Each egg was assumed 
to ha'-'C received 2 pl of a solution C~ .ti JL&i mJI ofhsp-:atl. or 7.5 x 
1o' molecules . 

.,. Perccnta~e accr~-iation of chloramphenicol ((A ) ...,-as detc~ined 
b~ scintillation coun ting of substrat~ and product spots aftc:- TLC. 
Correspondin~ C.-\. T enz yme activi t ~ -... as then determined b ~ refer­
ence to the standard cun.·c. using the equations given in the icgc:nd 
to Fi~. 4. 

tEstimates of the number of CAT enzyme molecules were made: b~ 
utilizing a nearl y pure: CAT enzyme preparation as a specific acti\'i· 
ty standard. The: C."-T enzyme: preparation ""'as produced in ussuc: 
culture: using a baculovirus n.pressJOn vector as described b~ 
Smith n a/. C4 J_ In !\aDodSO. ~els . tile on ly protem visible in thiS 
preparation is the 25.&-kDa C:\ T subunlt fl5L The spe<ific activity. 
S. measured as Ill Fi~. 4 , was aboul 90 units/ J4 of protein Hhis . of 
course. could be an underestimate: bc:;ausc: some of the enzyme 
molecules in the standard prep~""a~io:; cou ld have: bec: n ma:li\'C: ). 
The number of enzyme: su buni! mole;::uies pei embryo !5 :.35 x 
1013 A / S;\. "'-here: :.35 x lOD 1s the number of 2.5.6-kDa subu nits 
~r ~-A is. the measured number of unj ts of acti,·Jt y per s.a.mplc:. 
and !' is the number of embryos in the .ample . about 840. for E<p 
1 and 900 for Exp. 2. The estimates g: .. ·en here: and in the: bottorrl 
row assume thal all embryos contair. injected. amplif1ed hsp-<at 
sequences. He"" ever. F1)•tz.anis tt a/ f2 1 have sho"'·n that an aver· 
age of only 60'7i of larvae actually contain amplified exogrnous 
DNA after injection . Thus positive W"vae could easily ha\'t tX· 

pressed as much as 2-fold mort molecules oi CAT enzyme than 
shown. 

I(+ rO"'')/{• T0\1..' ) 1..5 x 10"-1). where 7.5 x 10"-' is the number ofhsp­
cat1 molecules injected per egg. 

• 7 

hsp-catl as reference standards. ~o hybridization of the 
probe v•as detected with Dl'A from uninjected embryos 
Oanes 5 and 71. whereas in the undigested Dl'A sample from 
injected eggs (lane 6), the probe h!brid ized to a high molecu­
lar weigh! band that occupied the same position as the total 
high molecular weight genomic D~A of the embryos. On di­
gestion with :\'ru l. three reactive fragments of approximate-. 
Jy 6.8. S.i. and 4 .6 kb were obser-·ed. These are exactly the 
fragments predicted if the injected plasmid fonns a random 
concatenate by end-to-end ligation C1 ). as illustrated in Fig. 
2b. Thus. with arbitrary reference to the Bgl l end closest to 
the SV40 sequences in linearized hsp-catl as the "head" and 
the other end as the "tail." digestion of a random end-to-end 
concatenate with ·"''" I would generate the reactive head-to­
head (Fig. 2b. map 1). head-to-tail (Fig. lb. map 1). and tail­
to-tail (Fig. lb. map 3) fragments of the lengths shown. 

Reference to the DNA standards included in Fig. 2a indi­
cates that the mass of the exogenous DNA was amplified 
greatly during development. Had no amplification occurred. 
\lo-ith total recovery assumed. only about 3.4 x 1~ molecules 
of hsp-catl, or 2.1 pg. would ha,-e been present in the 45 
embryos included in the experiment. This is less by a factor 
of 6 .5 than the DNA content of the lowest standard, in Jane 4 
of Fig. 2a. The extent ofamplific:arion was estimated by den-
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sitometry or scin tillation counting after hybndization to the 
hsp-catl probe. Data for the two experiments included in Ta­
ble 1 indicate a net amplification in the sample as a whole of 
99-fold and 107-fold. respectively. Thus . the average p lute­
us-stage embryo should include about 7 x 10' molecu les of 
hsp-cat l and. were this distributed equally to all cells. abou• 
SOO molecules per cel l. 

Heat-Induced Expnssion or CAT Enz~·mt In Pluteus-Stagt 
Embr)·os. After exposure to 15"( or 25'C for " hr . p luteus­
stage embryos bearing the amplified hsp-catl DS A we re a ; ­
sayed for CAT activity as described . The results of a repre­
sentative experiment are sho-..·n in Fig 3. No background o: 
CAT activit y was detected in uninjected control piutei rlane; 
2 and 4 ). Some CAT enzyme activity was present in 15'C 
embryos grown from injected eggs (Jane I l and the amount o: 
active (AT enzyme v>as greatly augmented in the heat-:reat­
ed embf)·os (Jane 3). Lane 5 contains the reaction product ; 
of a bacterial CAT enzyme preparation to pro,·ide marker; 
for the positions of the majo r acetylated forms of chlora:n ­
phenicoi. 

It is almoSt cenain that the amplified DS A is responsible 
for the inducible CAT activit! . As noted earli er. supercoilec 
DNA molecule s failed to amplify _ and a relatively very ID"­

levei of CAT enzyme activtty " ·as obtained from embf'\ O' 
injected -..ith supercoiled hsp-catl. Occasional!!. we en-

-• 
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FtG. 3. CAT enzyme activit) in injected embryos at 15'C ane 
2.5°(. Pluteus-stagc embryos g:rown from eggs injected \lroith hs,r~:a:: 
and controi plutei from uninjectcd eggs v.ere in;ubaled a t the nofTl'l.CL 
culture temperature of 1Scc (lanes l and 2l or were exposed to ~5:C 
for 2 hr (lanes 3 and 4) immedia!<l) prior to a"ay. Extracts for C.-'. T 
assay.,-= prepared from 837 and 836 injected plutei Oanes 1 and 3 _ 
respectively) and 1000 control plutei (lanes ~ and 41. Bacterial C.-'. T 
enzyme (0.37 units) (lane 51 and the assay reaction mixture: v.i th nv 
enzyme or extract added Iiane 61 v.·ere assayed in parallel as &­
scribed. Acetylated reaction products \lo'tre separated from unaccr~ · 
l.ated (1'CJchloramphenicol sutostnte by ascendin~ TLC. Reacuoc. 
products L-\. B. and Cl are indicated. The pritnar) and predominan: 
product af the reaction is 3-acet)'l chloramphenicol !B) Other prod­
ucts are a c!iacetylated fonn (C) and a product of an inefficient. non­
enzymatic acyl migration (Al (16. 17!. Autoradiograph) " 'as for :• 
hr. 
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CAT Act i \"it~ '10 · " umts) 

FJG . .: . ...l.ssa> of CAT enzyme actJ\'ll)' . Enzyme activn:- "'"35 

measured in ~-hr rcact1ons. as described by Gonna.n t t a/. t l6\ and 1n 
. \.fauria[j and .\lethodJ . Commercial b.a;terial CAT enzyme "'-as uu­
llzcd in the presence of L cell cxt.'<l>..~ s . The specific acti,•H~ 1Q_}., 
urut~ ~ ~ of the startin~ preparation ... -as calibrated b~ the mAnufac­
turer .4.. unit IS defined as the amount sufficient to acctylatc 1 ~ol 
of chloramphemcol per mm 1181. Tbc absc1ssa is calibrated"' :o· • 
units. termed "L ... in the following da.t>. . ... I L' < 60. by liner least 
squares . ... = 0.19-c - 1.15. when: _._ !S Si acetylation. At L' = 60. 
th~ second acet ~lation product first becomes visible in autoradlo­
gra;:hs of C.-\ T assay earned out as "' fig . 3. At this point tb< >lope 
doubles. Where C = ~100. the soluuon is ... = 0.619l:- 10.5 . The 
small absdssa intercept in the initial phase of the curve sho\1,-n : . .l. = 
0 at L. :; ·L~ ) indica~es that there is a ili~t inhibition ofCA T a ctJvny 
caused by unkno-...·n substances in Lhe r eUular extracts . At the spc· 
clf1c activit} of the [14CJchloramphe:rucol utilized. the s.cnsitivn~ of 
the as say is about 5000 cpm pc: r ~ acetylated products formed. 
though of course this value '·aries ac~rd1ng to the length oi t~-n< the 
reacuon is allo""ed to proceed. the iad.Joactivny of pre:cun.or uU· 
lized. and other such factors. 

counter batche s of eggs that fail to ligate and amplif) in_iected 
linear DNA. although the DNA remaJns intact (1). Th1s oc­
curred in an experiment carried out .,.·ith hsp-catl DS . .O. •data 
not shov. n). Exogenous D:--1:\ could just be detected in the 
pluteus-stage embryos of this experiment. and the amount of 
C..o. T activitv was less than lo/c of that measu red in the ex­
periment shown in Fig. 3. Were the induced expression of 
CAT the product of a small subfraction of the hsfKat l mole­
cules that do not undergo amplification. the amount of en­
zyme activity recovered would be expected to be indepen­
dent of the net DNA amplification. contrary to the result 
obtained. 

Approximate Quantities of CAT Enzyme Syntbe:siad. ill 
Heat-Shocked Embryos. An easily detectable signal v•as ol>­
tained from about 840 injected . beat-treated embryos (fig . 
3J. The sample chromatographed in lane 3 contained about 4 
x 10" cpm of [1'C]acetylated chloramphenicoL To prepare 
the number of pluteus-stage embryos included in the heat­
treated and control samples together (i.e .. lanes 1 and 3) re­
qu ired 3 da) s of microinjection . Thus. the extremel} high 
sensitivity of the CAT assay (16) offers for these pu~s an 
imponant practical advantage. In control studies carried out 
with cultures of L cells transformed with a construct bearing 
the same CAT gene. we compared directly the signal ol>­
tained by S1 nuclease measurement of CAT mRNA and by 
CAT enzyme assay. Using a high-speciiJC-activity single­
stranded probe generated from an M13 primer, we recovered 
a protected fragment of the appropriate size containing about 
I cpm from a number of L cells llo") that yie lded suffiCient 
CAT activity to produce about I~ cpm of (t•c]acetylated 
chloramphenicol products . This result indicated that. for 
monitoring CAT gene expression in practical number.; of in­
jected embryos. the enzyme assay would be greatly prefera­
ble. 

The frac tion of chloramphenicol acetylated in the assay 
was linear with enzyme activity over the range of these ex­
periments <Fig. 4). The moleculaT size of the purilted en-
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zymc is known 1 l5J. and from its s~clfi~ activity. the num­
ber of molecules svnthest.Zed in the he.at-tnduced sea urchm 
embr)'OS can be o:atculated . Data for t ... '0 experiments are 
given in Table ;_ It can be seen that the extracts from heat­
induced embr) os produo:c-~ 8- to 10-i .:>\.: more acetylated 
chloramphenicol than d1.:i the extracts ir.:-m the 15'C embry­
os. which fbec;u;se of the a..hsc tssa ime~-pt of the standard 
cun·c ltransiate! to J-~ u~s more una:s ~f enzyme acti vity. 
The calculated numi:>er of molecu les oi c. .. T enzyme subunll 
after induction " about 1(!' per embryo T able 1 also shows 
that. were all of L~e amritfted hsp-catl D:SA sequences ac · 
tive. the average tstead\ state ! yteld I.ll h=Hreated embryos 
would be on the order oi l enzyme su:-unit molecule per 
gene copy. Since al l rna:- not be acu'e an..:i since all embryos 
may not contain a.mpliiied hsp-catl D:S ... fsee the legend to 
Table 1). these are to be regarded as rrurumal estimates . 

DISCtSSIO~ 

The se results shov. that nogenous D:S .-\ s-equences injected 
into the cytopi;,.sm of the unfertilized s= urchin egg can be 
productiHiy e\pressed during emb!') ol.:>!!!cal developmen t. 
The injected D:S ... also undergoes mass•'e net amplification 
during development . as noted for a num.."-.er of other plasmid 
sequences O J. Though there is as yet oo direct C)'lological 
evidence. the observauons that at leas: some of the exoge­
nous sequences participate in both t:ra.ns.=nption and replica­
tio n imply strongly that they have been ;,equestered into the 
embryo nuc let. Furthermore. the am;:>niied hsp-cat1 se­
quences in the embr)OS are a! least to s--ome extent inducible . 
Several consequences f.:-Uo"' from the .:mservation that the 
Drosophila hsp"O contr:>l sequem:es .::an be activated in 
heat·stressed ~ urdnr. embf) os. Firi:. ne..,. evidence is 
provided to the effec t th;;: the heat sh~-...:c~ gene functions at 
the distress temperature of the host ceil!.. here onl) 25' C. 
though in the speetes vi origin 25' C is the standard environ­
mental culture condition at which the gene is silent . Second. 
these results impl; that a1 least some of l.!le exogenous DN .... 
present tn the pluteus-s~e embl')·os e:tisl5 in a physical con­
formation such that sequence-spe<:ific regulator)· interac­
tions (4. 5. 7) may take place. Third. indl.lction occun in the 
presence of a number of hsp-cat l molecules that is probably. 
on the average. 50-100 times the numk of endogenous heat 
s hock gene sequences. This implies a sufficient excess of 
diffus ible regulatol')· molecules so !.bat ai least some of the 
hsp 70 control sequences are engaged iil least some of the 
time. It 10ould be interesung to determine .,.-hether the pres­
ence of the injeo:ted hsp-o sequences iiltects the transcrip­
tion of the endogenous beat shock genes. 

The great sensitivity oi the C..o. T assay (see the legend to 
Fig. 4) means that the signal obtained even after heat induc­
tion could be the product of fairly rare mJU-<As. This is in­
deed suggested by calculation of the num.."'<r of mR."<A mole­
cules required to produce the estimated number of C..O. T en­
zyme subunits in 2 hr. On the assumption that the rate of 
CAT mRNA translation at :!.5'C is equ.alto the rate of t rans­
lation of sea un:hin histone mR.'iA at L'"'C. which has been 
measured at 0. i codons per sec !19L to accumulate lo" CAT 
subunit molecules in 2 hr would require about 5000 RNAs 
per embryo. or four molecules per averAge cell . Of course, 
were translation of this i:>eterologous sequence se vera! times 
less efficient . as obsen·ed for the Drosophila hsp70 gene in 
Xtnopus OOC}1es (7), proportionately more mRNAs would 
be needed. Nonetheless. this result implies that the induced 
CAT mRNAs are far les.s prevalent t.ll.;u! those evidently re­
quired for the synthesis of the prominent endogenous heat 
shock proteins in the same embr)·os I see Fig. !). The proba­
ble low ratio of CAT mR.'IAs per toW bsp-catl sequence 
<Table I ) means either that only a small fraction of the exoge­
nous genes participate at any one time in the induction or 
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that the CAT mRS ... itself is unstable . or perhaps both . Jt 
may be relevant that only O.l-0.2ST of L cells receiving nu­
clear microinjection> of pBR322 containing a thy midine ki­
nase gene stabl) expcess t his gene after a few rounds of 
DNA replication (20! 

There are many possible reasons why the observed ratio 
of induced-to- unindu:ed CAT ac tivities is not higher than S-
10 !Table 11. In Drosophila tissue cu lture cells transformed 
with bsp-catl. a ratio of about 30 in CAT activity was ob­
tained ()). A larger fra=tion of the ampl ified hsp-cat1 mole­
cules in sea urchin embryos may be competent to express 
than to express inducuvely. or the concentratton of positive 
regulators may be insufficient. Funhermore . the Drosophila 
mR.~A hsp70 leader sequence in fact may not be recognized 
in sea urchin cells in such a way as to permit efficient trans· 
lation at high temperature (7). A major factor may be the 
extent of e xpression in uninduced (l5 ' C ) embryos . H igher 
uninduced levels of expression of the gene fo r hsp70 than 
expected have been reponed in several other transfection 
experiments (3. 21.2:1. We could possibly ha ve stimu lated a 
mild heat shock response in tHe control embryos by mal­
treating them during the collection and centrifugation pro­
cess. Finally . it is possible that the rate of expre ssion at 15' C 
is indeed very low. but that the enzvme is stable. and thus 
that we are comparing the induced enzyme synthes ized in 2 
hr a t 25' C to the unineuced enzvme accumulated over the 
preceding 3 days. Whatever the explanation. it remains that 
expression of some of the exogenous genes for CAT is clear· 
ly activated under the correct physiological conditions. 

We do no t yet knoo. whether sea urchin genes that are 
ontogenically regulated and that norrnally function only in 
cenain embryonic eel' li neages will perforrn with fidelity 
when introduced into unfenilized eggs in the same manner . 
We have so far demonstrated merely that environmentally 
modulated expression can occur from some fraction of the 
exogenous genes. Hoo.ner. it is imponant to explore the 
possibility that ontogem: regulation can be studied by these 
methods as well. The sea urchin embryo offers a unique and 
imponant advantage for the study of embryological de velop­
ment-the availabilit) of man y cloned genes that operate in 
specific early cell lineages f23). The nature of the cis acting 
genomic information required for the embryo nic regulation 
of these genes ma y be accessible by the simple and practical 
experimental route described in this initial stud y. 
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