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Solution Structure of the Glucocorticoid Receptor 
DNA-Binding Domain 

The three-dimensional structure of the DNA-binding domain (DBD) of the glucocor- 
ticoid receptor has been determined by nuclear magnetic resonance spectroscopy and 
distance geometry. The structure of a 71-residue protein fragment containing two 
"zinc finger" domains is based on a large set of proton-proton distances derived from 
nuclear Overhauser enhancement spectra, hydrogen bonds in previously identified 
secondary structure elements, and coordination of two zinc atoms by conserved 
cysteine residues. The DBD is found to consist of a globular body from which the 
finger regions extend. A model of the dimeric complex between the DBD and the 
glucocorticoid response element is proposed. The model is consistent with previous 
results indicating that specific amino acid residues of the DBD are involved in protein- 
DNA and protein-protein interactions. 

T HE GLUCOCORTICOID RECEPTOR 

belongs to a family of ligand-induc- 
ible nuclear transcription factors that 

include the steroid hormone, thyroid hor- 
mone, retinoic acid, and vitamin D3 recep- 
tors. A1 members of this superfamily con- 
tain a highly consenled DNA-binhng do- 
main that consists of about 70 residues and 
mediates specific binding to hormone re- 
sponse elements on  DNA (1). Protein frag- 
ments containing the glucocorticoid recep- 
tor DBD expressed in Eschericlzin coli eshibit 
sequence-specific binding to glucocorticoid 
response elements (GREs) (2, 3). These 
protein fragments contain nvo zinc atoms, 
tetrahedrally coordinated by conserved q s -  
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teine residues, that are required for proper 
folding and DNA binding (2). The presence 
of zinc-binding domains is reminiscent of 
the "zinc finger" motif found in Xenop~rs 
TFIIIA ( 4 ) .  as well as similar domains found 

~ , '  

in retroviral nucleic acid binding proteins 
(5). However, the hormone receptor zinc- 
coordinating regions are not hom~logous  to  
these other zinc fingers, suggesting that the 
DNA-binding domain of the steroid and 
thyroid hormone receptors constitutes a dis- 
tinctive structural motif (6) 

We have studied nvo protein fragments 
containing the glucocorticoid receptor 
DBD using nvo-dimensional nuclear mag- 
netic resonance (2D NLMR) and distance 
geometn (DG) These fragments contain 
93 and 115 residues, respectively, with a 

Fig. 1. The segment Cys4" to 
,%g5" of the rat glucocorticoid re- 
ceptor DNA-binding domain 
(Cys"' to of the human 
glucocorticoid receptor) for which 
the three-dimensional structure is 
presented here (8). The boxed resi- 
dues indcate amino acids that are 
essential for dscrimination be- 
nveen glucocorticoid and oestro- 
gen response elements (GRE and 
ERE) (26). The circled residues in- 
dicate the segment that is important 
(25) 

for protein-pro 

Finger 1 Finger I I  

Residue number 

Fig. 2. Diagonal plot indcating residues bemeen 
~vhich NOES have been found. Secondary struc- 
ture elements and zinc coordmation within the 
nvo finger domains (19) has also been indcated. 

common sequence encompassing the Cys440 
to 1le5I9 and to 11e500 segments of the 
rat and human glucocorticoid receptors, re- 
spectively (7 ,  8). The structural studies focus 
on the 71-residue segment Cys440 to ArgSI0, 
which includes the nvo zinc-coordinating 
finger regions (Fig. 1 ) .  Sequence-specific 
assignments of more than 90% of all obsew- 
able 'H resonances within this segment 
were obtained with the use of 2D double 
quantum filtered correlated spectroscopy 
(DQF-COSY), homonuclear Hartmann- 
Hahn spectroscopy (HOHAHA),  and nu- 
clear Overhauser enhancement spectroscopy 
(NOESY). The resonance assignments (9) 
were carried out with the use of well-estab- 
lished procedures (10, 11). 

Several elements of secondan structure 
within the Cys440 to Arg5I0 segment could 
be identified based on  characteristic patterns 
of NOE connectivities (10). These elements 
include nvo a-helical regions encompassing 
~ e r ~ ~ ~  to G ~ u ~ ~ ~  and Pro493 to a type 
I reverse turn benveen residues to  
C ~ S ~ ~ ' ,  a n p e  I1 reverse turn between resi- 
dues L ~ u ~ ' ~  to ~ l y ~ " ,  a short stretch of 
antiparallel P sheet involving residues Cys440 
and Leu441 and L ~ u ~ ~ ~  to Cys4", as well as 

~tein interactions in the dimeric DBD-GRE complex 
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several regions of mended peptide confbr- Fig. 3. Po@& 
mation. No evidence for a-helical domains a fvluly of nine sum* 

d i s t a n c e g e o ~ ~ ~ f o t t h e  could be found within the two finger re- gl-tticoid rrccptor DNA- 
gions. The identification of secondary struc- binding domain (-dUCS c y p  to 
ture elements a h  revealed that the pattern Arg14. The view is approximately 
[finger-helix-extended region] is repeated the same as in Fig. 4 ( 1 ~ ~ ) -  
twice within the DBD. Long-range NOEs 
resulting from protein folding can be found 
within and between these distinct regions 
(Fig. 2). For instance, NOEs are found 
within the two finger regions, between the 
two helical domains, between the first finger 
and the extended carboxyl-terminal region, 
as well as between the two finger regions. 

The three-dimensional protein structure 
was determined with DG and distance 
bounds driven dynamics (DDD) (12) based 
on NOE connectivities, hydrogen bonds 
within identified secondary structure ele- 
ments, and zinc atom coordination by Cys 
sulfurs. The structure dewmination is based that this residue therefore cannot be in- procedure (22), followed by 300 steps of 
on a set of 470 nonredundant NOE connec- volved in zinc complexation (19). This con- conjugate gradient optimization of the DG 
tivities, including 194 sequential, 70 medi- clusion is strongly supported by recent stud- constraint function (12). All DG structures 
urn-range, and 134 long-range NOEs (13). ies of mutant DBD hgments in which each were fiuther subjected to 500 + 500 steps 
The NOE intensities were converted to u p  of the residues Cys4=, Cys495, and cys500 of DDD at 300 and 1 K, respectively, to 
per distance bounds with the use of initial was replaced by Ser, showing that only obtain a more &dent sampling of "al- 
NOE buildup rates obtained frorn NOESY Cysm can be replaced without obstructing lowed" confbrmations (23). The DG calcu- 
spectra recorded with different mixing times the protein folding (20). DG calculations lations yielded protein structures with an 
(14) and calibrated versus known intraresi- that used tetrahedral zinc coordination average root-mean-square (rms) &ence 
due and sequential proton-proton distances within the second finger and excluded either between peptide backbone atoms of 1.55 A 
(15). The NOEs for which no reliable build- Cys492, Cys495, or Cysm yielded values of (Fig. 3). Structures that had been subjected 
up curves could be obtained were assumed the DG error function that sigdicantly to DDD showed somewhat larger rms dif- 
to represent a distance of 5 5  11 Pseudo- favoredthe latter alternative (21). Zinc coor- ferences (2.02 A). The structure within a 
atom corrections were added for prochid dination invol ' residues Cys476, Cysm2, region forming a globular protein body (see 
methylene groups, methyl groups, Phe and Cys4=, and 395, but m Cys500, are below) is determined with a higher -1u- 
Tyr 2,6 and 3,5 ring protons, and Leu therefore also consistent with NMR data. tion (backbone rms diil'erences of 1.32 A 
dimethyl groups (the eight Val methyl Metric ma& DG was performed with an after DG embedding and optjmization and 
groups could be stereospecifically assigned) algorithm based on the original "embed" 1.52 A a f k  DDD). These data show that 
(16). Lower distance limits were in all cases 
taken as the sum of the van der Waals radii 
of the atoms or groups involved. The NOE 
constraints were supplemented by 18 amide- 
carbonyl hydrogen bonds (17) within sec- 
ondary structure elements that could be 
identified frorn sequential NOE connectivi- 
ties (two a helices, two reverse turns, and a 
short stretch of antiparallel B sheet). 

Initial calculations showed that the DG 
structures could be further refined by in- 
cluding the eEect of zinc coordination by 
conserved Cys residues. Tetrahedral zinc 
coordination was imposed by enfbrcing dis- 
tance bounds of 3.83 2 0.02 A (18) be- 
tween the sulfurs of Cysm, Cys443, Cys457, 
and Cysm in the first and C ~ S ~ ' ~ ,  
Cyse2, Cys4=, and Cys% the second 
finger. The zinc coordination scheme within 
the second finger region has been the sub- 
ject of some discussion, because this region 
con- five conserved Cys residues. How- Fig. 4. Ribbon model of the glumcorticoid receptor DNA-binding domaio with two tcahcdrally 
ever, s i t e - d i d  dear- coordinated zinc atoms. The view to the lcft is ofthe flat surface showing the protein body in the center 

with the first and second finger rrgions to the uppcr nght and upper left, respectively. The view to the 
ly wm can be nght is through the first helix (Sdg to Glu0), which is taken as a recognition helix in our model of 
replaced by Ala or Scr without s w a t  the DBD-GRE complex (Fig. 5). ~ h c  colors refa to the segments cysUO to Wrn (red) and GI@' to 
loss of glucocomcoid receptor function and A g o  (green), including the first and second finger regions, respectively. 

SCIENCE, VOL. 249 



the present set of distana constraints is 
sdiaent to describe the backbone folding 
of the DBD. 

The DBD structure is shown in more 
detail in Fig. 4. Thc protein fngment has an 
overall oblate shape with long and short axis 
diameters of about 35 and 20 4 respective- 
ly. One face is almost completely flat, where- 
asdxotherisintheshapeofaconc.The 
two a helices are oriented perpendicular to 
each other, with hydrophilic surfaats ex- 
po& to the solvent. Thc a-helical regions 
and the extended peptide regions following 
cach helix fbrm a compact protein body. 
Thisbody,whichisbetterdemminedthan 
the finger regions, is almost spherical with a 
diameter of about 20 A. Several of the 
conserved hydrophobic residues, indu 9 Tyr452, phem,  he^^, ~ a l ~ ~ ' ,  I h4  , 
T#'~, Tyr'97, Leum1, ~ e t ? ,  and LeusoB, 
form a hydrophobic core. The two zinc 
atoms are located outside the body, dose to 
the flat surface, at a distana of about 13 A 
fhm cach other. Tht first finger domain is 
foldedontopofthebodyandmaktsseveral 
contacts with the two helices and the car- 
boxyl-tcrminal extended region. The sccond 
finger extends out h m  the body in two 
loop famed 3 the s e p e m  Ala4" to 
Asp4" andIle toAsn '.There arealso 
contacts between the two do- 
mainly involving residues V z a n d  CysU3 
and to 11e4rn. 

The struaurc of the DBD combined with 
genetic and biochemical data allow us to 
propose a model for the DBD-GRE com- 
plex. Thc recombiit DBD fngments 
studied here bind selectively to GRE DNA 
sequences that generally appear to consist of 
two half-site hexamers seprated by duct 
base pairs with a consensus sequence of 
GGTA- (where N is any 
nudeotide). A n u m b  of properties of the 
DBD-GRE complex were considered. First, 
DBD binds to the two GRE half-sites in a 
"paative manner (24). Also, substitution 
of Ala4" to Asp48' With the corresponding 
segment of another reseptor yields a protein 
that racognizcs the GRE, but binds without 
cooperativity. Residues within this scgmcnt 
may theretbre be demmhmts for protein- 
protein interactions in the dimaic complex 
(25). Second, duct residues (458,459, and 
462) near the first zinc coordination site 
dkaimhte between glmrt icoid  and es- 
trogen response elements (26). Since the 
difhences between the GRE and ERE (es- 
trogen response element) can be fbund in 
the third and fourth base pairs of the two 
half-sites, it is conceivable that the three 
identified residues (or immediately adjacent 
a m h  acids) may aaually contact these base 
pairs. Third, "missing basc" contact and . 
phosphate ethylation intcrkena analyses 

show that the two DBD ~nolecules interact 
with the major grooves of the GRE half- 
sites and that contacts are made with the 
corresponding phosphate group located on 
the same face of the DNA (27). 

A model ofthe DBD-GRE complex con- 
sistent with these observations is shown in 
Fig. 5. In this model, the a helix encompass- 
ing residues ern to G ~ u ~ ~ ~  is taken as a 
"recognition helix" located in the DNA 
major groove, with residues ~ l ~ ~ ~ ~ ,  Ser4rn, 
and vale in dose spatial proximity to the 
two middle AT base pairs of the GRE half 
sites. With this location, LyP1, L ~ S ~ ,  and 
~ 4 1 - g ~ ~ ~ ~  which are conserved within the fam- 
ily of glucommcoid, eswgcn, and andro- 
gen receptors, can contact other bases with- 
in the GRE or the DNA phosphate back- 
bone. The size and shape of the DBD makes 
it possible to orient the two monomers to 
fbnn protein-protein contacts involving the 
segment that is important for cooperativity. 
Furtherfeature!s ofthis model include sever- 
al favorable electrostatic interactions be- 
tween charged Arg, Lys, and His residues 

~ . 5 . M d o f t h e d i m r i c ~ I n ~ t h e  
ghmmahid raxptor DBD aad the glucounti- 
coid rcsponse clcmcat (GRE). The GRE consen- 
sus scquaux is 5'-NNGGTACANNNTGITCX- 
NN-3'. Thc DBD d d w  essential hr diraimi- 
n a t i o n k t w c c n ~ d a l l d ~ r c -  
spoasc clcmcata (GRE and ERE) (26) as well as 
rwoATbePcpairsinthc~mofe?chofthc 
GREhalf-sitcs, i n d i c a t i n g t h e ~ ~ c s  bcrwccn 
thisGREandtheconscnsusEREscqucnaquc 
cobrrdind.DBDrcsid~~~)mt&scgmarethat 
arc importvlt fw proain-protein interactioap 
(25) ue c o b d  in green. 

and the DNA phosphates. Finally, we note 
that point mutants at positions 488, 489, 
and 491 within the second finger bind nor- 
mallytoGREsequencesbutfailtoenhance 
transuiption in vivo (28); these "positive 
control" dcfkcts have been interpreted to 
define a region of the receptor that may 
contact components ofthe d p t i o n  ma- 
chinery, thereby regdating initiation. In ow 
model,aminoacidsinthisregionofthe 
sccond finger extend away h m  the DNA 
and so are potentially available to interact 
with other proteins. 

We have presented a structure of the 
glucommcoid receptor DBD and a model 
ofthe DBD-GRE complex that is consistent 
with expahental data. The DBD is folded 
in a single domain with several contacts 
between the two zinc finger regions, in 
contrast to the common view that the two 
zinc fingers should represent distinct subdo- 
mains. The saucnue of the steroid and 
thyroid hormone receptor fingers are signif- 
icantly diEerent h m  that of the TFmA 
type fingers (29). The large degree of se- 
quena homology within the DBD between 
various manbers of the stemid and thyroid 
Edmily of hormone receptors strongly sug- 
gests that the DBD saucture of the other 
manbers of this family should be similar to 
the one we have presented. 
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Methyl Chloride Transferase: A Carbocation 
Route for Biosynthesis of Halometabolites 

Enzymatic synthesis of methyl halides through an S-adenosyl methionine transfer 
mechanism has been detected in cell extracts of Phellinus promaceus (a white rot 
fungus), Endocladia muricata (a marine red algae), and Mesembryanthemum crystallium 
(ice plant). This mechanism represents a novel pathway for the formation of halometa- 
bolites. The Michaelis constants for chloride and bromide ion and for S-adenosyl 
methionine in the reaction have been determined for the enzyme from E .  muricata. A 
recent survey of marine algae indicates that there may be a broad distribution of this 
enzyme among marine algae. 

T HE MOST ABUNDANT HAL.OHYDR0- 

carbon species in the upper auno- 
sphere is methyl chloride, and it is 

widely believed that biological synthesis is 
largely responsible for sustaining a global 
emission rate estimated to be 5 x lo6 tons 
of methyl chloride per year ( I ) .  The synthe- 
sis of methyl chloride by cultures of \vood 
rot h l g i  has been well documented (Z), and 
there have been isolated studies reporting 
the in vivo synthesis of methyl halides by 
marine macroalgae and phytoplankton (3). 
However, in vitro methyl chloride synthesis 
has not been reported. The established enzy- 
matic mechanism for the biosynthesis of 
halometabolites involves the hydrogen per- 
oxide4ependent oxidation of halides to 
form electrophilic halogenating species (4). 
The electrophilic halogen intermediate gen- 
erated in the peroxidase-reaction can react 
with a broad spectrum of nucleophilic ac- 
ceptors to form the halometabolites. In our 

Roger Adams Laboratory. D e p m e n t  of Blcxlhemisq. 
Un~versi? of Ilhno~s, Urbana. IL 61801 

l abo ra to~  we demonstrated the synthesis of 
one prevalent atmospheric halohydrocar- 
bon, methyltribromide, through the peroxi- 
datic route (5). In the synthesis of this 
compound, bromoperoxidase first catalyzes 
the multiple bromination of an activated 
methylene carbon atom adjacent to a ketone 
function (6). The enzymatic bromination 
reaction is followed by the nonenzymatic 
hydrolysis of the tribrominated methyl 
group to release methyltribromide in a clas- 
sical bromoform reaction. However, all of 
our attempts to detect monohalomethanes 
through chloro- or bromoperoxidase-type 
reactions have been unsuccessful. Thus we 
have recently turned our attention to a 
potential alternative route for the synthesis 
of methyl halides. White (7) has shown that 
when the h g u s  Phellit~us pomaceus is grown 
on deuterium-labeled glucose, serine, or me- 
thionine, the methyl chloride produced is 
also labeled. This obsen~ation is consistent 
with the methyl chloride being derived from 
methionine. A likely route for this reaction 
\vould be through the methyl donor, S -  

adenosyl methionine. We report the detec- 
tion and partial purification of a methyl 
transferase that catalyzes the methylation of 
chloride, bromide, and iodide ions. 

Methyl chloride transferase activity has 
been detected in cell-free extracts prepared 
from the fungus P.  pomaceus, from the ma- 

Table 1. .Methyl transferase activiv levels in 
whole cells and crude cell extracts. The activity 
measurements for fungal cells were obtained by 
growing cultures in 100 ml of 5% malt extract. 
100 mM KCI. 1% bactopeptone liquid media in 
sealed bottles. Gas samples were removed each 
day and analyzed as described in Fig. 1. Known 
amounts of methyl chloride in identically pre- 
pared bottles arere used as standards. The value 
reported here was the amount of methyl chloride 
obtained during peak production periods. The 
values for whole cells of E. rntrrrcata and M. 
cq~stallrtrm were obtained by incubating whole 
cells in 100 mM KC1 in gas-tight vials. Gas 
samples were analyzed as in Fig, 1 with known 
amounts of methyl chloride as standards. The 
values for all crude cell extracts were obtained by 
incubating the cell extracts in 4-ml reaction miu- 
tures containing 250 mM KCI. 500 )LM SAM, 
100 mM phosphate, p H  6.8. The P. pomacetrs cell 
extracts arere obtained by digesting cells with 10 
mg of Kovozyme 234 per &ter for 1 hour 
followed by removal of cell debris by centrifuga- 
tion. Cell extracts of E. rntrrrcata were obtained as 
in Fig. 1. Cell extracts of .$I. cq~stallrtrm were 
obtained by grindmg the cells in a Waring blend- 
er. Gas samples were analyzed in the same manner 
as those from whole cells. 

.Methvl chloride production 

Source L"nole cells Crude extract 
(pmol g-' (fmol m u - '  

dav-1) mg-') 

P ,  pumate~rs 7 25  
E. tnuricata 30 670 
M. cq~italli~rrn 19 3 




