
Homeo Domain of the Yeast Repressor a2 Is a 
Sequence-Specific DNA-Binding Domain But 

Is Not Sufficient for Repression 

The a2 protein, the product of the MAT& gene, is a 
regulator of cell type in the yeast Saccharomyces cerevisiae. 
It represses transcription of a group of cell type-specific 
genes by binding to an operator located upstream of each 
target gene. Fifteen in-frame deletions within the coding 
region of the MAT& gene were constructed. The dele- 
tion alleles were examined for phenotypes conferred in 
vivo, and the encoded mutant proteins were assayed for 
ability to bind specifically to the operator in vitro. This 
analysis has revealed that the sequence-specific DNA- 
binding domain of a2 is located within a region of 68 
amino acids. This region of a2  has significant homology 
with the homeo domain, a conserved sequence found in 
the products of several Drosophila homeotic and segmen- 
tation genes. In addition, there is a class of mutant a2 
proteins that binds tightly and specifically to the operator 
in vitro, but fails to repress transcription in vivo. 

T HE 0.2 PROTEIN, THE PRODUCT OF THE MAT& GENE, IS 

an important regulator of cell type of the yeast Saccbarolnyces 
cerevikiae (1). In an a cell, a 2  represses transcription of a class 

of cell type-specific genes called a-specific genes. In an a cell, the a- 
specific genes are expressed because the a 2  protein is absent. An a 
cell can mate with an a cell to form a third cell type, the aia diploid. 
In an a/a cell, a 2  acts in combination with the a1 protein, the 
product of the MATal gene, to repress transcription of a class of 
genes called haploid-specific genes. The a 2  repressor is a sequence- 
specific DNA-binding protein. It recognizes, with high specificity 
and affinity, a 32-base pair sequence found upstream of each a- 
specific gene (2). 

The a 2  repressor is a member of a large group of proteins related 
by homology to the homeo domain. The homeo domain is a 
conserved sequence of approximately 60 amino acids first found in 
the homeotic and segmentation gene products of Drosopbila (3). 
Homology to the homeo domain was subsequently found in the 
yeast proteins a 2  and a1 (4 ,5)  and in the inferred products of genes 
isolated from other invertebrates and several vertebrates. Because 
the homeo domain is so remarkably conserved and because it is 
found in proteins known to determine cell identity, it is thought to 
play an important role in regulating development. 

To define the region of the a 2  protein which binds operator 
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DNA, we assayed 15 deletion-bearing mutants of a 2  for DNA- 
binding activity. Our results indicate that the specific DNA-binding 
domain of a 2  lies within a region that shares homology with the 
homeo domain. Our results further indicate that specific DNA 
binding is not sufficient for repression in vivo. 

Construction of MATd deletions. T o  identify the DNA- 
binding domain of the a 2  protein, we first constructed in-frame 
deletions within theMAT& portion of aMATa2-la& hybrid gene 
(6) (Fig. 1). The MAT&-lac2 gene fusion into which deletions 
were introduced produces a hybrid protein containing all 210 amino 
acids of a 2  fused to the amino terminus of enzymatically active 
Escbericbia coli P-galactosidase, the product of the lacZ gene. This 
hybrid gene provides a 2  h c t i o n  in vivo (7). The functional P- 
galactosidase "tag" facilitated detection of, and may also confer 
stability (8) on, the various deletion-bearing fused forms of a2. The 
deletions comprise three sets, (i) a series of deletions originating at 
the 5' end ofMATa2 coding sequence extending toward the 3' end, 
(ii) a series of overlapping deletions extending from the 3' MAT&- 
lacZ fusion joint toward the 5' end, and (iii) two internal deletions 
(Fig. 2). 
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Fig. 1. Scheme for construction o f M A T d  deletions 4-62,2-135,4-140, 
4-152, 4-179, and 2-200 (6). The open bar is MATa DNA. The shaded 
bar is lacZ DNA. The wavy lines representMATa.1 andMATw-2 transcripts. 
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Our nomenclature convention is to refer to a deletion by the 
amino acids that are missing; for example, deletion 160-188 
removes amino acids 160 through 188. The same designation is 
used in referring both to the allele containing the corresponding 
deletion and to the encoded mutant a 2  protein. 

Sequence-specific DNA binding. The 15 deletion mutants of a 2  
were assayed for ability to bind tightly and specifically to an 
operator, with the use of the gene fusions shown in Fig. 2 (9). The 
mutant hybrid genes were introduced into aMAT deletion strain on 
a high copy number plasmid, and a crude extract was prepared from 
each resulting strain. The 1x2-LacZ hybrid protein in each of these 
crude extracts was assayed for specific DNA binding as diagramed in 
Fig. 3A and as follows. Two 32P-labeled DNA fragments were 
added to a sample of each extract. One of these DNA fragments (65 
bp) contains a synthetic operator that functions in vivo and binds a 2  
in vitro (2). The other DNA fragment (85 bp) lacks an a 2  binding 
site and therefore serves as a negative control fragment. After a short 
incubation period, fixed Staphylococcus aureus cells coupled to a 
monoclonal antibody to p-galactosidase (anti-p-galactosidase) were 
added to each DNA-binding reaction (10). After another short 
incubation, the S, aureus cells were removed by centrifugation. Any 
labeled DNA that was precipitated was extracted from the sediment- 
ed cells and displayed on a polyacrylamide gel (Fig. 3B). Wild-type 
a2-LacZ hybrid protein selectively precipitates the DNA fragment 
bearing the synthetic operator (Fig. 3B, lane 5). The extract of a 
strain producing 4-210 mutant protein served as a negative control 
(Fig. 3B, lane 6); this strain produces a fusion protein consisting of 
only the first three amino acids of a 2  fused to P-galactosidase. As 
indicated by the results, extracts from this strain show no spe&c 
operator binding. 

Five of the 15 mutant a 2  proteins retain sequence-specific DNA- 
binding activity. These mutant proteins are the first four members of 
the series missing amino-terminal residues (3-6, 3-20, 4-62, and 
2-135) (Fig. 3B, lanes 20, 21, 22, and 14, respectively) and the 
mutant a 2  missing the carboxyl-terminal seven amino acids (204- 
210; Fig. 3B, lane 15). The remaining ten mutant a 2  proteins 
showed no detectable DNA binding. 

Control experiments with the following results were performed to 
confirm the observed sequence-specific DNA binding. First, S. 
aureus cells lacking the anti-p-galactosidase fail to preferentially 
precipitate the operator fragment from a yeast extract containing the 
wild-type a2-LacZ hybrid protein (Fig. 3B, lane 4). Second, an 

Fig. 2. Properties of MAT& deletions. All the 
deletions are nested in the coding sequence (28) 
of the MAT& portion of a MAT&-lacZ hybrid 
gene. The wild-typeMATaZ-lacZ hybrid contains 
all of the MAT& coding sequence, coding for 
210 amino acids, fused to E. colz lacZ. The posi- 
tions of the deletions are denoted by the number 
of the M A T d  codon flanking each deletion end 
point. Codon number one is the initiation codon. 
The asterisks (*) indicate the deletions that confer 
a dominant p h e n o ~ p e .  The asterisks in the left- 
hand column indicate the deletions that trans- 
inactivate a2. The asterisks in the right-hand 
column indicate the deletions that trans-inactivate 
al-a2. The DNA binding refers to sequence- 
specific DNA binding by the encoded proteins. 
The region of a2 exhibiting homology with the 
homeotic gene products of Drosophzla comprises 
amino acids 136 through 188 (4, 5, 21). The Bgl 
I1 site in MAT&, created by oligonucleotide- 
directed mutagenesis, is in parenthesis because it 
is not a naturally occurring site. The lacZ gene, 
coding for 1016 amino acid P-galactosidase 
(LacZ), is not drawn to scale. 
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unlabeled synthetic 32-bp operator competes for binding, whereas 
an unlabeled synthetic fragment of the same size from the yeast GAL 
promoter region does not compete (Fig. 3B, lanes 26 and 27). 

These experiments allow us to assign the sequence-specific DNA- 
binding domain of a 2  to the region between amino acids 135 and 
204 (the protein consists of 210 amino acids total). This conclusion 
follows from the observation that mutant proteins 2-135 and 204- 
210 retain specific operator-binding activity. Consistent with this 
conclusion is the finding that mutants 141-152 and 160-188 do 
not bind operator. 

Phenotypes conferred byAfATor2 deletions. The deletion alleles 
were next examined for phenotypes conferred in vivo. To determine 
whether the MAT& deletion alleles provide a 2  function, we 
performed a complementation analysis. An a cell defective for a 2  is 
unable to mate because it simultaneously expresses both a -  and a- 
specific functions. Plasmid-borne MAT&-lacZ alleles were intro- 
duced into a strain containing a chromosomal deletion of the lMAT 
locus and assayed for ability to restore a mating (11). This analysis 
could be done with the deletions in the hybrid gene since, as 
described above, the wild-type MAT&-lacZ gene, containing all of 
the MAT& coding sequence, provides functional a 2  (7). All 
MAT&-lacZ deletion alleles shown in Fig. 2, with the exception of 
204-210, fail to complement, as determined by a mating assay. The 
MATdA.204-210-lmZ allele is able to complement the chromo- 
somal lMAT deletion and restore a mating. A nonfusion MAT& 
gene containing deletion 3-6, 3-20, 141-152, or 160-188 (see 
below) also fails to complement the chromosomal MAT deletion, as 
determined by the mating assay, indicating that the lack of comple- 
mentation is not due to interference by P-galactosidase. Therefore, 
none of the deletion alleles, with the exception of 204-210, provide 
a 2  function. 

As a direct test of the ability of the deletion alleles to provide a 2  
repression, repression of specific target genes by the products of the 
alleles containing smaller deletions was examined (12). Deletions 3- 
6, 3-20, 141-152, and 160-188 were recombined into an other- 
wise wild-type MAT& gene in the single copy number plasmid 
YCp5O and introduced into appropriate strains containing a dele- 
tion of the chromosomal MAT locus and a fusion of lac2 to the 
target gene MFa2 or HO. Repression of the target genes by the 
products of the introduced plasmid-borne MAT& alleles could be 
assessed by determining the p-galactosidase activity of these strains. 
By examining repression of both MFa2 and HO, we were able to 
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Fig. 3. Specific binding of wild- and mutant A T B 
a2-LacZ hybrid proteins to a syn etic operator. 
(A) Schematic representation of the DNA-bid- 
ing assay. (B) Results of DNA-binding assays as 
follows. Lanes 1 to 15 show the results of one set 
of experiments. Lanes 1,2, and 3 show 10,3, and 
1 percent, respectively, of the labeled DNA input 
in each binding reaction. Lane 4 shows the result 
of a control experiment identical to that of lane 5 
with the exception that anti-6-galactosidase was 
omitted. Lanes 5 through 15 display the DNA 
bound by various a2-LacZ hybrid proteins. The 
correspondence between lane number and hybrid 
protein, wild type, or deletion mutant, is as 
follows: lane 5, wild type; lane 6, mutant 4-210; 
lane 7, mutant 2-200; lane 8, mutant 4-179; lane 
9, mutant 4-140; lane 10, mutant 4-152; lane 11, mutant 141-152; lane competition experiment. Lanes 23 and 24 show 0.3 and 1 percent of the 
12, mutant 160-188; lane 13, mutant 4-140 (repeat); lane 14, mutant 2- input DNA. Lane 25 shows the DNA bound by the wild-type a2-LacZ 
135; lane 15, mutant 204210.  Lanes 16 to 22 show the results of a second hybrid protein (conditions arr the same as for the experiment of lane 5. Lane 
set of experiments: lanes 16, 17, and 18 show 3, 1, and 0.3 percent of the 26 shows the result when the same reaction is carried out in a 20-fold molar 
input DNA, respectively. Lanes 19 to 22 show the DNA bound by the excess of synthetic operator DNA. Lane 27 shows the result when the same 
indicated deletion mutant: lane 19, mutant 4-210; lane 20, mutant 3-6; biding reaction is carried out in a 20-fold molar excess of synthetic DNA of 
lane 21, mutant 3-20; and lane 22, mutant 4-62. Mutants 14-210, 26 the same length but of a different sequence. (The sequence derives from the 
210, and 68-210 fail to bind DNA. Lanes 23 to 27 show the results of a yeast W l - W l O  promoter region.) 

determine whether the mutant alleles could provide repression by 
a2  alone and repression by a 2  in combination with al. The a- 
specific gene MFa2, coding for an a-factor mating pheromone, is 
repressed by a2  (13); the haploid-specific gene HO, encoding a 
function required for cell type switchiing, is repressed by al-a2 (14). 
The mfk2-lacZ and ho-lacZ fusion strains containing the mutant 
alleles showed similar P-galactosidase activity to that observed with 
control strains lacking a MAT& gene or carrying a MAT& gene 
containing an early amber mutation (Table 1). Therefore, in agree- 
ment with the results obtained with the mating assay, none of the 
fbur deletion alleles examined provide a 2  repression. Furthermore, 
the deletion alleles are defective for both a 2  and al-a2 repression 
(15). 

We then examined whether any of the MAT& deletion alleles 
confer a dominant Mata2- phenotype. We first tested all 15 
deletions for trans-dominance to a 2  repression when in a MAT&- 
lacZ hybrid gene, on the high copy number plasmid YEpl3, using 
an a-factor halo assay (16). Dominant alleles which inactivate a 2  
repmion in trans cause loss of an a-factor halo normally produced 
by a cells (17). Of the 15 deletions, five (3-6,3-20,4-62,2-135, 
and 204-210) cause loss of a-factor halo production. Accordingly, 
these five deletions are trans-dominant to a 2  repression. The 
remaining ten deletions, having no effect on a-factor halo produc- 
tion, are recessive. 

To test more directly the trans-dominance to a 2  repression, we 
examined the ability of selected mutant MAT& alleles to trans- 
inactivate a 2  repression of the target geneMFa2 (18). Deletions 3- 
6, 3-20, 4-62, 2-135, 4-140, 141-152, and 160-188 were 
recombined into a nonfusion MAT& gene on the high copy 
number plasmid YEpl3. In this form, these deletions affect a-factor 
halo production in a manner similar to that observed when they are 
in a hybrid gene (as mentioned above). As the direct test of trans- 
dominance, a strain containing a mfa2-lacZ gene fusion and a 
chromosomal wild-type MAT& gene was transformed with the 
high copy number plasmids containing the mutant MAT& alleles, 
and the resultant strains were assayed for p-galactosidase activity. 
The P-galaaosidase activity produced by these strains is an indica- 
tion of the derepression of MFa2 as a result of interference with 
endogenous a 2  by the product of an introduced MAT& allele. As 
was predicted by the results of the a-factor halo test, alleles 3-6,3- 
20 ,662,  and 2-135 trans-inactivate a2, resulting in 31,28,43, 
and 11 percent levels of full derepression of UFn2 expression, 

respectively, compared to a basal level of approximately 5 percent 
(Table 2). Also in agreement with the results of the a-factor.halo 
test, alleles 4-140, 141-152, and 160-188 do not cause trans- 
inactivation of a2. 

The mutant alleles were also tested for trans-dominance to al-a2 
repression. To test for trans-dominance to al-a2 repression, we first 
examined a-factor halo production by an a/a diploid containing the 
mutant alleles on a high copy number plasmid (16). Dominant 
alleles that trans-inactivate al-a2 repression elicit a-factor produc- 
tion in an ala diploid (19). According to the a-hctor halo test, of 
the 15 deletion alleles, 11 are recessive, and 4 (3-6,3-20,141-152, 
and 160-188) are trans-dominant to al-a2 repression. 

As a more direct test of the trans-dominance to al-a2 repression, 
we examined the ability of selected alleles to trans-inactivate repres- 
sion of the target gene HO (18). As described above, the HO gene is 
repressed by the combined action of a1 and a2. Alleles 3-6,3-20, 
141-152, and 160-188 trans-inactivate al-2, resulting in 34,21, 
11, and 4.9 percent levels of full derepression of HO (as a ho-Inc 
fusion) expression, respectively, compared to a basal level of <1 
percent (Table 2). The alleles 4-62,2-135, and 4-140 do not trans- 
inactivate al-a2 repression ofHO. These results are consistent with 
the a-factor halo assay results described above. 

The homeo domain of a2 is a specific DNA-binding domain. 
The a2  repressor, the produa of the MAT&! gene, regulates cell 
type in the yeast Sacchamym mmkiue by binding to an operator 
upstream of target genes and thereby turning off transcription of 
these genes. The binding of a 2  to its operator is tight and highly 
specific (2). Our results allow us to assign the specific operator- 
binding domain of a 2  to a 68-amino acid region of the protein 
(210 amino acids total) lying between amino acids 135 and 204. 
Our results further suggest that this 68-amino acid region can fold 
and function independently, as has been shown for the DNA- 
binding domain of a number of prokaryotic proteins (20). These 
conclusions follow from the observation that deletions which re- 
move either the first two-thirds of the protein (2-135) or the 
carboxyl-terminal seven amino acids (204-210) fail to disrupt 
specific operator-binding ability. We also note that a deletion that 
extends only five amino acids further into the protein (4-140) t:om 
the amino terminus results in a loss of specific DNA binding. 

The 68-amino-acid sequence of a2, which we have identified as 
necessary and sufticient for DNA binding, shows considerable 
homology with the homeo domain (4,5). The homology between 
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Table 1. Complementation of a chromosomal MAT deletion by YCp50- 
borne MATa.2 alleles (12). The allele numbers refer to the amino acids that 
are missing in the mutant a 2  proteins. The ability of the indicatedMATa.2 
alleles to provide a 2  and a l - a2  repression is reflected in the level of 
repression of nzfa2-lac2 and ha-la& fusions, respectively, as assayed by p- 
galactosidase activity (27) .  All p-galactosidase activity values are averages of 
at least four independent assays. In all cases, the standard deviation was less 
than 15 percent of the mean. 

YCp50-borne 
MATa.2 allele 

Wild type 
Amber 

3-6 
3-20 

141-152 
160-188 
None 

a 2  and the Drosuphila homeo domains is particularly evident over 
approximately 20 amino acids (amino acids 169 through 188 of 
a2). However, O'Farrell (21) has noted that this homology is more 
extensive if three amino acids of a 2  are deleted. With this new 
alignment, the homology in a 2  is expanded to 53 amino acids, 
extending from amino acid 136 to amino acid 188. Our convention 
is to refer to this 53-amino acid region as the homeo domain of a2 .  
The region of a 2  that we have shown is necessary and sufficient for 
DNA binding comprises amino acids 136 through 203. Desplan e t  
al. (22) have shown that a 144-amino acid segment from the 
Drosophila engrailed protein which contains a homeo domain is 
capable of preferential DNA binding. Our results, combined with 
these, suggest that at least pan of this highly conserved region serves 
as a sequence-specific DNA-binding domain in all proteins that 
contain it. Our results are consistent with the proposal of Laughon 
and Scott (4) that part of the homeo domain (amino acids 160 
through 188 of a2)  folds into a a-helix-turn-a-helix structure, 
which is known to make sequence-specific contacts with DNA for 
several prokaryotic DNA-binding proteins. 

The DNA-binding domain of a2 is not sufficient for repres- 
sion. Our deletion analysis ofMATa.2 has also revealed a novel type 
of repressor mutant. Some of the mutant a 2  proteins (3-6, 3-20, 
4-62, and 2-135) have the ability to bind specifically to the 
operator in vitro, but fail to repress in vivo (Table 1). We can rule 
out two trivial explanations that would account for this unusual 
finding. (i) The mutant a 2  proteins do not appear to be less stable 
or less abundant than wild-type a2.  The operator-binding activity of 
the mutant extracts was equal to or, in some cases,,greater than that 
of a wild-type extract. (ii) The mutant repressors do not appear to 
have significantly altered specificity or affinity of binding (Fig. 3). 
We can provide two possible explanations for the properties of the 
mutant repressors. (i) The mutant repressors could be defective in 
nuclear localization. According to this explanation, they cannot 
repress in vivo because they do not have proper access to the DNA 
to bind it. Evidence supporting this explanation is that all these 
mutants are altered in a region (amino acids 1 through 13) 
previously shown to contain a nuclear localization determinant (7). 
However, these mutant proteins are localized to the nucleus (23), as 
determined by indirect irnrnunofluorescence. Therefore, should the 
repression defect be the result of improper localization, the localiza- 
tion must be altered in a parameter not measurable or detectable by 
indirect immunofluorescence, such as the rate of transport into the 
nucleus or subnuclear localization. (ii) A second explanation is that 
the defective repressors are "negative control" mutants. Wild-type 
a 2  represses at a distance; these mutant a 2  proteins might bind the 

operator in vivo but lack the ability to repress at a distance, possibly 
because the" cannot interact with additional   rote ins or DNA 
sequences required for this action at a distance. Analogous positive 
control mutants of GAL4 and GCN4, nvo yeast transcriptional 
activators, have been described (24). These GAL4 and GCN4 
mutants appear to bind to their recognition sequence but fail to 
activate transcription. 

Dominant phenotypes. Some of the MAT& deletion alleles are 
trans-dominant when present in a high copy number plasmid (Fig. 
2). The alleles 3-6 and 3-20 trans-inactivate both a2- and al-a2- 
mediated repression. The alleles 4-62, 2-135, and 204-210 trans- 
inactivate only a2-mediated repression, and the alleles 141-152 and 
160-188 trans-inactivate only al-a2-mediated repression. In princi- 
ple, this trans-dominance could be due either to inactivation by 
subunit mixing or to exclusion of wild-type a 2  from the operator by 
bound mutant protein. However, the finding that the 204-210 
allele complements a MAT& deletion but trans-inactivates wild- 
type a 2  is particularly difficult to explain without invoking subunit 
mixing. The simplest explanation in this case is that a 204-210 
homomultimer is functional whereas a heteromultimer, composed 
of wild-type and 204-210 subunits, is, for unknown reasons, not 
hnctionalT Experiments with purified a 2  indicate that a 2  is indeed a 
multimer; in solution, purified a 2  is a stable tetramer (25). 

Although we cannot provide a detailed molecular explanation for 
the dominaht two inferences can be made from the 
dominance studies. First, an a 2  subunit contact site, a site required 
for multimer formation, is between amino acids 135 and 204. 
Regardless of whether the dominance is due to subunit mixing or 
exclusion from the operator (as discussed above), the mutant 
proteins that trans-inactivate a 2  must form multimers (26). There- 
fore. on the basis of the deletions that eliminate the trans-inactiva- 
tion of a2,  a subunit interaction site can be assigned to a region 
between amino acids 135 and 204. Since this is also the region 
containing the homeo domain, the homeo domain of a 2  (amino 
acids 136 through 188) appears to be both a DNA-binding domain 

Table 2. Quantification of trans-dominance of YEpl3-borneMATa2 alleles 
to a 2  and a l - a2  repression ( I S ,  27).  The allele numbers indicate the amino 
acids that are deleted in the mutant a 2  proteins. The amber mutation is in 
the fifth codon of MATa.2. All values are averages of at least four 
independent determinations. In all cases, the standard deviation was less than 
20 percent of the mean. 

Host cell 
'?PC 

- - 

YEpl3-borne 
MAT& allele 

% of fill1 
derepression 

Effect on a2 ~ep~ession of a-specific 5ene MFa2 
None 
3-6 
3-20 
4-62 
2-135 
4-140 

141-152 
160-188 
Amber 
None 

Effect on al-a2 repression of haploid-specificpne HO 
None 
3-6 
3-20 
4-62 
2-135 
4-140 

141-152 
160-188 
Amber 
None 
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and a subunit contact site. Interestingly, the homeo domain of the 
Drosophila engrailed protein also appears to be both a DNA-binding 
domain (22) and a subunit contact site (21). Such a proximity of a 
subunit contact site and a DNA-binding domain has been observed 
in several prokaryotic repressors (20). 

A second inference that can be made from the dominance studies 
is that the a1 and a 2  proteins interact directly to repress haploid- 
specific genes. This inference follows from the findings that two 
mutant a 2  proteins, 141-152 and 160-188, trans-inactivate al-a2, 
yet do not trans-inactivate a2,  and do not bind operator DNA. A 
direct interaction between a1 and a 2  is the simplest interpretation of 
these findings. On the basis of the deletions that eliminate the trans- 
inactivation of al-a2,  we propose that an a l - a 2  interaction site lies 
between amino acids 20 and 141. 

Our results suggest the following simple model for the functional 
organization of a2 .  The a 2  protein consists of at least three 
hc t iona l  regions: a region at the amino terminus required for 
repression or transport to the nucleus, a region in the middle 
required for interaction with a l ,  and a region at the carboxyl 
terminus required for sequence-specific DNA binding and for 
contact between a 2  subunits. 
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Structure of the Nucleotide Activation Switch 
in Glycogen Phosphorylase a 

Adenosine monophosphate is required for the activation 
of glycogen phosphorylase b and for release of the inhibi- 
tion of phosphorylase a by glucose. Two molecules of 
adenosine monophosphate (AMP) bind to symmetry re- 
lated sites at the subunit interface of the phosphorylase 
dirner. Adenosine triphosphate (ATP) binds to the same 
site, but does not promote catalytic activity. The structure 
of glucose-inhibited phosphorylase a bound to AMP and 
also of the complex formed with glucose and ATP is 
described. Crystallographic refinement of these complex- 
es reveals that structural changes are associated with 
AMP but not ATP binding. The origin of these effects can 
be traced to different effector binding modes exhibited by 
AMP and ATP, respectively. The conformational changes 
associated with AMP binding traverse multiple paths in 
the enzyme and link the effector and catalytic sites. 

G LYCOGEN PHOSPHORYLASE (GP) MOBILIZES GLUCOSE-1- 
phosphate (GlP) in eukaryotes and is regulated by two 
parallel mechanisms. The primary control, common to all 

of the tissue specific isozymes, occurs through phosphorylation of 
the GP dimer by a specific kinase ( I ) ,  which is in turn regulated via 
extracellular neural and hormonal signals. A second, intracellular 
control is exerted through the cooperative binding of adenosine 
monophosphate (AMP) to the unphosphorylated enzyme phos- 
phorylase b (GPb). The mechanism and efficiency of AMP activa- 
tion varies among the tissue isozjrmes (2). Binding of AMP to one 
subunit of muscle GPb both promotes the binding of AMP to the 
second subunit (3) and activates the dimer for substrate binding and 
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catalysis. GPb is inactive in the absence of AMP (4) and is 80 
percent as active as the phosphorylated enzyme, phosphorylase a 
(GPa) (5) in its presence. 

Phosphorylase a functions efficiently in the absence of AMP, 
although AMP activates at low substrate concentrations (6) and 
releases the enzyme from glucose inhibition (7). AMP binds to GPa 

Table 1. Crystallographic data and refinement results. 

Crystal data 

No. Reflections* 
Lig- of Cell (A)+ rmss 

and crys- %I t @IF tals Total Accepted a c (%) 

AMP 14 16,203 12,442 0.030 128.3 117.0 14.0 
ATP 14 16,398 12,615 0.022 128.2 117.0 6.0 

-- -- 

Refinement results 

A bond7 A angle Ligand R c w s ~ ~ ~  (4 (4 
AMP 0.12 0.02 0.04 
ATP 0.11 0.02 0.04 

*Reflections were accepted for inclusion in the data set ifIhklluI > 3.0, whereIhkl is the 
measured intensity and u, is the standard error. t A  set of common scaling 
reflections is measured for each crystal (data set); the agreement among sets is given by 
the merging index: 

where P h k l  are the intensities of scaling reflections for the nth crystal and Ihkl is the mean 
intensity. The summation is taken over the N measurements of (hkl). *Cell 
constants for the parent GP crystals containing glucose at the catalytic site are 
a = b = 128.4 A and c = 116.4 A. §The root mean square (rms) difference in 
observed scattering amplitude with res ect to parent crystals. IIThe crystallographic 
R factor is a measure of agreement getwe.cn observed l F ( ~ b s ) ~ ~ ~ l )  structure factor 
amplitudes and amplitudes ( l F ( c a l ~ ) ~ ~ ~ l )  calculated from rbe atomic model: 

Whe mean deviation between bond distances (A bond) in the refined model and ideal 
bond distances, and the corresponding mean deviation between bond angle distances (A 
angle) and ideal angle distances. 
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