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Recent technological advances have generated a flood of pro- 
tein sequence data, much of it deduced from the DNA se- 
quences of cloned genes. In this commentary I will discuss 
an unexpected sequence motif found in a number of proteins 
that are thought to interact directly or indirectly with DNA. 
The motif, which I will term an A- region (acidic region), 
is a local high concentration of acidic residues, which may 
in extreme cases take the form of monotonous runs of either 
glutamic or aspartic acid residues. I will list below a number 
of proteins that have been shown to contain A- regions, and 
speculate about the possible role of such regions in vivo. 

A- Regions in Nuclear Proteins 

A- regions have been identified directly in several chroma- 
tin and chromosomal proteins by protein sequencing and 
deduced in a variety of others by DNA sequencing methods 
(see Table I). In addition, a recent study looking for poly- 
acidic regions (identified by digestion of bulk nuclear non- 
histone proteins with a mixture of proteolytic enzymes and 
subsequent isolation of resistant peptides) suggests that such 
regions are significantly more common in nuclear than 
cytoplasmic proteins (26). Since it seems unlikely that the 
A- regions interact directly with DNA, what are they doing 
in chromatin proteins? 

One possibility is that they anchor the proteins to chroma- 
tin through electrostatic interactions with the basic histones. 
However, examination of the solubility properties of a num- 
ber of proteins for which sequence data are available suggests 
that this cannot be the whole explanation. Proteins contain- 
ing A- regions span the entire range of chromatin-binding 
affinities. For example, nucleoplasmin is highly soluble, 
showing no appreciable binding to either DNA or chromatin 
(though it does bind to isolated core histones; references 12 
and 27); HMGs 1 and 2 bind to chromatin, but are readily 
eluted by relatively low ionic strengths (<0.5 M NaC1; refer- 
ence 18); topoisomerase I is eluted from chromatin at 1 M 
NaCI (31); and finally, CENP-B and c-myc are tightly as- 
sociated with the salt-insoluble mitotic chromosome scaffold 
(13) and nuclear matrix fractions (16), respectively. There- 
fore chromatin-binding properties cannot be predicted from 
the presence or absence of A- regions alone. 

It has been previously noted that A- regions might be ex- 
pected to exhibit significant binding to the core histones in 
vivo. It has been thought that this binding regulates nucleo- 
some assembly and disassembly (28, 41), an idea suggested 
by the finding that polyglutamic acid assembles nucleosome 
cores at physiological ionic strengths by organizing histones 
into octamers and transferring them to DNA (47). There is 

evidence to support this contention both in vitro and in vivo. 
Both nucleoplasmin and HMG-1 can act as nucleosome as- 
sembly factors in vitro (6, 27). In addition, it has been shown 
that part of the stored maternal histone pool in extracts 
prepared from Xenopus laevis oocytes is complexed to 
nucleoplasmin (23). (However, the presence of A- regions 
cannot be the sole determinant of histone binding. In these 
experiments [22, 23], histones were also found to be com- 
plexed with N1/N2, but not to HMG-A, the oocyte equivalent 
of HMG-1. Both proteins have significant A- regions; see 
Table I.) 

Clearly, not all polypeptides containing A- regions pro- 
mote nucleosome assembly and disassembly. Other roles for 
this unexpected sequence motif must therefore be con- 
sidered. 

Possible Roles of the A- Regions 

The list of plausible roles for the A- regions includes the 
following. 

(a) One function of certain A- regions might be to unfold 
the condensed higher order chromatin fiber, causing the 
DNA to become more accessible for scanning by proteins (or 
by other domains of the proteins containing the A- regions) 
that recognize specific sequences. This unfolding could re- 
sult from electrostatic "capture" of the basic domains (21, 53) 
of the core histones and/or HI. Such capture might be 
predicted to open up the higher order chromatin fiber, since 
proteolytic removal of these domains has been shown to pre- 
vent formation of the higher order fiber but not to affect nu- 
cleosome core assembly or integrity (1, 2, 11, 30, 35, 52, 54). 
Furthermore, modifications of the basic domains (such as 
acetylation; reference 43) are correlated with transcriptional 
activity (reviewed in references 33 and 40). Such modifica- 
tions could provide a mechanism for restricting the action of 
freely diffusible proteins containing A- regions to localized 
chromatin domains. Evidence consistent with this model has 
been obtained for two yeast proteins with weak A- regions 
(see next section). 

(b) The regions might act through transient weak elec- 
trostatic attractions with the histories to enable DNA-binding 
proteins to track along the chromatin, in a manner similar 
to that in which repressors have been proposed to find opera- 
tor sequences in bacteria (3). Such a localized charge effect 
would greatly increase the effective concentration of the 
effector near the DNA, and would therefore ultimately in- 
crease the rate at which target sites are located. 

(c) An A- region on a component of the replication or 
transcription enzyme complex could act as a "hiking strap" 
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Table L Examples of Nuclear Proteins Containing A- Regions 

Size of 
Protein* A- region Glu + Asp Function (if known) Reference 

% 

CENP-B 61 w 79 
31 87 

HMG-1 42 98 
HMG-2 38 92 
Xenopus N 1/N2 31 68 

12 83 
MCM9 gene product 23 87 
RAD-6 23 87 
Nucleoplasmin 21 81 

L-m6 protein 19 89 

DNA polymerase 
(Herpes Simplex) 18 78 

engrailed region 
protein 17 76 

DNA topoisomerase I 16 75 
c-myc (chicken)* 13 77 

Centromere protein 14 

? ssDNA bindingll 50 
? ss DNA bindingll 50 
? Histone binding in oocytes 24 

Initiation of DNA replication 45 
DNA repair, sporulation 41 
? Nucleosome assembly in vitro 

Histone binding in oocytes 10 
? Homeotic analogue (cellular 

location unknown) 9 

DNA synthesis 17, 37 

? Developmental control 36 
? Transcription/replication 49 
? Regulation of cell proliferation 51 

This table presents only polypeptides either known or assumed to function within nuclei of eukaryotic cells. The list was in part compiled by scanning the Protein 
Identification Resource (of the National Biomedical Research Foundation) for sequences of 15 contiguous amino acid residues that were ~>75% glu + asp. 
* Listed in order of decreasing A- region size. 

Similar results were obtained for c-myc from human (38) and mouse (46). 
w Amino acids. 
II See references 5 and 20. 

to which nucleosomes could bind transiently so that they 
might swing out of the way of the passing enzymes. This 
might explain results indicating that histones are present in 
the proximity of transcriptional complexes even though nu- 
cleosomes are often not readily observed on genes undergo- 
ing intensive transcription. 

(d) In some cases the A- regions might undergo direct 
interactions with other chromatin proteins. These could lead 
to establishment of stable structures or to activation of en- 
zymes (such as has been suggested for GCN4 activation of 
RNA polymerase; reference 19). 

(e) One obvious possibility, that A- regions might be in- 
volved in targeting of certain classes of nuclear proteins 
to the nucleus, seems unlikely since the A- regions of 
nucleoplasmin and GAL4 are experimentally separable from 
the regions carrying the karyophilic signal sequences (10, 
44). The ability of A- regions to act as karyophilic signals 
could be directly tested by construction of hybrid proteins in 
Saccharomyces cerevisiae. 

Specific Examples of Proteins with A- Regions 
Nucleoplasmin catalyses nucleosome core assembly in vitro 
(28), and we have previously proposed that it might function 
in vivo either in this capacity, or by disassembling nucleo- 
somes to permit the transcription of active genes (27). Alter- 
natively, the first model presented above suggests that 
nucleoplasmin, the most abundant protein in the Xenopus 
oocyte nucleus (34), might promote transcription in oocytes 
(which show a tremendous diversity of transcriptional activ- 
ity) by unfolding higher order chromatin fibers so that se- 
quence-specific transcription factors might function. (Note 
that N1/N2 or HMG-A might also fulfill such a role in the 
oocyte nucleus [22, 23].) 

In somatic cells a similar role may be taken up by other 
abundant nonhistone proteins, such as HMG1 and HMG2, 
since nucleoplasmin is apparently present in much reduced 
amounts (C. Dingwall, personal communication; see, how- 
ever, reference 25). In fact, the role of the HMG-1 and -2 pro- 
teins in vivo is highly controversial (reviewed in reference 
40). Observations suggesting that HMG-1 and -2 play a role 
in transcription are balanced by others that disagree (40). 
Several examples follow. (a) The polypeptides are, in some 
cases, associated with regions of transcriptionally active 
chromatin as identified by increased sensitivity to DNase 1 
(numerous references, reviewed in reference 40, p. 372). (b) 
Purified HMGs may stimulate runoff transcription by en- 
dogenous polymerase on salt-washed chromatin (reference 
48, disputed in reference 8). (c) Antibodies to HMG-1 in- 
hibit transcription of lampbrush chromosomes in amphibian 
oocytes (22), though other antibodies have no apparent effect 
on transcription in somatic cells (15). Clearly a great deal of 
work still needs to be done in this area. (Note that HMG-14 
and -17 have been excluded from this discussion since they 
lack A- regions.) 

The most suggestive evidence for a role of A- regions in 
activation of transcription comes from two yeast proteins. 
GCN4 and GAL4 are transcriptional activator proteins that 
contain distinct DNA binding and activator domains. The 
latter work in a sequence-independent fashion when coupled 
to other DNA binding domains (19, 32). These activator do- 
mains, while not as acidic as the A- regions listed in Table 
I, are highly acidic. In GCN4, the domain contains a region 
of 60 amino acid residues that is 30% glu + asp (19). In 
GAL4, two separate regions are present (32). These contain 
stretches of 29 residues (31% glu + asp) and 20 residues 
(35% glu + asp; references 32 and 29). 

It was postulated that these domains might either open up 
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the chromatin structure or interact directly with some com- 
ponent of the transcription apparatus (19, 32). Recent results 
favor the latter interpretation, but do not rule out the possibil- 
ity that both chromatin unfolding and specific interactions 
with the transcriptional apparatus are involved (K. Struhl, 
personal communication). It would be interesting to know 
whether the polyacidic region of nucleoplasmin could re- 
place these activator regions in vivo. 

Proteins with polyacidic regions might also be involved in 
the recognition of DNA replication origins, regions of DNA 
homology (in recombination), and DNA damage (in repair). 
The best examples of the involvement of A- regions in these 
processes come from two proteins of Saccharomyces, both 
of which have A- regions of identical size and charge lo- 
cated at or near the carboxy terminus. The MCM9 protein 
appears to influence the replication of a subset of ARS ele- 
ments (detected as an effect on the stability of certain centric 
minichromosomes but not others; reference 45), while the 
RAD6 protein is essential for genetic recombination and in- 
duced mutagenesis (which may involve recognition of abnor- 
malities of the DNA helix; reference 41). 

Other proteins with A- regions may be involved in the es- 
tablishment of sequence-dependent chromosomal structures. 
CENP-B, the 80-kD human centromere autoantigen (14), has 
the largest A- domain observed to date. It seems fairly cer- 
tain that this protein serves a structural role at or subjacent 
to the site of microtubule attachment to the kinetochore. Ex- 
periments in Saccharomyces have demonstrated clearly that 
DNA sequence recognition defines kinetochore location (7). 
Thus, protein recognition of specific centromere DNA se- 
quences must occur. Chromatin unfolding by the A- region 
of CENP-B could be involved both in rendering centromere 
sequences accessible for recognition, and in establishment of 
the altered kinetochore chromatin structure observed by both 
biochemical (4) and ultrastructural (39, 42) analyses. Alter- 
natively, the A- region of CENP-B might be involved in di- 
rect structural interactions with other chromosomal proteins 
or with the spindle microtubules. 

Clearly, many other functions of A- regions are possible, 
and the list will undoubtedly grow as further proteins bearing 
the motif are identified. 

I am most grateful to a number of colleagues for helpful discussions and 
suggestions, and in particular for suggesting additional references that I 
would otherwise have missed. Informal presentations by H. Eisenberg, 
R. Simpson, and G. Dixon suggested certain aspects of the models to me. 
R. Staden kindly wrote a subroutine m search the sequence data banks avail- 
able to him for proteins with A- regions. In addition, thoughtful sugges- 
tions by C. Dingwall, G. Felsenfeld, and P. Hieter combined with criticisms 
of the manuscript by D. Cleveland, S. Elgin, W. Garrard, M. Heck, 
D. Olins, A. Olins, and K. Van Holde were of great value. I thank K. Struhl 
for communicating his results before publication. 
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