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The Enhanceosome and
Transcriptional Synergy

" 5

Michaol Carey

Department of Biological Chemistry

School of Medicine

University of Califomia, Los Angeles
Los Angeles, California 90095-1737

The Biochemical Basis of an All-or-None Cell

Minireview

Fate Switch in Xenopus Oocytes

lamas E. Ferrell Jr.” and Eric M. Machleder

Xenopus oocytes convert a continuously variable stimulus, the concentration of the

on the amangement of activator recognition sites and

oocyte maturation. Here evidence is pr

, into an all
that the all
tivated protein kinase (MAPK) cascade. Anal-

ducing hormone p

X
of the

the precisa complement of bound activators, which to-
gether generate a network of protein—protein and pro-

by the mif

D is og
ysis of individual oocytes showed that the response of MAPK to progesterane or Mos

with a Hill of at least 35, more

1oin-DNA interactions unique to a given was
3 %o

free energy of
the concentration of the relevant activators in a cell
and their ability to engage in combinatorial interactions;

enhancer. The
is f

tothatofa y

than 10 times the Hill coefficient for the binding of axygen to hemaglobin. Tha response
can be accounted for by the intrinsic ultrasensitivity of the oocyts's MAPK cascade and
a positive feedback loop in which the cascade is embedded. These findings provide a

rationale for the all-or-none character of this cell fate switch.

1,

diff

of

tho DNA pro-

entlal transcription of over 50,000 genes in precise spa-
tial and temporal pattemns. One of the key problems
in the gene expression field is understanding haw an

g
of key activators, or altered positioning on
hibit cooperative binding. As llustrated in Figure 2, the
enhanceosome displays two layers of “stereo-specific-

organism can achieve such diversity, while
cell ity and i to its envi-

ronment, One solution is to employ a limited repertoire

ity” nocassary for gene activation. in one, the contextual
i ctivat

acti promote
assembly of the enhancecsome on naked DNA or chro-

matin by

Fully grown Xenopus laevis oocytes are ar-

- _rested in a state that resembles the G, phase
of the cell division cycle with inactive cy-
lin-dependent kinase Cdc2 and an intact

of activators to minimize the y to
link related signaling pathways and to integrate diverse
regulatory cues, The cumrent view is that the cell accom-
plishes this by ing the il of ivi
and transcriptional synergy (Figure 1), where small com-
binations of signal- and i ific acti-
vators can be used 1o execute an exponentially larger
number of regulatory decisions. Thus, an RNA polymer-
ase |l {pal Il) enhancer responds to signals by organizing
unique combinations of activators in a tightly clustered
pattem that promotes their interaction and cooperative
binding to DNA. The pol Il transcriptional machinery, in
tum, is designed to respond in a greater-than-additive
or synergistic fashion only to multiple activators.
Previous studies from the Maniatis and Grossched!
|aboratories on the IFNB and TCRa gene enhancers,
P provided i ical details of
how enhancer organization and cooperalivity func-
tioned to bl intoa in com-
plex called the " A key
question was “how does the enhanceosome stimulate }
synergistic transcription and is the precise stereo-spe-
cific of ion domains for
the effect?” Recent biochemical studies reporting en-
hancecsome-activated transcription in vitro (Kim and
Maniatis, 1997 [December issue of Molecular Cell); May-
all et al., 1997) and the identification of activator “tar-
gets™ within the transcriptional machinery (Bruhn et al.,
1997; Merika et al., 1938 [January issue of Molecular
Celf]) suggest that specific interaction surfaces are in-
volved in synergy, and reveal new aspects of this regu-
lation. e
The Enhanceosome
The transition between the lysogenic and lytic states of
bacteriophage \ in E. colf provided a paradigm for the
role of cooperativity in gene regulation (Ptashne, 1992).
ished how .

studies from the Maniatis and Grossched labs (Giese et
al., 1995; Thanos and Maniatis, 1935; Kim and Maniatis,

_ germinal vesicle. Exposure to the hormone
progesterone induces cocytes to undergo
during which they activate

1897) and a recent study by Jones (May-
all et al., 1897). In the other, the enhancecsome displays
a specific activation surface that is chemically and
spatially complementary to “target” surfaces on coacti-
vators and the basal pol Il transcriptional machinery,

2

B 5 3 8 g
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Figure 1. Manifestations of Synergy
There are two manifestations of synergy: The graater-than-addtive

gene to incraasing activator concentrations. Tha vertical mxis repre-
sents relative transcription. The horizontal axis danotes activator

vator is necessary ta recruit the general machinary. Curve 2 shows
¥ = 4 % g

by imposing & requirement for multiple activators, sithe the sama
molecula or combinations, 1o recrut the transcriptional machinery.
The basis of the synergistic effect llea i a simple extrapolation of

Mos, which phosphorylates and activates
Mek-1.-Active -Mek-1—in-tum - phospho-
rylaces and activares p42 MAPK, which
brings about activation of the CdcZ—<yclin
B complex: Interfering with the accumula-
tion of Mos (2) or the activation of Mek-1
(3) or p42 MAPK (4) inhibics progester-

duced of Cdc2 and matu-

Cdc2, undergo germinal vesicle breakd

" complete the firsc meiotic division, and fi-
nally arrest in metaphase of meiosis 2 (1).
yte maturation is an example of a true

cell fate switch; oocytes can reside in either
the G, arrest or the metaphase arrest state
for extended periods of time, but can be in

_ inrermediate states only transiencly.
Pr induced i

ration, and microinjection of nondegrad-
able Mos (5), constitutively active Mek-1
(4, 6), or thiophosphorylated p42 MAPK
(7) brings about Cdc2 activation and mat-
uration in the absence of progesterone. At
some poine in this chain of events, a con-
tinuously variable stimulus—the progester-
i i d into an

P is
thought to be wiggered by activation of a
cascade of protein kinases—Mos, Mek-1,
and p42 or Eck2 MAP kinase (MAPK).
Py causes the L of

Department of Molecular Prarmaccicgy, Stanford Uni-
~&wwum.wumm.

“To whom coneannadance. ‘accwssed. E-mak

ecy
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the Gibbs tree energy equation, pe
Interactions is exponentially related 10 the energy (K = ¢*“). The

urther studies. contrib-
ted to assembly of higher-order nucleoprotein struc-
res, mediating what Echols termed “high-precision

% Aurine ranlinatinn and efa.enarific

¥ 4
Ultrasensitivity has been defined (4) as
the response of a system that is more sen-

sitive to.changes in the of to their

x}}zy declare that this is caused b’y the indi-
vidual sysrem:_h:wing different midpoinos

tive effects of the transcriptional machinery and the activators.
curves sre narmalized to occuparicy of 0%, of near maximal trii-

e -

mar]

curves—thac is, the av-  perbolic curve to chan;

bin), the change is gradual but
edly more sensitive than a hy-

one
all-or-none biological response.
Studies of the steady-state responses of
the MAPK cascade in Xenopus oocyte ex-
tracts indicate that the cascade might con-
tribute to the all-or-nane character of oo-
cyte mauration, In extracts, the response of
MAPK to recombinant malE-Mos (a mal-
tase-binding protein Mos fusion protein) is _,

highly ultrasensitive (8), MW

- ;

the ligand than is the normal hyperbolic
response given by the Michaelis-Menten
equation, A Michaelis-Menten or hyper-
bollc response requires an 81-fold change
in ligand S (the ligand can be a substrare
or an effector of an inhibitor) to generate

erage of highly sensitive systems. with dif-
ferent Sy values will give a much less sensi
tive overall o a stimulus than
would the individual systems themselves.
They also postulate a feed-forward phenom-
enon 1o explain the added ultrasensitivity in

ment.. Thus, a lack of knowledge of the
mathemarics would lead one to suggest thar
a drug acts only when it exceeds a thresh-
old. In fact, low concentrations of a drug
will have an effect, but it will be undetect-
able against the large background of a bio-

Normal or
M

logical system (see figure below).

Some steps have already been made in

2
@

the new Era of Quantification. Caleium
spiking has been quantitated and allows

latlve saturation (V)

o

the eell to set a sharp threshold to stimuli
(9). Th: pathway of chemoraxis in
Escherichia coli has been calculated in rela-

) 6 8 M progestarcna (+). (F) Cumuiative MAPK phos-

ifomN
hwzmmwnmmn-‘w?m
sloned Transgenic Calves _Produced from
Nonquiescent Fetal Flbmblasts
3 B. Gibelll Steve L. Stice, Paul J. Goluske, Jeff J. Kane,
oseph Jerry, Cathy Blackwell, F: Abel Ponce de Ledn,
.. ..James M, Robl™ " = T E T

tion to the acrual i the
components of that tesponse (10). The
swirch between the Krebs cycle and the

BIOCHEMISTRY |——

On page 895 of this issue, F

, Ferrell and
Machleder (1). highlight a new era in our
understanding  of  cellular - metabolism.
Knowledge of metabolic processes. in. cells
can be roughly divided into three eras: the
Era of Pathway: Identification (1890-
1950), the Era of Pathway~ Regulati

e Era of Pathway Quantification

Daniel E. Koshland Jr.

amined to calculate the rates at which me-
bolites and substrates are produced :r:i
degraded in cells and in organs. i
—Ferrell and Machledet (1) examine the
turning on and off of the cell cycle-in co-
cytes, !huwifm“d:ﬂt this control process is

dent for genatic modification and large-scale cloning of cattle s of Im-
o ﬂym?m s and human icine. Here, actively dividing

:a for
s difled with a marker gene, a clonal line was selected,

lyoxalate shunt has been lated
uantitatively with the rates through each
i the individual steps in the Krebs cycle
nd glyoxalate bypass (8). The use of en-
gy in maintaining a phosphorylation

[hese are just a few illustrative examples
of the quantitative conclusions that are
sossible  when quantitation and the
nathematics of quantitation become part of
he arsenal of investigators of metabolic in-
‘eractions. Investigators will be increasingly
soncerned with responses iniriated by small
Tuctuations in the environment or cellular
media, small changes in hormone supplies,
and increases or decreases in enzyme levels,

, (1950-1980), and the Em of Path
Quantification (1980-1). In. the first :‘!
the individual steps in the blochemical

the enzymes 'rﬁpofulble are
activated protein kinase (MAP kinase)
cascade. In their reporr, they examine this

(4) and that

the mitogen- for example, as cells differentiate and dedif-

ferentiate: We have-gone from the era-of
“who" to that of “how" and are now enter-
ing the era of “how much”. Ferrell and

.\ pathways were identified. In now classical

studies, the substrates, products, and

Machleder's report is a prime examgple of
ple of ex-
cellent data and thinking applied to a very

ystem-has-also- been-quantitated- (1 F—

roblasts modifl
3 cells wers lu;ed to enucleated mature oocytes. Out of 28 embryos transferred

ecipient cows, three healthy, identical, transgenic calves were generated. Fur-

e, the life-span of near could be d by nuclear
if,as by p! i lings In lines derived from a 40-day-

1l clone. With the ability to extend the life-span of these pamary gulmred cells, this
3 would ba useful for induci complex genetic modifications in cattle.
e

wrch has been in progress for more
a decade to develop a system for
¢ modification and large-scale clon-
. catle (1), an impormnt species in
lture, biotechnology, and human
sine. In the initial work on cloning,
tonic blastomeres were used as donor
i because they were thought to be
vely undifferentiated, readily repro-
ned, and likely to support full-term
opment-of -the- fetus—(2). Initialef-

that can be used for
been found.

:
oMo W
o% 0% e

In addition, mouse embryonic stem cells
divide indefinitely in culture without dif-
ferentiation and can be readily genetically
modified (4). Embryonic stemlike cells
have been developed. in the bovine (5)
and have been used as a source of donor
nuclei in nuclear transfer, but they only L :
supported development of fetuses to 60 fer These

days in vivo (6). To date, a source of cells
genetic modification

and large-scale cloning_in cartle has not

= zymes of pathways such as glycolysis,

S0 ol 2 bk s B
lism were identified by Emden, Meyerhoff,
Warburg, Komberg, Cori, Brown, Goldsteir,
and many others (2). In the second era; the
. control of pathways through feedback, feed-

forward, cooperativity, allostery, phosphoryl-
atign, and covalent modification was delins
eatdd by Pardee, Krebs, Fischer, Stadtman,
bb, Monod, this author, and many others
In the third ers, now in its childhood,
quantification of pathways is being ex-

Thedlauthor Is in the Depariment of Molectar and Col
) of Cafornia, Berk
USA, E-mait: M&:Mﬂtmwv.;:y s CA 4720,

_55E + YOL:200's 8 MAY 1998 & www.sclericema

process in intact oocytes (1); ia previous

paper; Huang and Ferrell analyzed & cell!
free system of the same MAP kinase cas-
cade (5). Because ‘individual enzymes- of
the cascade do not show cooperativity; it
secms clear that some form: of zero-order
itivity or multiscep ultr i
(4) isat work in this pachway, likely fnyoly-
ing the kinetics of phosphorylation and de-
phosphorylation in the ensymes of the ki-
nase esins baesy

8-org

b Y sEgayy
red. to-2.8 for hemoglohin). to illustrate
the powerful’ ultrasensitivity of this sys-
m |lTh:yvalw illustrate an: important
r nmplei:n this quantitation: Individual
es show an- even greater ultrasen-
itivity than the ensemble as a whole,

(

cal device or the melting solution, millions
of molecules are involved,-and thercfore
the sigmoid character of the response is ob-

. As shown in the figure directly

above, with smaller numbers of molecules

for example, four subunits in hemoglo-

www.sclencemag.org * SCIENCE » VOL.250 = 8 MAY 1998 = **

impormnt problem.
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Printed by: John Hagaman - _

From: Gregg Semenza <gsemenza@gwgatel.jhmi.jhu.edu>
Date: Thu, 28 May 1998 17:36:29 -0400
To: hage@med.unc.edu

Dear John:

You were previously kind enough to send us Ace (+/-) mice. Can you

please tell me the oligonucleotide sequence of the primers, size of
the diagnostic PCR product, and amplification conditions that you use
for. genotyping the mice? We are interesting in making

I double-heterozygotes with another knockout strain and therefore at
leagt one of the primers must be from the Ace (as opposed to neo)

gene. Thank you.

Regards,

Gregg Semenza

Gregg L. Semenza, M.D., Ph.D.
Associate Professor of Pediatrics
P _ Institute of Genetic Medicine
t The Johns Hopkins University School of M dicine

r¥ Johns Hopkins Hospital, CMSC-1004
= * 600 North Wolfe Street

B Baltimore, MD 21287-3914

i Tel 410-955-1619

FAX 410-955-0484
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ABI \ Version 3.2 DT {BD Set Any-Primer} Mon, Aug 1
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SHIPPING CONDITIONS:

PRODUCT: PpIRES-EGFP Vector —_— v
P F r—

CATALOG #: 6064-1 DESCRIPTION:

A bici vector i for the 1 E d
AMOUNT: 20 pg pression of the green protein i

(EGFP) and a protein of Interest [rom the same
LOT NUMBER: iptin d ian cells. This vector E
Specified on product label fains an d internal il entry site ]

(IRES) o; the encephalomyocardilis virus (ECMV) which -

X permits both the gene of Interest and the EGFP coding ?
?;g“:ffﬁf:gr(;ﬁ%m region to be translated from a single bicistronic mRNA. 3 —
1 mM EDTA (pH 8.0) <

CONCENTRATION: 500 ng/pl 3
T -
STORAGE CONDITIONS: PLASMID SIZE: 5.2 kb .
« Store plasmid at ~20°C. g
« Spin briefly to recover contents. CLONING SITES: r r/
+ Avoid repeated freeze/thaw cycles. Cla\, EcoR V, Not |, EcoR |, BstX | s
1 L
SHELF LIFE: i (5 gt for propagation £ ool
1 year from date of receipt under = PR ’
proper storage conditions PACKAGE CONTENTS: 4
i} 1 tube of plRES-EGFP Vector
« Vector Information Packet PT3157-5 4
-

Biue Ice (4°C) « Living Colors™ User Manual (PT2040-1)

FOR RESEARCH USE ONLY

——

T”:: e

PT3157-5
tion
p|RES-EGFP Vector Informal - 7 |
GenBank #: Sul jon in prog Catalog # | -
Bgl\ 1
12 Nrul |
i 12091
| —
MmCS
Amp' 203-374) 1
s Bgl 1{11es)
. pIRES-EGFP y |
52kb
‘ nes /48 1
' Bamt | (1687)
) Sma | (1885 i
| i (.M >xp, J
(VY g ol
' ® gt r
200
6GAGCTCEGATCG_ATATETGCGGCCGCGTEGACGEAATI'EAGTGGATCCA ' |
Clal® EcoRV  Notl EcoR | BamH | 4
E >
} CTAGTMCGGCCBCCAGTGTGCTGGAATFAATI'CG
3 BstX1
’ ‘ |
boid. The b !
i \RES-EGFP Vector. Uniquo rastriction sites are in 7
resricion tap and MeniE, S b n‘d: CLONTECH. If you wish o digest he vector with this enzyme.
sto ()l haMCSis melY S oL, DLyl O o] sita can ba used to finearize the vectar
sc’yilwlllenlen!o N Inatorm tha vector into a danT hostand ‘make fresh DNA. Tha Xho! sita 1
——— e .
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