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Structural Motif of the GCN4 DNA Binding Domain 
Characterized by Affinity Cleaving 

The NH2-terminal locations of a dimer containing the DNA binding domain of the 
yeast transcriptional activator GCN4 have been mapped on the binding sites 5'- 
CTGACTAAT-3' and 5'-ATGACTCTT-3'. Af6nity cleaving was effected by synthetic 
GCN4 proteins with Fe-EDTA moieties at the NH2-terminus. Analysis of the DNA 
cleavage patterns for dimers of the Pe-EDTA-proteins corresponding to GCN4 
residues 222 to 281 and 226 to 281 revealed that the NH2-termini were in the major 
groove nine to ten base pairs apart and were symmetrically displaced four to five base 
pairs from the central C of the recognition site. This result is consistent with the Y- 
shaped scissor gripleucine zipper model recently proposed for a class of DNA binding 
proteins important in the regulation of gene expression. 

A CLASS OF SEQUENCE-SPECIFIC 

DNA binding proteins important in 
the regulation of gene expression 

has been proposed to bind DNA through a 
bipartite structural motif consisting of a 
DNA binding domain, termed the "basic 
region," and a dimerization domain, termed 
the "leucine zippep (1). These proteins rec- 
ognize binding sites on DNA that consist of 
abutted inverted repeats. An evaluation of 
conserved amino acids within the basic re- 
gion of several sequences from plant, mam- 
malian, and fungal proteins located at invari- 
ant distances from the leucine zipper (bZIP 
proteins) has led to a provisional "scissor- 
grip" model for DNA binding (2). Vinson, 
Sigler, and McKnight propose that two 
polypeptide chains join to form a Y-shaped 
molecule (2). The stem of the Y is the dimer- 
forming region and corresponds to a coiled 
pair of amphipathic a helices, 30 amino 
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acids long (1).  The bifurcating arms of the Y 
emerge from the paired a helices and begin 
tracking each half site in opposite directions 
along the major groove of the DNA (2). The 
bZIP model predicts that a rotationally sym- 
metric dimer forms and that the NHz-termi- 
nal extensions of the leucine zipper bend to 
grip around the major groove of DNA on 
the side opposite to their initial approach 
(2). 

Although footprinting studies are consist- 
ent with symmetrical contacts in the major. 
groove, there is little other structural data 
concerning the basic region of bZIP pro- 
teins bound to DNA (2). Neither x-ray 
diffraction nor two-dimensional nuclear 
magnetic resonance studies have been re- 
ported on this class of DNA binding pro- 
teins. Remarkably, the Y-shaped motif has 
been derived mostly from model building 
( 2 ) .  

We report &ity cleaving studies de- 
signed to investigate the structure of the 
DNA binding domain of the yeast transcrip- 
tional activator GCN4, a putative basic re- 
gion-leucine zipper (bZIP) protein. GCN4 
is necessary for the coordinate induction of 

Maior aroove Minor aroove 

Fig. 1. Cleavage patterns produced by a diffusible 
oxidant generated by FeaEDTA located in the 
major and minor grooves of right-handed DNA. 
Filled circles represent points of cleavage along 
the phosphodiester deoxyribose backbone. Sizes 
of circles represent extent of cleavage. 

30 to 50 proteins involved in the biosynthe- 
sis of amino acids in response to amino acid 
starvation (3). A functional dissection of 
GCN4 has demonstrated that the 60 amino 
acids at the COOH-terminus, residues 222 
to 281, contain the specific DNA binding 
activity; however, 37 residues (245 to 281) 
at the COOH-terminus were shown to be 
insufficient for DNA binding (4). GCN4 
exists as a dimer and the 60 residues at the 
COOH-terminus are sufficient for dimeriza- 
tion (5 ) .  The optimum DNA bindmg site 
for GCN4 is 5 '-rrTGACTcatt-3 ' (6). Struhl 
and co-workers have proposed that this 
pseudosymmetric site behaves as two half- 
sites, noting that mutation of the naturally 
occurring GCN4 binding site 5'-TGACT- 
CT-3' to the symmetric 5'-TGACTCA-3' 
increases the affinity of the protein for the 
DNA, whereas all other mutations in this 
region lead to unchanged or decreased ailin- 
ity. However, mutation of the TGACT 
bases leads to the greatest reduction in bind- 
ing affinity, and mutation of the central C to 
G abolishes activity, implying that the pro- 
tein-DNA interactions at each half site are 
not equal (6) .  

Incorporation of the DNA cleaving moi- 
ety, FeaEDTA, at discrete amino acid resi- 
dues within a protein allows the positions of 
those residues in the protein-DNA complex 
relative to the DNA bases to be mapped to 
nucleotide resolution (7).  After chemical 
activation with a reducing agent such as 
dithiothreitol ( D m ) ,  FeeEDTA localized at 
a specific DNA binding site cleaves both 
DNA strands, typically over four to six base 
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Basic region 

QLEDKVEELLSKNYHLENEVARLKKLVCER 

Leucine zipper region 

Fig. 2. (A) The xqucncc of 60 amino acids (222 
to 281) comsponding to the COOH-terminus of 
yeast tnmcriptional activator GCN4 (20). (8) 
Synthetic protein EDTA-GCN4(22228 1). Ab- 
breviations for the amino acid residues arc: A, 
Ala; D, Asp; E, Glu; G, Gly; H, His; I, Ik; K, 
Lys; L, Lcu, M, Met; N, Asn; P, Pro; Q, Gh, R, 
Arg; S, Ser; T, Thr, V, Val; and Y, Tyr. 

Fig. 3. (A) Autoradiogram of a high-resolution 
denaturing polyacrylarnide gel. Lanes 5 to 16 
contain footprinting reactions with the 56- and 

pairs, through a diffusible species (8, 9). 
Because of the right-handed nature of dou- 
ble-helical DNA, the groove in which the 
Fe-EDTA is located can be identified by 
analysis of the cleavage patterns (Fig. 1). An 
Fe-EDTA located in the minor groove gen- 
erates an asymmetric cleavage pattern with 
maximal cleavage loci shifted to the 3' side 
on opposite strands (8, 9) (Fig. 1). When 
the Fe-EDTA is located in the major 
groove, the maximal cleavage loci are 5'- 
shifted; in addition, cleavage of lower &- 
ciency occurs on the disml strands of the 
adjacent minor grooves (10, 11) (Fig. 1). 
This results in a pair of 3'-shifted asymmet- 
ric cleavage loci of unequal intensity on 
opposite strands (10, 11) (Fig. 1). These 
patterns can be explained if the diffusible 
radical generated fiom the localized 
Fe-EDTA reacts in the major and minor 
grooves of DNA with unequal rates, prefer- 
entially (although not necessarily exclusive- 

ly) in the minor groove (12, 13). The a h i t y  
cleaving method has been used to map the 
location of the NH2- and COOH-termini of 
the DNA binding domain of Hin recombin- 
ase to the minor and major grooves, respec- 
tively (7, 14). 

Four different proteins based on the DNA 
binding domain of GCN4 were synthesized 
by solid-phase methods (1.5-1 7) (Fig. 2). 
These proteins were incrementally short- 
ened at the N&-terminus; GCN4(237- 
281) (45-mer), GCN4(232-281) (50-mer), 
GCN4(226-281) (56-mer), and GCN4- 
(222-281) (60-mer) were synthesized with 
and without EDTA attached to the NH2- 
terminal residue for comparative a h i t y  
cleaving and footprinting studies of the cor- 
responding protein-DNA complexes. 

The GCN4 proteins were assayed for 
specific DNA binding and cleaving by ana- 
lyzing the cleavage products tiom a restric- 
tion hgment containing both an AP1 rec- 

60-mer, and'lanes l'j to 24 contain affinity cleav- 
ing reactions with their Fe-EDTA analogues (21- 
23). Odd-numbered lanes are 5'-"P-end-labeled 
and wen-numbered lanes are 3'-32P-end-labeled. , , p ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ c ~ ~ c c ~ ~ ~ ~ c ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ c ~ ~ c c ~ ~ ~ ~ c ~ ~ ~ ~  
Lanes 1 and 2, intact DNA control; lanes 3 and 4, 3 ' . C C T A G G T A C C A A C G A C T G A T T A A C T C T A G G A G A T C T C A G C T G G T C T A G A T T T T T T T C T C A G T A G G C C T A G A C C T  

chemical sequencing A reaction (24); lanes 5 and 
6, DNase I control; lanes 7 and 8, DNase I 
cleavage protection in the presence of 60-mer at 5 
kM, lanes 9 and 10, DNase I cleavage protection I ,  1 1 1 1 ,  
in the presence of 56-mer at 5 pM,-l&es 11 and G 
12, Fe-MPE control; lanes 13 and 14, FeaMPE , , , ~ - G G A T ~ ~ A T G G T T ~ ~ T G A C T A A T T G A G A T ~ ~ T C T A G A G T C G A C C A G A T C T A A A A A A A G A G T ~ A T ~ ~ G G A T ~ T G G A  

3 ' - C C T A G G T A C C A A C G A C T G A T T A A C T C T A G G A G A T C T C A G C T G G T C T A G A T T T T T T T C T C A G T A G G C C T A G A C C T  
cleavage protection in the presence of 60-mer at 5 ' t t t t '  ' t t t t t t t t  t l t t t t f  
pM, ranis 15 and 16, F~:MPE cleavage protec- 
tion in the presence of 56-mer at 5 pM; lanes 17 
and 18, Fe-EDTA-60-mer at 5 pM, lanes 19 and 20, FevEDTA-60-mer at 
1 pM; lanes 21 and 22, Fe-EDTA-56-mer at 5 pM, and lanes 23 and 24, 
Fe.EDTA-56-mer at 1 pM. (8 through G) The sequence from left to right 
represents the data between the two arrows from the bottom to the middle of 
the gel shown on the left (A). (B) Bars represent the extent of protection 
from Fe.MPE cleavage in the presence of the 60-mer (A, lanes 13 and 14). 
Brackets represent bases protected from DNase I cleavage, and asterisks 

represent DNase I hypersensitivity sites (A, lanes 7 and 8). (C) Arrows 
represent the extent of cleavage at the indicated base position for Fe-EDTA- 
60-mer at 5 pM (A, lanes 17 and 18). (D) Cleavage pattem for Fe-EDTA- 
60-mer at 1 pM (A, lanes 19 and 20). (E) F~.IMPE and DNase I protection 
in the presence of the 56-mer at 5 pM (A, lanes 9, 10, 15, and 16). (F) 
Cleavage pattem for Fe-EDTA-56-mer at 5 ph4 (A, lanes 21 and 22). (G) 
Cleavage pattern for Fe-EDTA-56-mer at 1 pM (A, lanes 23 and 24). 
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ognition site, 5'-CTGACTAAT-3\ and a 
GCN4 recognition site, 5'-ATGACTCTT-
3' (18). Deoxyribonuclease I (DNase I) and 
MPE footprinting demonstrate that the 60-, 
56-, and 50-mers bind specifically to DNA 
at a concentration of 5 |xM, whereas the 
45-mer does not. The 50-, 56-, and 60-mers 
with Fe-EDTA also cleave DNA specifically 
at 5 |xM concentrations. The 50-mer binds 
DNA with reduced affinity compared with 
the longer proteins. There are ten positively 
charged residues in the basic region extend
ing from Lys231 to Lys251. The 45-
mer, which contains seven basic residues, 
is not able to bind to DNA; the 50-mer, 
which contains nine basic residues, binds 
with reduced affinity, suggesting that the 
missing residues are important. The 56- and 
60-mers bind with approximately equal af
finity. 

The footprinting and affinity cleaving re
sults for the 56- and 60-mers are shown in 
Fig. 3. Both proteins protect regions of ~18 
base pairs at the API and the GCN4 bind
ing sites from DNase I and Fe-MPE cleav
age, demonstrating sequence-specific bind
ing (Fig. 3). The 56- and 60-mers with 
Fe-EDTA give cleavage patterns centered at 
those sites (Fig. 3). The 56- and 60-mers 
have greater affinity for the GCN4 site than 
for the API site, whereas the entire GCN4 
protein apparendy binds to both sites with 
equal affinity (18). 

Because both halves of the Fe-EDTA-56-
mer and -60-mer dimers contain Fe-EDTA 
at the NH2-terminus, the affinity cleavage 
pattern should result from the sum of two 
localized Fe-EDTA moieties. The cleavage 
pattern observed consists of three cleavage 
loci of unequal intensity. With regard to the 
cleavage model in Fig. 1, the simplest inter
pretation of this cleavage pattern is that it 
results from the superimposition of two 

adjacent major groove cleavage patterns 
along one face of the DNA (Fig. 4A). 
Cleavage occurs on both strands in three 
adjacent minor grooves, with the most effi
cient cleavage in the central minor groove 
proximal to both Fe-EDTA moieties. These 
data strongly suggest that the two Fe-EDTA 
moieties are located in adjacent major 
grooves. The positions of the Fe-EDTA 
moieties may be assigned by assuming that 
they lie in the center of the two 5'-shifted 
patterns. The Fe-EDTA moieties, and hence 
the NH2-termini of the dimer, are nine to 
ten base pairs apart and are located four to 
five base pairs on either side of the central C 
in the binding sites 5'-CTGACTAAT-3' 
and 5'-ATGACTCTT-3' (Fig. 4). The 
cleavage patterns at the API and GCN4 
sites are similar and indicate that the protein 
dimer binds the two sites in much the same 
way. 

Close scrutiny of the cleavage patterns 
reveals that the DNA cleavage by the 
Fe-EDTA-56-mer is more efficient than 
that by the 60-mer. This difference is espe
cially noticeable at 1 |xM concentrations, but 
it is found at all sites at all concentrations 
(Fig. 3A, lanes 19, 20, 23, and 24). As the 
footprinting data show that the proteins 
bind with roughly equal affinity, this differ
ence in cleavage intensity may indicate that 
the Fe-EDTA is closer to the DNA when it 
is attached to Asp226. One curious aspect of 
our data is that the Fe-EDTA moiety ap
pears to be located in approximately the 
same base pair position whether it is at
tached to Pro222 or to Asp226. A secondary 
structural element could bring these two 
residues in near enough proximity for the 
Fe-EDTA moiety to give similar cleavage 
patterns (19). 

Affinity cleaving indicates that the NH2-
termini of the 60-mer dimer are (i) in the 

major groove of DNA, (ii) separated by nine 
to ten base pairs, and (iii) symmetrically 
displaced four to five base pairs from the 
central C of the recognition site (Fig. 4, B 
and C). This experimental result places the 
NH2-termini in successive major grooves on 
one face of the DNA and is consistent with 
the proposed Y-shaped scissor-grip motif for 
bZIP proteins (21). 
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Interaction of Hsp 70 with Newly Synthesized Proteins: 
Implications for Protein Folding and Assembly 

The 70-kilodalton family of heat shock proteins (Hsp 70) has been implicated in 
posttranslational protein assembly and translocation. Binding of cytosolic forms of 
Hsp 70 (Hsp 72,73) with nascent proteins in the normal cell was investigated and 
found to be transient and adenosine triphosphate (ATP)-dependent. Interaction of 
Hsp 72,73 with newly synthesized proteins appeared to occur cotranslationally, 
because nascent polypeptides released prematurely from polysomes in vivo can be 
isolated in a complex with Hsp 72,73. Moreover, isolation of polysomes from short- 
term [35S]Met-labeled cells (pulsed) revealed that Hsp 72,73 associated with nascent 
polypeptide chains. In cells experiencing stress, newly synthesized proteins co- 
immunoprecipitated with Hsp 72,73; however, in contrast to normal cells, interaction 
with Hsp 72,73 was not transient. A model consistent with these data suggests that 
under normal growth conditions, cytosolic Hsp 72,73 interact transiently with nascent 
polypeptides to facilitate proper folding, and that metabolic stress interferes with these 
events. 

I N MOST ORGANISMS ADVERSE 

changes in the local environment result 
in increased expression of heat shock or 

stress proteins (1) .  Most inducers of the 
stress response represent treatments that 
perturb protein structure and folding (2). 
The Hsp 70 family of stress proteins consists 
of at least four major members, all of which 
are related in structure and bind ATP. These 
include (i) constitutively expressed Hsp 73, 
present in cytosol and nucleus; (ii) the high- 
ly stress-inducible Hsp 72, present in cyto- 
sol, nucleus, and nucleolus; (iii) the consti- 
tutive glucose-regulated protein (Grp) 78 
kD (or BiP) present in endoplasmic reticu- 
lum (ER); and (iv) the recently identified, 
constitutive Grp 75 kD protein present in 
mitochondria (3). Studies indicate that Hsp 
70 family members interact transiently with 

Depaments of Medicine and Physiology, University of 
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various cellular proteins that are in the pro- 
cess of maturation. For example, in yeast, 
the cytosolic Hsp 70 proteins are essential in 
facilitating translocation of proteins across 
ER or mitochondria1 membranes (4). Hsp 
72,73 also facilitate disassembly of clathrin- 
coated vesicles (5 ) .  Finally, BiP interacts 
with proteins that are translocated into and 
assembled within the ER lumen (6). The 
interaction of the Hsp 70 family member 
with its target proteins is transient, with 
release of the target dependent on ATP 
hydrolysis. We present data that are consist- 
ent with the idea that most, if not all, 
proteins transiently interact with cytosolic 
Hsp 70 during their normal maturation, and 
we discuss how these observations relate to 
the stress response. 

Interaction of Hsp 70 with intracellular 
proteins was examined by irnmunoprecip- 
itation with monoclonal antibodies specific 
for Hsp 72,73 (Fig. 1). Duplicate plates of 

HeLa cells growing at 37°C were labeled 
with [35S]Met for 20 min. One group of 
cells was immediately harvested (pulsed), 
while a second group was incubated 2 hours 
more without label and then harvested 
(pulse-chased). After cells were lysed, ATP 
was added to half of the lysate, while the 
other half was treated with apyrase to de- 
grade endogenous ATP. In the pulse-labeled 
cell lysates depleted of endogenous ATP, 
irnrnunoprecipitation with antibodies to 
Hsp 72,73 (anti-Hsp 72,73) resulted in the 
coprecipitation of many newly synthesized 
polypeptides ranging in size from 20 to 200 
kD (Fig. 1B). Proteins of defined size were 
coprecipitated along with a background 
smear of labeled material, perhaps represent- 
ing unfinished nascent polypeptide chains. 
In contrast, few proteins coprecipitated 
when the pulse-labeled cell lysate was incu- 
bated with exogenous ATP. Cells that were 
pulse-labeled with [35S]Met and then incu- 
bated for 2 hours without label exhibited a 
different pattern of coprecipitating proteins 
(Fig. 1B). Specifically, fewer proteins copre- 
cipitated with Hsp 72,73 in lysates treated 
with apyrase. Again, fewer proteins copreci- 
pitated when ATP was added to the cell 
lvsate 

We next investigated the interaction of 
Hsp 70 with newly synthesized proteins in 
HeLa cells treated with the proline analog, 
L-azetidine 2-carboxylic acid (Azc) to induce 
stress. Cells were treated with Azc for 4 
hours, labeled for 15 min with ~ ~ ' S l ~ e t  
while still in the presence of the analog, and 
immediately harvested (pulsed) or hrther 
incubated in the absence of label and Azc for 
2 hours (pulsed-chased) (Fig. 1C). Signifi- 
cant amounts of labeled proteins coprecipi- 
tated with anti-Hsp 72,73 in apyrase-treated 
lysates. Addition of ATP to immunoprecip- 
itation yielded considerably fewer coprecipi- 
tating proteins. However, contrary to re- 
sults obtained for normal (unstressed) cells 
(Fig. lB), the amount of coprecipitating ma- 
terial was not reduced after a subsequent chase 
period (Fig. 1C). Instead, most of the precipi- 
tating proteins were still,complexed with Hsp 
72,73 &er the 2-hour chase period. 

We also examined the effects of no prior 
treatment or addition of a nonhydrolyzable 
ATP analog (AMPPNP) to the cell lysates 
prior to immunoprecipitation. In either 
case, an intermediate amount of newly syn- 
thesized proteins coprecipitated with Hsp 
72,73. Partial release was probably due to 
endogenous ATP in untreated lysates. 
Moreover, results with AMPPNP indicate 
that ATP hydrolysis is required for complete 
release of coprecipitating proteins (7). 

Exposure of cells to the antibiotic, puro- 
mvcih. in concentrations sufficient to release , , 

nascent polypeptides from polysomes but 
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