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Conformational changes, including local protein folding, play important roles in protein- 
DNA interactions. Here, studies of the transcription factor Ets-1 provided evidence that 
local protein unfolding also can accompany DNA binding. Circular dichroism and partial 
proteolysis showed that the secondary structure of the Ets-1 DNA-binding domain is 
unchanged in the presence of DNA. In contrast, DNA allosterically induced the unfolding 
of an a helix that lies within a flanking region involved in the negative regulation of DNA 
binding. These findings suggest a structural basis for the intramolecular inhibition of DNA 
binding and a mechanism for the cooperative partnerships that are common features of 
many eukaryotic transcription factors. 

Sequence-specific recognition of DNA by 
transcri~tion factors is mediated bv inde- 
penden; protein modules. The  autoiomy of 
DNA-binding domains has recently been 
challenged by the finding that inhibitory 
regions, which lie outside functionally de- 
fined binding motifs, can alter binding 
strength or specificity. Deletion mutants of 
various transcription factors, including 
TATA-binding protein (TBP), p53, nucle- 
ar factor, KB (NF-KB), and islet-1 (Isl-1), 
show tnhanced binding activity relative to 
that of full-length proteins (1,  2). In the 
cases of TBP and p53, conformational 
changes also have been linked to the pres- 
ence of inhibitory sequences (1,  3). Under- 
standing the mechanisms of intramolecular 
inhibition reauires the studv of DNA-bind- 
ing modules within their native structural 
contexts rather than in isolation. 

The ets family of transcriptional regula- 
tors illustrates this inhibition phenomenon. 
Members of this gene family are defined by 
sequence homology within an 85-amino 
acid region termed the ETS domain (4). 
This region is a minimal DNA-binding do- 
main that forms a winged helix-turn-helix 
(wHTH) motif (5). In at least seven mem- 
bers of the ets family, the DNA-binding 
affinity of the ETS domain is negatively 
regulated by inhibitory sequences. Inhibi- 
tion can be released through partial prote- 
olysis or by the formation of complexes with 
protein partners (6-1 1). Models of in- 

tramolecular inhibition propose that inhib- 
itory regions can either sterically or allo- 
sterically affect the function of the DNA- 
binding domain. Both mechanisms predict 
that conformational changes accompany 
DNA binding. T o  test for such changes, we 
performed structural studies on Ets-1, the 
founding member of the ets family. 

Ets:l contains inhibitory regions both 
NH,-terminal and COOH-terminal to the 
ETS domain (7-10, 12). Quantitative stud- 
ies of deletion mutants indicate that inhibi- 
tion requires both regions (1 3). T o  examine 
the structural basis for inhibition, we ana- 
lyzed repressed (AN280) and activated 
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NH,-terminal and ~00~-te;minal inhi&ito& re- 
gions are represented by the striped lines. (B) 
Binding isotherms for AN280 (0) and AN331 (0). 
The fraction of DNA bound at each protein con- 
centration was calculated from mobility shift as- 
says. Data points are the average (iSD) of three 
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(AN33 1) forms of Ets-1 (Fig. 1A). AN331 is 
the minimal fragment that retains both high 
solubility during bacterial expression and 
high-affinity DNA binding. AN280 shows 
characteristics of a structural domain and 
retains low-affinity binding because both 
NH,-terminal and COOH-terminal inhibi- 
tory regions are present (13, 14). Both 
polypeptides were expressed in bacteria and 
purified protein was used in all studies (15). 
T o  measure the extent of inhibition, we 
determined the equilibrium dissociation 
constants (Kd) of AN331 (3.1 X lo-" M) 
and AN280 (4.4 x lo-'' M) (Fig. 1B). The 
binding affinities of AN280 and AN33 1 for a 
sequence-specific 21-base pair binding site 
differed by a factor of 15 (1 6). This lower 
affinity is similar to that of full-length Ets-1 
(13). Thus, AN280 retains the inhibitory 
function of native Ets-1. 

The structural origins of DNA-binding 
inhibition were first investigated by circular 
dichroism (CD) spectroscopy (1 7). The C D  
spectra of AN331, the fragment that lacks 
inhibitory function (Fig. l A ) ,  showed no  
change between 205 and 225 nm upon 
sequence-specific DNA binding (Fig. 2A). 
These results suggest that the wHTH motif 
of Ets-1 assumes the same secondary struc- 
ture in the bound and free states. This 
picture is consistent with nuclear magnetic 
resonance (NMR)-based structures of the 
ETS domain proteins Fli-1 and Ets-1 that 
were determined in the presence and the 
absence of DNA, respectively (5). The 
change in the C D  spectra observed between 
250 and 295 nm (Fig. 2, A and B) corre- 
sponds to a protein-induced alteration of 
the DNA structure (18). 

Analysis of AN280, the fragment that 
contains both inhibitory regions (Fig. l A ) ,  
provided evidence for the unfolding of the 
NH,-terminal inhibitoky region upon DNA 
binding. Addition of DNA to AN280 caused 
a decrease in protein molar ellipticity be- 
tween 205 and 225 nm (Fig. 2B), which 
suggests a loss of a-helical secondary struc- 
ture. This difference cannot be attributed to 
a change in DNA that is induced by AN280 
but not by AN331, because comparison of 
the DNA spectra (between 250 and 295 
nm) in the presence of AN280 or AN331 
showed identical ellipticity values (Fig. 2E) 
(1 9). In addition, AN280 and AN331 make 
identical contacts to the DNA (20). Be- 
cause there was no difference in ellipticity 
between bound and free AN331 (Fig. 2A), 
the simplest explanation for the decrease in 
AN280 ellipticity (between 205 and 225 
nm) is the loss of a-helical structure in the 
NH,-terminal flanking region. 

We  used partial proteolysis combined 
with NH,-terminal sequencing to further 
define the conformational changes within 
the Ets-1 polypeptides and to map the re- 
gion that undergoes a structural transition. 
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Fig. 2. Normalized CD 
spectra show that DNA 
binding is coupled to a 
loss of secondary struc- 
ture in the inhibitory region 
of AN280 (1 7, 18). All CD 
spectra are represented 
in units of mean residue 
ellipticity, [€I]. (A) AN331, 
the high-affinity fragment, 
alone (0) and in the pres- 
ence of specific DNA (A). 
(B) AN280, the fragment 
containing the inhibitory 
regions, alone (0) and in 
the presence of specific 
DNA (4. (C) AN331 
alone (0) and in the pres- 
ence of nonspecific DNA 
(A). (D) AN280 alone (0) 
and in the presence of 
nonspecific DNA (A). (E) 
Comparison of specific 
DNA in the Dresence of 
AN280 (a) And AN331 i 1 
(0) (79). P $ 

J . n . n . 0 . n . .  
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Chymotrypsin and trypsin were used in 
these studies because both Ets-1 polypep- 
tides contain potential cleavage sites scat- 
tered throughout their length (Fig. 3A). 
AN280 and AN331 were exposed to a fixed 
concentration of protease in the presence 
and absence of cognate DNA (21). The 
DNA-binding domain in AN331 was resis- 
tant to proteolytic cleavage under these 
conditions (Fig. 3B). Consistent with the 
CD analyses, the protease studies detected 
no structural rearrangement of the ETS do- 
main or the COOH-terminal sequences 
upon DNA binding. In contrast, AN280 

showed enhanced proteolytic sensitivity in 
the presence of specific DNA. Both trypsin 
and chymotrypsin proteolysis yielded two 
cleavage products, a major and a minor 
species (Fig. 3C). Quantitation of the tryp- 
sin fragments showed that only 8% of free 
AN280 was cleaved during the 10-min in- 
cubation interval, compared with 84% of 
bound AN280 (21). These data demon- 
strate that DNA binding stabilized an al- 
tered conformation of AN280 that exhibit- 
ed enhanced susceptibility to proteolytic 
attack. 

NH2-terminal sequencing of the cleav- 
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chymotrypsin (right) cleav- Trypsln Chymotrypsin 
age sites. The amino acid 
numbers with asterisks indicate the NH,-termini of the proteolytic fragments (22). (B) Proteolysis of AN331 
alone and in the presence of specific or nonspecific DNA. (C) Proteolysis of AN280 alone and in the presence 
of specific or nonspecific DNA. Lane M, molecular mass standards (in kilodaltons). 

age products (Fig. 3A) showed that trypsin 
cleaved after residues Arg309 and Arg3" 
whereas chymotrypsin cleaved after residues 
Phe304 and Tyr307 (22). These cleavage sites 
all lie within the NH,-terminal inhibitory 
region. Thus, the conformational change 
was localized to the NH2-terminal inhibito- 
ry sequences rather than the DNA-binding 
domain or the COOH-terminal region. 
These findings are consistent with the CD 
analyses that suggested that the sequences 
present in AN280, but not those in AN33 1, 
undergo a loss of a-helical structure upon 
DNA binding. 

Similar experiments were used to exam- 
ine structural changes induced by protein 
binding to a DNA duplex that lacks an 
Ets-1 binding site (23). Nonspecific DNA 
added at the same concentration as specific 
DNA caused only a modest increase in the 
protease sensitivity of AN280 (Fig. 3C). 
Under these conditions, and assuming an 
affinity (Kd) in the micromolar range (24), 
only -35% of the protein would be bound 
to DNA. However, nonspecific DNA added 
at concentrations sufficient to ensure 99% 
protein occupancy converted all of the 
AN280 to the proteolysis-sensitive form 
(25). CD analyses performed in the pres- 
ence of nonspecific DNA provided similar 
results; AN280 exhibited a decrease in el- 
lipticity that was proportional to the frac- 
tion of protein bound to DNA (Fig. 2D) 
(17). These results indicated that both spe- 
cific and nonspecific DNA can stabilize an 
altered conformation of the NH2-terminal 
inhibitory region of AN280. Nonspecific 
DNA binding had no effect on the structure 
of AN331 in either assay (Figs. 2C and 3B). 

The inhibitory region of AN280 that be- 
comes hypersensitive to proteolytic cleavage 
in the presence of DNA spans residues 304 
to 311. NMR analysis of AN280 indicates 
that this region (residues 303 to 310) forms 
an a helix in the free protein (26). In the 
presence of DNA, almost all potential tryp- 
sin and chymotrypsin sites in this region 
became accessible to cleavage (Fig. 3A), 
which suggests that this helixis unfolded 
the bound state. Our CD analyses are also 
consistent with the unfolding of this a helix. 
The mean residue ellipticity of AN280 de- 
creased by 20% in the presence of DNA; 
this corresponds to the unfolding of -11 
helical amino acids (of the total 62 NMR- 
assigned helical residues), in good agree- 
ment with the size (eight amino acids) of the 
metastable a helix. 

The similar DNA-binding affinities of 
AN280 and full-length Ets-1 imply that the 
structural transition observed in AN280 
also occurs in full-length Ets-1. Indeed, par- 
tial proteolysis of full-length Ets-1 in the 
presence of DNA shows increased trypsin 
susceptibility only between residues 309 
and 312 (13). In our model of full-length 
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Ets-1 (Fig. 4), the  NH2- termina l  inhibi tory 

region makes intramolecular contacts w i t h  

the  COOH- te rm ina l  inhibi tory region and 

the ETS domain  in the  absence o f  DNA 
(27). In support o f  this proposal, NMR stud- 

ies and model ing o f  t he  secondary structure 

elements o f  AN280 suggest tha t  t he  t w o  

helices within the NHz- te rm ina l  inh ib i to ry  

region interact directly with the  first he l i x  in 
the  ETS domain  and the  he l i x  in the 

COOH- te rm ina l  inh ib i to ry  region, possibly 

forming a four-helix bundle (26). DNA 
binding allosterically alters these structural 

elements. Specifically, t he  a he l i x  at  residues 

303 t o  310 w i t h i n  t he  inhibi tory region un- 
folds. Refolding restores t he  re~ressed state. - 
thereby causing the  dissociation o f  the  

DNA-p ro te in  complex. Stabil ization o f  the  

derepressed conformat ion by a partner pro- 

t e i n  may serve t o  couple b ind ing t o  adjacent 

transcription factors. T h e  localized unfolding 

could create a h inge that  facilitates interac- 

t ions w i t h  the  Dartner. Al temat ivelv.  t he  , . 
inhibi tory sequences could be the contact 

surface for t he  interact ion w i t h  t he  partner 

protein. Thus, i nh ib i t i on  could be relieved 

by  protein-protein interactions w i t h i n  a reg- 

ulatory pathway. 

Our findings demonstrate tha t  Ets-1 con- 

tains a n  inhibi tory sequence that  becomes 

disordered upon  DNA binding. In contrast 

t o  previous studies o f  transcription factors 
(28), b o t h  specific and nonspecific DNA 
can  act as effectors o f  Ets-1 conformational 

Unfolded 9 

Fig. 4. Model for the allosteric effects of DNA on 
Ets-l structure and function. In the absence of 
DNA, the NH,-terminal inhibitory region interacts 
with the ETS domain and the COOH-terminal in- 
hibitory sequences through intramolecular con- 
tacts (26, 27). The unfolding of an a helix within the 
inhibitory region accompanies DNA binding and 
transiently relieves inhibition. The unfolding of the 
inhibitory region could also expose a putative pro- 
tein-protein interaction domain. This altered con- 
formation could be stabilized by a protein partner 
such that the ETS domain of Ets-1 attains high- 
affinity interactions with DNA. 

change. Consequently, sampling o f  the  dere- 

pressed conformat ion can  precede specific 

site recognition. Our results also are dist inct  

f rom structural and biophysical analyses o f  

specific DNA-p ro te in  interactions that  im- 
plicate local  fo ld ing as a key t o  site-specific 

DNA recogni t ion (29, 30). A l t hough  many 

D N A - b i n d i n g  proteins fo ld  u p o n  contact 

with DNA, our f indings provide evidence 

that  the  inh ib i to ry  region o f  Ets-1 unfolds 

upon  DNA bind ing (3 1 ). Th i s  unfolding 

represents a distinct mechanism for regulat- 

i n g  transcription factor activity. ~ u t o i k h i b i -  

torv domains also have been described in 
kinases, phosphatases, and a calmodulin-de- 

pendent CaZ+ pump (32). Allosterically in- 
duced conformational change has been im- 
plicated in the derepression o f  these pro- 

teins. Our study o f  Ets-1 demonstrates tha t  

conformational equil ibria can  also govem 

the repression and derepression o f  transcrip- 

t i o n  factor-DNA interactions. 

Note added in broof: T h e  B a m  HI-DNA . , 
complex  has recent ly been  solved by crys- 

ta l lography (33). T h e  structure reveals 

t h a t  a n  ordered a h e l i x  a t  t h e  COOH- 
terminus o f  t h e  free p r o t e i n  unfolds u p o n  

DNA binding. 
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A Specialized Pathway Affecting Virulence 
Glycoconjugates of Leishmania 

Albert Descoteaux," Ya Luo, Salvatore J. Turco, 
Stephen M. Beverley? 

For virulence and transmission, the protozoan parasite Leishmania must assemble a 
complex glycolipid on the cell surface, the lipophosphoglycan (LPG). Functional comple- 
mentation identified the gene LPG2, which encodes an integral Golgi membrane protein 
implicated in intracellular compartmentalization of LPG biosynthesis. lpg2- mutants lack 
only characteristic disaccharide-phosphate repeats, normally present on both LPG and 
other surface or secreted molecules considered critical for infectivity. In contrast, a related 
yeast gene, VAN2IVRG4, is essential and required for general Golgi function. These results 
suggest that LPG2 participates in a specialized virulence pathway, which may offer an 
attractive target for chemotherapy. 

I n  Leishmania, developmentally regulated 
glycoconjugates are essential during the in- 
fectious cycle. LPG, the major cell surface 
glycoconjugate of promastigotes, is a multi- 
functional virulence determinant required 
for develo~ment within the flv. resistance , , 
to complement in the bloodstream, and 
establishment of the infection within the 
macrophage (1, 2). In L ,  donowani, LPG 
consists of a phosphoglycan polymer of re- 
peating disaccharide-PO4 units [Gal(@l- 
4)Man(al-PO4-6)] (where Gal is galactose 
and Man is mannose) attached bv means of 
a glycan core to an unusual phosphatidyl- 
inositol (PI)-lipid anchor (2). These com- 
ponents occur on other parasite molecules 
(sometimes with further modifications), 
and their ex~ression can be constitutive or 
specific to a particular stage (2-5). 

LPG is experimentally attractive because 
its biosynthesis can be studied in vitro and 
lpg- mutants can be readily generated (6- 
8). We recentlv demonstrated the feasibilitv 
of functional genetic complementation in 
Leishmania by identification of LPGl, which 
mediates addition of the Gali moiety (where 
"f" indicates furanose) within the LPG gly- 

A. Descoteaux and S. M. Beverley, Department of Bio- 
logical chemistry and Molecular Pharmacology, Harvard 
Medical School, 240 Longwood Avenue, Boston, M& 
021 15, USA. 
Y. Luo and S. J. Turco, Department of Biochemistry, 
University of Kentucky Medical Center, 800 Rose Street, 
  ex in at on, KY 45036, USA 

'Present address: McGill Centre for the Study of Host 
Resistance, Montreal General Hospital, 1650 Cedar Av- 
enue, Montreal, Quebec H3G 1A4, Canada. 
tTo whom correspondence should be addressed. 

SCIENCE VOL. 269 29 SEPTEMBER 1995 

can core (9, 10). LPGl thus represents a 
class of genes (class I) encoding LPG biosyn- 
thetic enzymes. Here, we report a second 
class of LPG mutants that affect compart- 
mentalization and LPG assembly. These 
genes are functionally distinct from those 
affecting protein secretion and glycosylation. 

The mutant C3PO svnthesizes a truncat- 
ed LPG containing only the glycan core 
and lipid anchor and lacking repeating 
units (8,  11). A wild-type L. donowani cos- 
mid library in the shuttle vector cLHYG 
was introduced into C3P0, and LPG+ trans- 
fectants were recovered by antibody pan- 
ning (9,  10, 12). From these, four cosmids 
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Fig. 1. Functional and physical mapping of LPG2. 
(A) Restriction map of the LPG2 locus. C3PO con- 
tained a deletion (indicated by parentheses) of 6.0 
kb containing LPG2 (black box). Repeating se- 
auences are indicated bv shaded boxes. W. wild 
tipe. (B) Position of the iour overlapping coshids 
recovered from LPGf C3PO transfectants. (C) Lo- 
calization of LPG2 by deletional analyses. The in- 
dicated restriction fragments were tested for LPG 
expression after cloning into appropriate Leish- 
mania vectors (13). N, Not I; R, Eco RV; H, Hind Ill; 
S, Spe I. 




