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It has recently been shown that a gene required for the
differentiation of the touch receptor neurons in C. elegans also
contains a homoeobox®’. Moreover, several homoeobox-
containing genes cloned in vertebrates seem to be primarily
expressed in the nervous system>®~*2. These observations indicate
that the relevance of homoeobox-containing genes in specifying
cell fate in the nervous system may not be confined to Drosophila.
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Structural and functional characterization of the
short acidic transcriptional activation region of yeast

GCN4 protein

Ian A. Hope*, Subramony Mahadevan & Kevin Struhl

Department of Biological Chemistry, Harvard Medical School, Boston, Massachusetts 02115, USA

Derivatives of the yeast GCN4 transcription factor containing acidic regions of 35 to 40 amino acids fused directly to the
DNA-binding domain are fully functional in vivo. High resolution deletion analysis and proteolytic mapping suggest that
the activation region is a repeated structure composed of small units acting additively. Acidic character is a feature of the
structural motif, possibly a dimer of a-helices from two GCN4 monomers, that may be important for interactions with the

basic transcriptional machinery.

INITIATION and regulation of eukaryotic messenger RNA syn-
thesis by RNA polymerase II requires transcriptional activator
proteins that interact with specific promoter DNA sequences'™>.
The DNA-binding functions of these activator proteins are
localized to autonomous domains that contain less than 100
amino-acid residues®®. Analysis of yeast GCN4 (ref 5) and
GALA4 (refs 4, 9) proteins indicates that DNA-binding and tran-
scriptional activation are independent functions carried out by
distinct regions of the protein.

Surprisingly, the GCN4 and GAL4 transcriptional activation
functions are performed by relatively short regions of acidic
character that do not have rigid sequence requirements®*!°,

* Present address: MRC Laboratory of Molecular Biology, Hills Road, Cambridge CB2 2QH,
UK

Different portions of the GCN4 acidic region are equally capable
of activating transcription, and there is no sequence homology
between the GCN4 and GALA4 activation regions. Furthermore,
acidity is the only obvious common characteristic of transcrip-
tional activation regions selected from random segments of
Escherichia coli DNA'!, and mutations of a GAL4 derivative
that increase or decrease activation usually increase or decrease
negative charge, respectively'”. In addition, the jun oncoprotein,
a vertebrate transcription factor'>', activates transcription in
yeast through an acidic region'*.

Although a growing body of evidence indicates the importance
of acidic residues, little is known about the important structural
characteristics of transcriptional-activation regions. This lack of
understanding is due partly to the fact that no single activation
region has been analysed in detail. Here, we investigate the
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Fig. 1 Structural and functional analysis of GCN4 and LexA-GCN4 88 107 119 125
derivatives. The structures of various GCN4 and LexA-GCN4 proteins
are indicated by black bars with the N- and C-terminal residues defined
as in the wild-type proteins. The wild-type GCN4 protein contains 281
amino acids and consists of a fully functional and dimeric DNA-binding

PELDDAVVESFFSSSTDSTPMFEYENLEDNSKEWTSLFONDIPVITOOVSLADKAIESTECVSLVP

GCN4

domain (BIND) located within the 60 C-terminal amino acids®>?°, and phenotype
a centrally located transcriptional activation region (ACTIVE)* whose GCN4 ACTIVE 6
primary sequence (residlfes 87—15.2) is shf)wn above. The 19 amino-acid gen4-C175 107 [ 2 5
segment implicated as being functionally important from the phenotypes

of gen4-C175 and LexA-N125 is underlined. The GCN4 phenotypes gcn4-C163 119 [N 25 4
are shown in an arbitrary scale, defined in the methods and used in the gcna-ceo 221 I 281 .2
Tables, where 6 indicates wild-type activity, 4 indicates partial activity [ I

as observed for gend-C163, 0 indicates no GCN4, and —2 indicates the gend-C175,4 107 281 ?
repression phenotype as observed for gend-C60 (ref. 5). Lex-gcn4-N125 125 0
Methods. The plasmids used to produce GCN4 and LexA-GCN4 pro-

teins in yeast all derive from YCp88-GCN4 and YCp88-LexA-GCN4 Lex-GCN4 1 e 5
(ref. 5), and contain the appropriate protein-coding region downstream

of the constitutive DEDI promoter in yeast/ E. coli shuttle vector Lex-gcn4-A ] ?

maintained at 1-2 copies per yeast cell. The GCN4 coding regions in

YCp88-gcn4-C175 and YCp88-LexA-GCN4 were modified to generate

the internally deleted GCN4 derivatives whose structures and phenotypes are shown in Tables 1-3 and Fig. 2. For the experiment described
in Table 1, YCp88-gcnd-C175 DNA was cleaved with Kpnl (corresponding to amino-acid residue 151), treated to various extents with Bal31
nuclease and circularized. Upon introduction into yeast, derivatives conferring GCN4 function were selected by growth in the presence of
10 mM aminotriazole (see below) and subjected to DNA-sequence analysis. For the remainder of the experiments, appropriate DNAs were
treated with Bal31 nuclease, ligated to an § base pair Sall linker, and cloned into M13 derivatives. The deletion end-points were determined
by DNA sequence analysis, and appropriate pairs of derivatives were combined to generate deletion mutants. The YCp88 DNAs were
introduced into yeast strain KY803 (ref. 5), which is completely deleted for the GCN4 coding region, or K'Y330, an isogenic strain containing
a plasmid which carries the lacZ gene downstream of a LexA binding site to permit measurement of transcriptional activation through the
LexA DNA-binding domain. Levels of transcriptional activation through the GCN4 DNA-binding domain (total GCN4 activity) were
determined by comparing growth rates on minimal plates supplemented with 20, 10 or 5mM aminotriazole (AT) as described previously”.
Growth in the presence of AT, which acts on the HIS3 gene product to inhibit histidine biosynthesis, depends on active GCN4 to induce
HIS3 transcription, and the relative degree of AT resistance is directly related to the level of HIS3 transcription®. To ensure reproducibility,
all strains were tested on plates that were made at the same time, each derivative was tested on at least two indpendent occasions, several
independent transformants for each derivative were tested, and cell growth was monitored by at least two individuals. The phenotypic classes
are defined as follows: 6, growth at wild-type rates in 20 mM AT; 5, reduced growth in 20 mM AT, but wild-type growth in 10 mM AT; 4,
slow growth in 10 mM, but wild-type growth in S mM AT; 3, slow growth in 5 mM AT, but normal growth in the absence of AT, 2 very slow
growth in 5 mM AT, but normal growth in the absence of AT; 1 no growth in 5mM AT, but nearly normal wild-type growth in the absence
of AT. A phenotype of 0 is defined as identical to strains containing a GCN4 deletion mutation; such strains grow slowly in the absence of
AT. GCN4 derivatives with a functional DNA-binding domain but lacking the transcriptional-activation regions repress transcription below
the normal basal level; the growth of such cells is strongly inhibited on minimal plates without extra amino-acid supplements®. Phenotypes
~1 and -2 represent mild or severe repression respectively. Transcriptional activation through the LexA DNA-binding domain was measured
by standard plate and liquid culture assays of B-galactosidase activities.

structure and function of the GCN4 activation region by system-
atic and high resolution deletion analysis and by proteolysis of
wild-type and deleted versions of the GCN4 protein.

Minimal activation region

The initial experiment was designed to determine the minimal
region sufficient for wild-type levels of transcriptional activation.
Previously, gen4-C175, the C-terminal 175 amino acids of
GCN4, was shown to be the derivative with most deletions that
retained full activity’. In the present experiment varying dele-
tions within the gen4-C175 coding region were made by restric-
tion cleavage between the sequences coding for the activation
region and the DNA-binding domain, followed by treatment
with Bal31 nuclease. Derivatives still capable of activating tran-
scription were identified by subjecting the collection of internal
deletion mutants to a genetic selection (Fig. 1, Table 1).

The smallest fully functional derivative, A1ll, consists of 36
amino acids from the acidic region directly fused to a DNA-
binding region containing 89 amino acids (Table 1). This indi-
cates that a large, flexible spacer between the transcription
activation region and the DNA-binding domain is not required.
The minimal transcriptional activation region necessary for full
function appears to be just 32 amino acids because the
phenotype of a derivative containing only the N-terminal amino
acids, Al2, is indistinguishable from the wild-type protein,
whereas all deletions that extend further towards the N-terminus
of gen4-C175 show reduced transcriptional activation. Interest-
ingly, the level of activation correlates very well with the length
of the activation region but poorly with the overall size of the
deletion or with the size of DNA-binding domain. The sole

exception, Al6, may have less GCN4 activity because the dele-
tion encroaches furthest into the DNA-binding domain. The
shortest N-terminal segment with any detectable activity was
the 25 amino-acid segment of A17 and AlS, suggesting that
segments shorter than 25 amino acids are insuflicient for tran-
scriptional activation.

Functional redundancy

Previous N- and C-terminal deletions indicated either that the
19 amino-acid segment between residues 107 and 125 is sufficient

Table 1 Transcriptional activation by internal deletions of gen4-C175
selected for GCN4 function

GCN4 amino acids present

GCN4 Transcriptional
derivative N-terminus C-terminus activity
gend-C175, Al 107-142 193-281 6
gend-C175, A12 107-138 162-281 6
gend-C175, A13 107-132 164-281 5
gend-C175, Al4 107-134 165-281 5
gend-C175, AlS 107-132 176-281 3
gend-C175, A16 107-137 201-281 3
gend-C175, A17 107-131 200-281 2
gend-C175, AlS8 107-131 170-281 2

The GCN4 amino acids which contribute to the N- and C-terminal
segments are given for each derivative. The GCN4 activities are indicated
on an arbitrary scale defined as in Fig. 1, where 6 indicates wild-type
levels of activation, 0 indicates no activation, and -2 indicates
repression.
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Amino Net GCN4

- = == | + - l - - I - - | -+ - | -- acids charge activity
A35 MFEYENLEDNSKEWTSLFDNDIPVTTDDVSLADKAIESTEEVSL wt -11
A36 MFEYENLEDNSKEWTSLFDNDIPVTTDDVSLADKAIESTEEgstk 41 -10 . . ) . R
A37 MFEYENLEDNSKEWTSLFDNDIPVTTDDVSLADKAIESTEgstk 40 -9 4 Fig. 2 High-resolution deletion analysis. For
A38 MFEYENLEDNSKEWTSLFDNDIPVTTDDVSLADKAIESTEvdg 40 -11 soat PP Falactd.
439 MFEYENLEDNSKEWTSLFDNDIPVTTDDVSLADKAIESgrpvk 38 -7 cach derivative, the indicated amino-acid
A40 MFEYENLEDNSKEWTSLFDNDIPVTTDDVSLADKAvdg 35 -9 sequence of the activation region was fus_ed to
A4t MFEYENLEDNSKEWTSLFDNDIPVTTDDVSLADKAgrpvk 35 -6 3 a 100-residue GCN4 DNA-binding domain (at
A42  MFEYENLEDNSKEWTSLFDNDIPVTTDDVSLADKArstk 35 -6 e B - .
243  MFEYENLEDNSKEWTSLFDNDIPVTTDDVSLAgstk 22 27 position 181). Resn:!ues shown in capital letters
Ad4 MFEYENLEDNSKEWTSLFDNDIPVTTDDVSLgstk 31 -7 derive from the native GCN4 protein, whereas
A45 MFEYENLEDNSKEWTSLFDNDIPVTTDDVSqrpvk 30 -6 2 residues in small letters derive from the Sall
A4S MFEYENLEDNSKEWTSLFDNDIPgstk 23 -5 . ..
A47 MFEYENLEDNSKEWTSLFDNgrpvk 50 3 1 linker anq Joint sequences. Th.e number of
A48 MFEYENLEDNSKEWTSLFDrstk 19 -3 GCN4 amino acids (excluding linker sequen-
A49 m‘;gg“tggng&sw;ggn%’f“ :g g ces), the net negative charge, and the level of
A50 gs - . - . R
A51 MFEYENLEDNSKEWTSLwstk 17 .3 0 GCN4 activity (determined as descrlbefi in Flg.
AS52 MFEYENLEDNSKEWTgrpvk 15 -2 1) are shown. Shown above the amino-acid
AS53  MFEYENLEDNSKEWgrpvk 14 -2 -1 sequences are the location of negatively and
as4 MFE YENLEDNSKgstk 12 -2 positively charged residues, and the probable
A55  MFEVENLEDNSvdg 11 -5 ) residue: !
A56 MFEYENLEDgrpvk ) 2 boundaries that distinguish the phenotypic
A57 MFEYENLEDrstk 9 -2 classes.
A58  MFEYENLEgstk 8 -2 2
AS59 MFEYENLvdq 7 -3 -
AB0 MFEgrpvk 3 +1

for the transcriptional activation or that GCN4 contains redun-
dant activities®. As the data in Table 1 imply that the 19 amino-
acid segment is insufficient for activation, it appears that residues
towards either the N-terminus (as in LexA-gcn4-N125) or
towards the C-terminus (as in gcn4-C175) contribute to a func-
tional transcriptional-activation region. This redundancy was
investigated by constructing internal deletions around and
including the 19 amino-acid segment in LexA-GCN4 (Fig. 1),
a bifunctional activator protein that can stimulate transcription
through both the LexA and GCN4 DNA-binding domains®.
Unlike the previous experiment in which functional derivatives
were selected from a population, the derivatives analysed in
Table 2 were generated by systematically fusing a series of
N-terminal segments of LexA-GCN4 to a series of C-terminal
segments. The resulting matrix of deletions were phenotypically
analysed without being previously selected for GCN4 function.

The primary observation is that numerous deletions
throughout the acidic region (amino-acid residues 88-147) still
permit transcriptional activation by both DNA-binding
domains. Many derivatives remove part or all of the 19 amino-

Table 2 Transcriptional activation by both the LexA and GCN4 components of
a series of internal deletions of LexA-GCN4

N-terminus C-terminus  GCN4 B-galactosidase
GCN4 derivative LexA GCN4 GCN4  Activity Plate Liquid
LexA-gcnd-A19 1-87 12-14 85-281 6 ++ 350
LexA-gcnd-A20 1-87 12-14 103-281 6 ++ 440
LexA-gcn4-A21 1-87 12-92 103-281 6 ++ 450
LexA-gcn4-A22 1-87 12-14 124-281 =2 - 6
LexA-gcnd-A23 1-87 12-92 124-281 2 + 85
LexA-gend-A24 1-87 12-117 124-281 5 ++ 240
LexA-gend-A25 1-87 12-14 133-281 0 - 2
LexA-gend-A26 1-87 12-92 133-281 0 - 3
LexA-gend-A27 1-87 12-117 133-281 0 + 40
LexA-gend-A28 1-87 12-129  133-281 4 ++ 170
LexA-gen4-A29 1-87 12-14 141-281 -2 - 8
LexA-gcnd-A30 1-87 12-92 141-281 2 + 30
LexA-gen4-431 1-87 12-117  141-281 4 ++ 130
LexA-gend-A32 1-87 12-129  141-281 5 ++ 400
LexA-gend-A33 1-87 12-138  141-281 6 ++ 320
LexA-gcnd-A34 1-87 12-95 144-281 2 + 40
LexA-GCN4 1-87 12-281 6 ++ 300

The amino-acid composition of each derivative is indicated in order from the
N- and C-termini. The N- and C-terminal segments are joined by a Sall linker
that encodes an additional arginine and proline residue. GCN4 activities are
indicated in the arbitrary scale defined in Fig. 1 where 6 indicates wild-type levels
of activation, 0 indicates no activation and —2 indicates repression. LexA activities
were determined by measuring B-galactoidase activity produced from a lacZ gene
downstream of a LexA binding site (see Fig. 1). For the B-galactosidase plate
assay, hydrolysis of X-Gal gave either a strong blue (+ +), weak blue (+), or no
blue (—) colour to yeast colonies. B-galactosidase activities for the liquid assay
are defined as in previous work”.

acid segment, yet still show full or partial transcriptional activa-
tion. Thus, even though the previous analysis attached critical
importance to this region, analysis of internal deletions clearly
reveals that this 19 residue segment is neither sufficient nor
essential for transcriptional activation activity. Although these
results could be complicated slight variations in the stability of
derivatives in vivo (for which there are no data as GCN4 could
not be detected biochemically), it is remarkable that so many
derivatives are functional.

The level of transcriptional activation correlates fairly well
with the amount of the acidic region that remains, but poorly
to the particular regions that are retained. The exceptions are
fusions to residue 133 (A25-A28), which have anomalously low
activity. In addition, the region between residues 12 and 92 can
impart some transcriptional activity in the absence of the primary
acidic activation region (compare A23, A30, A34 with A22 and
A29). This may be due to the short region between residues 50
and 70 that has the same proportion of acidic residues as the
primary activation region.

High resolution deletions

To investigate the nature of the transcriptional-activation region
in more detail, we generated a large and sequential series of
very fine scale internal deletions that could be easily related to
each other. Constant C-terminal segments, containing the DNA-
binding domain, were fused to a series of N-terminal segments
ranging in size from 3 to 41 residues (Fig. 2). Although all the
derivatives contain the 100 C-terminal amino acids, note that
there are three classes of fusions representing the three possible
reading frames; this affects the amino-acid sequence at the
junction between the activation peptide and the DNA-binding
domain. Thus, derivatives that contain the same number of
GCNA4 residues from the activation region can have a different
number of acidic residues.

The phenotypes of the resulting derivatives fit a simple and
striking pattern. Unlike structural elements such as active sites
or domains in a protein, progressive deletion did not reveal a
position where there was a sudden complete loss in activity.
Rather, a series of small, step-wise reductions in activity was
observed. Seven discrete phenotypes could be readily distin-
guished, ranging from high GCN4 activity for the largest deriva-
tives to a transcriptional-repression phenotype when only the
GCN4 DNA-binding domain is present. The range of activities
observed and the lack of any derivatives which failed to fit into
the simple pattern argue against any complications, such as
effects on protein stability. Therefore, the different levels of
activity observed almost certainly reflect differences in the
amount of transcriptional-activation function retained by each
derivative.
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Fig. 3 Protease digestion of GCN4 and deleted derivatives. For all the panels except for the bottom right (chymotryspin), the indicated
derivative was treated with 0, 1x, 2%, 4x, 8x or 16X units of protease, where X equals 6.25x 107 for elastase, 6.25x 10™° for papain, 10~°
for subtilisin, and 107 for chymotrypsin. For the chymotrypsin experiment shown on the far right, each derivative was treated with 0, 1x or
10X units of chymotrypsin. The sizes of the cleavage products described below are approximate and do not always add up to the size of the
initial substrates probably because of the very anomolous electrophoretic migration of GCN4 and its derivatives (GCN4 migrates at a position
corresponding to a relative molecular mass (M,) of 45,000(45K) even though its true M, is only 31K)'®, Elastase initially cleaved GCN4 to
a 16 K C-terminal segment present for all three derivatives, and an N-terminal segment of 26 K. The former was cleaved to a more stable
13.5 K segment. The C-terminal segment appeared less resistant to treatment with papain than to other proteases. C-terminal segments of
greater stability than those derived from the N-termini could be discerned at 16 K, however, and then at 12.5 K. Note that N-terminal fragments
would be expected to appear more intense than C-terminal fragments on the autoradiogram because of the distribution of the **S-methionine
residues (three are located at the extreme N-terminus at residues 1, 14 and 38, one is centrally located within the acidic region at 107, and
one is located in the DNA-binding domain at residue 250). With subtilisin, the N-terminal segment did not appear as a single discrete fragment,
whereas a stable C-terminal segment of 16 K was observed for all derivatives. For chymotrypsin, GCN4 was cleaved to 42 K N-terminal
segment and a 12K C-terminal segment which was cleaved further to 11 K. The arrows in figures correspond to bands representing the stable
proteolytic fragments containing the GCN4 DNA-binding domain.

Methods. GCN4 and derivatives were generated by transcription and translation in vitro as previously described'®. All protease digestions
were of 0.5 uwl ~10* acid precipitable c.p.m. of **S-methionine-labelled protein) of in vitro translation products in a final volume of 10 ul.
Reaction conditions were as follows: 10 mM Tris pH 8.8, 37 °C for elastase; 10 mM Tris pH 6.8, 25 °C; for papain; 10 mM Tris pH 7.5, 37°C
for subtilisin; 10 mM Tris pH 7.9, 37 °C for chymotrypsin. After 45 min incubation, reactions were stopped by adding Laemmli sample buffer
and heating to 100 °C for 5 min before applying to a 15 % SDS polyacrylamide gel for electrophoresis. The *°S-methionine-labelled protein

fragments were revealed by autoradiography.

GCN4 activity appears directly related to the size of the
transcriptional-activation region remaining. There is not a single
case where a shorter region activates transcription more
efficiently than a longer region. In contrast, there is no such
precise relationship of transcriptional activity to the number of
acidic residues. First, the boundaries that distinguish the
phenotypic classes do not always correspond with the presence
or absence of particular acidic residues. Second, there are several
examples in which derivatives with fewer acidic residues activate
transcription better than derivatives with more acidic residues.
Third, there are several examples in which derivatives with an
equal number of acidic residues fall into different phenotypic
classes.

Spacing requirements

Results presented here and elsewhere™'® suggest that the dist-
ance and orientation of the activation region with respect to the
DNA-binding domain is functionally unimportant. To examine
this more explicitly, several of the short N-terminal fragments
described in the previous section were fused to a series of
C-terminal segments of different sizes. The result was that for
each N-terminal segment, fusion to C-terminal segments ranging
from 61 to 130 amino acids produced similar phenotypes. This
provides direct evidence that the activation region encodes an
autonomous function that is equally active on a series of DNA-
binding domains. In addition, it indicates that the distance
between the activation region and DNA-binding domain is
unimportant even at short distances, so that a spacer between

these two functions is not necessary (although the requirement
for a very small spacer cannot be excluded).

One apparent anomaly is that all derivatives containing DNA-
binding domains less than 110 amino acids show reduced levels
of transcriptional activation when compared to the correspond-
ing derivatives wth DNA-binding domains of 130 residues. Of
several possible explanations, perhaps the most probable is that
the shorter DNA-binding domains are slightly defective for
specific DNA-binding in vivo. In this regard, such derivatives
have a slightly increased non-specific DNA-binding activity in
vitro>. The wild-type phenotype of A11, which has an 89 residue
DNA-binding domain, may represent an exception, especially
because this derivative was pre-selected for wild-type function.

Structural analysis

The fact that GCN4 can be extensively deleted without reducing
its activity in vivo strongly suggests that tertiary structure is
unimportant for the transcriptional-activation function. To
investigate GCN4 structure in biochemical terms, **S-labelled
proteins'® were treated with a series of proteases which preferen-
tially cleave unstructured protein regions (Fig. 3). A protease-
resistant C-terminal domain was readily released by treatment
with elastase, subtilisin, or papain. Under the same conditions,
these proteases completely cleaved the N-terminal portion of
the protein, although with variation in pattern and rate. These
results indicate that GCN4 contains an independently structured
DNA-binding (C-terminal) domain with the remainder of the
protein being relatively unstructured.
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In contrast, cleavage by chymotrypsin generates two equally
stable intermediates, suggesting the apparently contradictory
view that the large N-terminal region is indeed structured.
Similar results were obtained, however, with N-terminally
deleted derivatives (gen4-C210, C197, C186, C163); that is, large
N-terminal segments of GCN4 were resistant to protease diges-
tion as if they formed part of a structured domain, yet they
could be removed without destroying the integrity of that
domain. Interestingly, a stable N-terminal fragment was not
generated for gen4-C141 or -C131, as if deletion beyond residue
118 (the centre of the acidic activation region) leads to a sudden
loss in the resistance of the N-terminal segment to chymotrypsin.
Thus, the unusual pattern seen with chymotrypsin correlates
completely with the presence of a functional transcriptional-
activation region. One interpretation of this result is that the
activation region has a local structure that inhibits chymotrypsin
cleavage of the otherwise unstructured N-terminal region of
GCN4.

Molecular implications

Perhaps the most striking observation is that progressive deletion
of the activation region causes a series of small, step-wise
reductions of activity rather than defining a position where there
is a precipitous loss of activity. This indicates that transcrip-
tional-activation regions do not have a defined tertiary structure
such as is found in active sites or domains in a protein, a view
that is supported by our proteolysis experiments, by the short
size and non-stringent amino-acid sequence requirements, and
by the large number of protein deletions that remain functional.
More importantly, the strong correlation between the length of
the GCN4 activation region and the level of transcriptional
activity is strongly suggestive of a repeating structure consisting
of units which act additively.

Although acidic character is clearly involved in this activity,

Table 3 Requirements for spacing between the transcriptional activa-
tion and DNA-binding domains for GCN4 activity

GCN4 amino acids present Transitional

GCN4 derivative N-terminus C-terminus activity
gend-C175, A6t 107-144 148-281 6
gend-C175, A62 107-144 172-281 4
gend-C175, A39 107-144 179-281 4
gend-C175, A63 107-144 185-281 4
gcnd-C175, A64 107-144 201-281 4
gend-C175, A65 107-144 218-281 4
gend-C175, A66 107-141 148-281 6
gend-C175, A4l 107-141 179-281 3
gend-C175, A67 107-141 201-281 3
gend-C175, A68 107-136 148-281 5
gcend-C175, A4S 107-136 179-281 2
gend-C175, A69 107-136 201-281 2
gend-C175, A70 107-126 148-281 3
gend-C175, A47 107-126 179-281 1
gcnd-C175, A71 107-125 148-281 3
gcnd-C175, A49 107-125 179-281 1
gend-C175, A72 107-125 201-281 1
gend-C175, A73 107-121 148-281 0
gcnd-C175, A52 107-121 179-281 -1
gend-C175, A74 107-121 201-281 -1
gend-C175, AT75 107-120 148-281 0
gend-C175, AS3 107-120 179-281 -1
gcn4-C175, A76 107-115 148-281 -1
gend-C175, As6 107-115 179-281 -2
gcnd-C175, A77 107-109 148-281 -2
gen4-C175, A60 107-109 179-281 -2

The structure and GCN4 activity of each derivative is described as
in Fig. 1, where 6 indicates wild-type levels of transcriptional-activation,
0 indicates no activation, and —2 indicates repression. The N- and
C-terminal segments are joined by a Sall linker that encodes an addi-
tional arginine and proline residue.
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it is not the only crucial feature because the level of transcrip-
tional activation is only moderately correlated with net negative
charge (Fig. 2). One clue to the structure of the GCN4 activation
region is that the boundaries defining the step-wise levels of
transcriptional activation appear to occur every seven amino-
acid residues (residues 116, 123, 130, 137 and 144). The only
exception to this rule is that derivatives in phenotypic classes 0
and 1 have endpvints within a single heptapeptide unit.
Although this interpretation is clearly speculative, a repeat unit
of seven amino acids is provocative because it could represent
two turns of an a-helix. The acidic region of GCN4 could form
three a-helices that are amphipathic, having acidic and hydro-
phobic residues along separate surfaces'’'®,

Recently it was shown that a synthetic 15 amino-acid region
whose sequence is consistent with forming two turns of an
amphipathic helix could confer some transcriptional activity in
yeast when fused to a 147 amino-acid GAL4 DNA-binding
domain'®. This result seems inconsistent with our observations
that acidic regions of 15 residues do not possess transcriptional-
activation function. The 147 residue GAL4 domain, however,
contains 70 residues beyond those necessary for DNA binding,
including an acidic region (net negative charge of —7 between
residues 66 and 118). In our opinion, the 15 residue peptide
probably does not represent an autonomous activation region,
but possibly one or two of the basic units that can act in
combination with the otherwise cryptic GAL4 acidic region. It
should be mentioned that the major GAL4 activation region
and several other yeast activation regions are unlikely to form
amphipathic helices. Thus, although an amphipathic helical
structure may be compatible with a functional transcriptional-
activation region, a simple relationship between this structure
and function appears unlikely.

From several considerations, we propose that the activation
region is a dimer of intertwined a-helices, one helix from each
GCN4 monomer. First, the unusual chymotrypsin pattern
reveals a structure in GCN4 that depends on the acidic activation
region. Second, the stability of the dimeric DNA-binding
domain, even in the absence of target DNA?’, should facilitate
the formation and/or stability of the proposed interactions
between helices of different monomer subunits. Third, as the
LexA DNA-binding domain binds very poorly to its operator
because of weak dimerization?"?, it is probable that transcrip-
tional stimulation through the LexA domain also requires that
the activation region should facilitate dimerization™'"**. The
dimerization model also explains why amphipathic helices
should form functional transcriptional-activation regions, as it
would easily permit a structure involving interacting hydro-
phobic residues that are protected from solvent, and exposed
acidic residues. Such amphipathic helices, however, would rep-
resent only one mechanism for forming dimers with exposed
acidic residues; other mechanisms could be used for proteins
such as GALA4.

As we and others have proposed, the activation region does
not encode a catalytic activity but rather stimulates transcription
by interacting with another protein. From various lines of
evidence, we have argued against interactions with the basic
histones and in favour of contacts with a TATA-binding protein
or RNA polymerase 1 itself**, Presumably, such contact would
cause an allosteric change in the general transcription machinery
and hence would stimulate transcription. Although protein-
protein interactions are usually thought to be highly specific,
involving contact of complementary surfaces, the wide variety
of sequences of transcriptional activation regions argues against
an interaction of this type. Presumably, there is an ionic associ-
ation between the acidic activation region and a basic pocket
of the contacted protein. Perhaps the lack of specificity in this
interaction is compensated for by the juxtaposition of the inter-
acting elements along the DNA.
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The radio rings of Hercules A
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Hercules A is a powerful, double radio source, about 0.5 Mpc
across. Although its two lobes differ, they share a family
resemblance in overall form. Along the axis of the somewhat
weaker west lobe, however, a unique structure is found: a regular
sequence of broken circular rings of enhanced radio intensity. The
five rings fit a simple kinematic model in which the rings are
projected spherical shells of higher radio brightness. They grew
as spherical waves with a uniform speed of expansion, all from
one common place of origin, roughly where the narrow input jet
widens sharply. The shells drift one after another outward at
constant speed with the radiating medium of the lobe. Here we
propose a model of inelastic proton—proton collisions within dense
filamentary condensations of the input jet for the five initiating
particle bursts. Source development contrasts sharply with that
inferred for the prototype radio double, Cygnus A, where the radio
lobe is nearly stationary and the electrons are newly energized at
the outermost end of the lobe. The two sources point te quite
distinct mechanisms for generating large radio-emitting plasmas.

The extended double radio source Hercules A(3C348) centres
on a galaxy whose nucleus is active both in radio and in optical
light. Two long narrow collinear radio-emission features (we
call them jets), one on each side of the centre, connect the galaxy
to much wider and longer radio-bright regions. These roughly
continue along the jet axis, although with some irregularity of
form and moderate curvature; we call them radio lobes. The
source has been imaged at 5 GHz with the Very Large Array
(VLA), its intensity pattern represented both by contour and by
grey-scale maps of high spatial resolution over three decades
of dynamic range'. This superb mapping has disclosed that
along the west lobe there is an array of five incomplete, thin,
remarkably circular rings of enhanced radio brightness. The
farther out the ring, the larger is its diameter. (The smallest arc
is less closely circular; it is partially filled like the next larger
ring.) We have fitted the nearly round intensity contours roughly
to five circular annuli, each having a similar width but a distinct
centre and radius. We take these bright rings as real enhance-
ments of radio intensity. The most distant point of the final arc
is ~300 kpc from the central galaxy, as projected. The rings do
not seem to be artefacts of aperture synthesis; scattering and
related illusory images are physically implausible for radio
features.

A simple kinematic interpretation is evident. One after the
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Fig. 1 The shell centre position and shell diameters for all five
radio shells of Her A. Their position of common origin is about
20-25 arcsec from the core; the radiating medium of the lobe drifts
uniformly outward at 6 times the common shell expansion speed.
Comparison with other sources suggests that the drift speed is of
the order 0.1 or 0.2ch™'. We have used the values H,=50 hkm
per s-Mpc, with g, = 0.5. The observed redshift for Her Ais z = 0.15,
so that on the scale assumed 1 arcsec = 3.3 per h kpc projected on
the sky.

other, each of the shells in turn began to expand, all originating
close to a single position, near the plane where the narrow jet
first abruptly widens into the lobe. Then each ring grew uni-
formly in diameter while its centre drifted steadily outwards
along the lobe. Figure 1 records the visual fit of ring sizes and
positions to the model. No counterpart rings are seen in the
brighter east lobe (3/4 of the total radio power), although
suggestive disturbances in its form are found at distances from
the centre that roughly correspond to the ring distances out
along the west lobe'.

The implied history of the overall form of Hercules A is as
follows. The tiny central engine sends out its bipolar jets of
mildly relativistic protons with magnetic field. The west jet
includes some fine-grained threads with current density far
above average. At those long-stationary places where the lobes
begin, the beam collimation was from time to time lost, perhaps
by the cumulative effects of entrainment of ambient mass during
the jet passage from the centre. The resemblance between east
and west lobe morphology speaks against an entirely external
dense target encountered by chance in the west jet; both beams
vary internally with time in some centrally determined way,
perhaps by transient increases in jet current density. Both narrow
beams grow unstable as they propagate outward, lose their



