
concentrations of active R in the plant. 
This conclusion is consistent with a model 
proposing that trichome initiation is gov- 
erned by transcription factors such as R or 
TTG plus GL1, a myb homolog required for 
trichome initiation along with TTG (23), 
and that a trichome can exert a local inhi- 
bition that prevents later developing cells 
nearby from producing trichomes. When 
this inhibition is attenuated a few cells 
away, another trichome is initiated, which 
in turn ~roduces a local inhibition. The 
data presented here are consistent with a 
model in which the cell fate decision to be 
or not to be a trichome hinges on a com- 
petition between positive regulators, such as 
R or TTG and GL1. and a local inhibition 
produced by a committed trichome cell. 
Alternatively, the local inhibition may 
work before the activation of R or TTG in 
the trichome determination pathway, inhi- 
bition that is bypassed by the ectopic ex- 
pression of R. 

Factors in addition to the expression 
patterns of GL1 or TTG dictate the regular 
pattern of trichome formation on the wild- 
type leaf surface. Hybridization in situ indi- 
cates that GL1 is expressed uniformly in the 
epidermis of leaf primordia before trichome 
initiation (24). Genetic mosaic analysis 
with GLl indicates that it acts locally (over 
no more than a few cell diameters) rather 
than over a long distance and that it may be 
strictly cell autonomous (25). The ttg gene 
is probably expressed in all leaf epidermal 
cells before trichome initiation. This ex- 
pression is suggested by the observation that 
anthocyanin production, which also re- 
quires TTG, can be seen in developing 
leaves before trichome initials are observed 
(1 7). In one described trichome spacing 
mutant, Try (25), trichomes occur in clus- 
ters. This mutant may be defective in the 
production of a repressor or in the signal 
transduction from the repressor to trichome 
initiation. 

Although the full-length GR can acti- 
vate 'transcription from a GR-responsive, 
element-containing promoter in tobacco 
protoplasts (83, no activation was seen in 
stably transformed Arabidopsis plants. The 
R-GR fusion described here may serve to 
stabilize the ligand binding domain of the 
GR. Fusion of the steroid binding domain 
of the GR to other developmental regula- 
tors, particularly transcription factors, can 
be Zvaluable research tool in plants and 
other multicellular organisms in which - 
transformation can be used to probe de- 
velopmental timing and the nature of po- 
sitional information. There are many oth- 
er steroid receptors that function in a 
manner similar to that of GR (26), and 
these may prove equally valuable as spe- 
cific conditional regulators of plant devel- 
opment or gene expression. 
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Vancomycin Resistance: Structure of 
D-Alanine:D-Alanine Ligase at 2.3 A Resolution 

Chang Fan, Paul C. Moews, Christopher T. Walsh, 
James R. Knox* 

The molecular structure of the D-alanine:D-alanine ligase of the ddlB gene of Escherichia 
coli, co-crystallized with an S,R-methylphosphinate and adenosine triphosphate, was 
determined by x-ray diffraction to a resolution of 2.3 angstroms. A catalytic mechanism 
for the ligation of two D-alanine substrates is proposed in which a helix dipole and a 
hydrogen-bonded triad of tyrosine, serine, and glutamic acid assist binding and depro- 
tonation steps. From sequence comparison, it is proposed that a different triad exists in 
a recently discovered D-alaninen-lactate ligase (VanA) present in vancomycin-resistant 
enterococci. A molecular mechanism for the altered specificity of VanA is suggested. 

T h e  bacterial cell wall and the enzymes 
that synthesize it are targets of many anti- 
bacterial agents, such as D-cycloserine, 
p-lactams (penicillins and cephalosporins), 
and glycopeptides (vancomycins). The con- 
struction of wall peptidoglycan requires a 
cross-linking of peptidyl moieties on adja- 
cent glycan strands by transpeptidation be- 
tween an amine group on one strand and 
the penultimate D-alanine of a D-Ala-D- 
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Ala terminus on an adjacent strand. The 
transpeptidase or transpeptidases that-cata- 
lyze this step are the target of p-lactam 
antibiotics (1,  2). Vancomycin-type antibi- 
otics, on the other hand, bind not to an 
enzyme but directly to the D-Ala-D-Ala 
terminus and inhibit cross-linking by the 
transpeptidase (3). In the face of p-lacta- 
mase production (4) and transpeptidase 
mutation (1, 2), an attractive enzymic tar- 
get for drug design is the D-a1anine:~-ala- 
nine ligase (DD ligase) that produces one of 
the components of peptidoglycan (5). 

Two isoforms of DD ligase from the ddlA 
and ddlB genes in Escherichia coli have been 
studied (6). The proposed mechanism for 
dipeptide formation begins with attack of 



the first D-alanine on the y-phosphate of produce tetrahedral adduct 1 that then 
adenosine triphosphate (ATP) to yield an eliminates phosphate to give the DD dipep- 
acylphosphate, followed by attack of the tide. The phosphinate analog 2 of the tet- 
amino group of the second D-alanine to rahedral adduct has been shown to be a 

Table 1. Crystallographic data, phasing, and refinement (29). Abbreviations are defined as follows: d,, 
is minimum ~raggspacing or A/2 sine, where A is the x-ray wavel-h and 8 is half the diffraction angle. 
R- = Lll, - JEI;, where I, is an individual intensit' observation and I is the averaged intensity. R, = LII, ",... , . 
- lPD11, + ipl, he re  1,; and I, are the derivat&e and native intensities, resp&ively. ~ha&ng-power'= 
IIFH(calc)l/Zlq, where FH is the structure factor of the heavy atoms and E (lack of closure error) = 
IF,(obs)l - IFW(calc)l. PIP is di-p,-iodobis(ethylenediiine)-di-platinum (11) nitrate, DMA is dimercury 
acetate, TMM is tetrakis(acetoxymercunimethane, and Pt(en)CI, is Pt(ethy1enediiine) dichloride. 

Measure- Reflec- 
Data ments Complete- R,, R, 

l/g(o ness (%) (%) (%) (number) (number) 

Phasing 
y w /  

resolution 0 
Native 2.3 
CH,HgOH 2.3 
PIP 3.0 
DMA 2.8 
TMM 2.8 
Pt(en)C12 2.9 
&U02F5 2.8 
KAU(CN), 3.0 

RQ. 1. (A) Stereoview of the complex of 
the E. cdi D-a1anine:Dalanine ligase with 
ADP and the phosph-te trensi- 
tion-state analog 3. Helices and f9 strancls 
are indiied by cylinders and arrows, re- 
spxtively. The NH,-terminal domain is at 
the top. The 206-to-220-residue kmp con- 
taining helm HQ is to the right of center. The 
picture was drawn with Ribbons 2.0 (28). 
(B) ADP and 3 in rektion to TyPg on the 
H9 helix. The view is approximately the 
same as that shown in (A). 

I 
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remarkably potent inhibitor (7), producing 
phosphinophosphate 3, which dissociates 
from the ddlA ligase so slowly (a time scale 
of days) that it causes timedependent in- 
activation (8). From an x-ray analysis (Ta- 
ble 1) of the ddB DD ligase (DdlB) in 

ATP ADP 0P032' I r 

WIB 
H3N+ 0 

complex with 3 and adenosine diphosphate 
(ADP), we propose a catalytic mechanism 
for the synthesis of D-Ala-D-Ala and pro- 
pose how another ligase (VanA) detected 
in the late 1980s can produce a D-A1a-D- 
Lactate depsipeptide (9), resulting in a 
strong resistance in Gram-positive entero- 
cocci to vancomycin, the backup antibiotic 
in cases of p-lactam resistance (10). 

The tertiary structure of the complexed 
DD ligase is shown in Fig. 1. The molecule 
is dimeric across the crystallographic diad, 
with Met75, Leu7', Vals8, MetE9, Ala9', 
Leu93, LeulOZ, and Leu1O3 forming the inter- 
face. Secondary structure elements (Fig. 2) 
are clustered into NH2-terminal, central, 
and COOH-terminal domains, each con- 
sisting of a sheet of at least four strands. 
The NH,-terminal P sheet differs from the 
other two sheets by having parallel P 
strands. Primarily, the central and COOH- 
terminal domains bind ATP or ADP. Sur- 
prisingly, the folding of DD ligase is found 
to be quite similar to that of E. coli gluta- 
thione synthetase (I I), despite their low 
sequence homology. Two important pep- 
tide segments in the synthetase could not 
be mapped (1 2), segments that we believe 
correspond in DD ligase to the two loops 
described below. 

ADP is sandwiched between two antipa- 
rallel P sheets, one each from the central 
and COOH-terminal domains. From an 
edge of the sandwich emanate two loops of 
residues 148 to 153 and 206 to 220 (Fig. 3). 
The first loop connects strands B6 and B7 
and contains Glu148-Gly-Ser-Ser-Val-Gly. 
Although this loop contains several gly- 
cines, like the so-called P loop of nucleo- 
tide-binding proteins (13), the glycines are 
not followed by the signature sequence Gly- 
Lys-Thr (Ser). The second loop between 
B10 and B11 contains short helix H9. The 
hydroxyl groups of SerlS0 and SerlS1 form 
three hydrogen bonds to H9 that hold the 



loops over the catalytic cavity. A solvent 
accessibility calculation shows that only 2% 
of the surface area of ADP or 3 is exposed, 
demonstrating that the loops would be ex- 
tremely effective in preventing solvent ac- 
cess to reactive intermediates. 

In ADP the adenine base is oriented anti 
to the ribose sugar, and the chi angle relat- 
ing them (04'-CS'-N9-C8) is 40". The 
pucker of the ribose ring is 3'  endo, and the 
conformation around the C4'-C5' bond is 
gauche+ (Fig. 4A). The adenine ring lies in 
a hydrophobic pocket formed by Ile142, 
Met159, and Phe209 (Fig. 4B). The  a and P 
phosphate groups form electrostatic links 
with Lysg7, .Ly~144, and Lys215 as well as a 
hydrogen bond with a main-chain N H  of 
Ser151. These and other interactions require 
the closing of the H9  loop (residues 206 to 
220), thought to be flexible and exposed in 
the uncomplexed enzyme ( 14). We  note 
that the invariant Lys144 is within the se- 
quence proposed (6) to be the ATP binding 
domain in other enzymes that bind acyl- 
phosphate intermediates. 

The  inhibitor S(S)-aminoethyl [2-car- 
boxy-2 (R)-methyl- 1 -ethyl] phosphinic acid 
(2)  is observed (Fig. 4A) as a phosphino- 
phosphate 3 arising from phosphoryl trans- 
fer from ATP (8). Two Mg2+ cations bridge 
between 3 and ADP. Electrostatic interac- 
tion of the inhibitor's a ammonium group 
with the carboxy! group of Glu15 (at a 
distance of 2.8 A) helps to orient the 
phosphinate (Fig. 4C). Its a-carboxylic 
acid group is held at the other end by 
hydrogen bonds to Ser281 and to the N H  
of Leu282. In the center, the terminal P-0 
bond accepts hydrogen bonds from an  

Fig. 2. Secondary struc- 
ture for the three do- 
mains (circled) of DD li- 
gase. Helices (Hn) and 
p strands (Bn) are indi- 
cated by rectangles 
and arrows, respective- 
ly. Structure assign- 
ments are as follows: 
residues 4 to 10, (Bl), 16 
to 32 (HI), 36 to 41 (B2), 
48 to 52 (H2), 57 to 61 
(B3), 71 to 79 (H3), 83 to 
85 (B4), 88 to 95 (H4), 97 
to 106 (H5), 113 to 117 
(B5), 1 19 to 124 (H6), 
128 to 137 (H7), 141 to 
145 (B6), 154 to 158 
(B7), 163 to 172 (H8), 
176 to 181 (B8), 186 to 
192 (B9), 197 to 206 

NH2 group of Arg255 and from the N H  of 
Glv276. W e  anticivate that the intermedi- 
ate 1 would be oriented analogously dur- 
ing a catalytic cycle. 

Determinants of inhibitor or substrate 
chirality are Va118 and Leu282, which con- 
tact the NH2- and COOH-terminal D-cen- 
ter methyl groups, respectively. Little empty 
svace exists around the NH,-terminal 
methyl group, as expected fromL the high 
specificity for a methyl substituent at this 
position (15). A conserved His63 is an- 
chored by hydrogen bonds so that its ring 
plane is almost perpendicular to this D- 
methyl bond. There is more space around 
the COOH-terminal methyl group, in ac- 
cord with the finding that other phosphi- 
nates having larger substituents at this D 
center (such as thiomethyl and n-heptyl) 
are also effective inhibitors (7). The prox- 
imity of the Tyr216 hy4roxyl group to the 
methylene group (3.5 A )  of 3 indicates a 
probable interaction with the COOH-ter- 
minal D-alanine substrate. 

O n  thb basis of the binding of the tetra- 
hedral analog 3 and ADP observed here, we 
can propose a mechanism for the specificity 
and sequential participation of two D-ala- 
nine substrates, the first of which acts as an  
electrophilic partner and the second as a 
nucleophilic partner in the condensation. 
The first D-alanine is activated as the 
acylphosphate (Fig. 5). After the a-ammo- 
nium group of this ( N H  terminal) D-ala- 
nine is positioned by GI:'', the hydrogen 
bond interactions that are shown would 
anchor and polarize a C - O  bond of the 
carboxylic acid group to set up the other 
carboxylate oxygen atom to attack the 

y-phosphate of ATP. This phosphate trans- 
fer step is assisted by the Mg2+ cations 
observed in the complex and yields D-alanyl 
acylphosphate, now activated for transfer to 
the a-amino group of the second D-alanine. 
The (COOH-terminal) D-alanine is orient- 
ed by the macrodipole moment of helix 
HIS and then hydrogen-bonded by Tyr216, 
Ser281, and The  positioning of the 
phenolic O H  of Tyr216, in turn, is con- 
trolled by the hydrogen bond triad of Glul5- 
Ser150-Tyr216 seen in the phosphinate com- 
plex. How deprotonation of the a-NH,+ 
group of this D-alanine (pK, - 10.5) occurs 
is not clear, but it is facilitated by interac- 
tion with the triad and by the dipole field of 
helix H11. This process is the requisite step 
for the generation of the nucleophilic 
a -NH2 form to attack the electrophilic car- 
bony1 center of the D-alanyl acylphosphate. 
This reaction leads directly to  intermediate 
1, where Arg255 and the N H  of Gly276 
would stabilize this high-energy species, in 
an  analogy to the observed interaction with 
3. Decomposition of 1 with the loss of 
phosphate yields D-Ala-D-Ala. The antibi- 
otic and known inhibitor of DD-ligase, D- 
cycloserine (15), can be shown by modeling 
to form similar interactions with this envi- 
ronment, especially in the NH2-terminal 
D-alanine site. 

One  of the corollaries of the structure of 
the complex of DD-ligase with 3 is the 
insight it may provide into the molecular 
basis of clinical resistance to the vancomy- 
cin antibiotics (1 6-18). In  Gram-positive 
bacteria that have developed vancomycin 
resistance, a set of five genes is necessary 
and sufficient to bring about this trait. One  

(BIO),' 2 i 2  to 21 7 (H9), 
221 to 225 (B1 I ) ,  231 to 
247 (HI O), 253 to 260 (B12), 265 to 272 (B13), 282 to 289 (Hl I ) ,  294 to 303 (H12). The abbreviations Ad, 
Rb, and P show the approximate locations of adenine, ribose, and phosphate groups, respectively, in the 
ADP and phosphinophosphate 3 (DD-P-P), and Ct is the cleavage position of the native enzyme by 
chymotrypsin. Points of insertion in the VanA ligase are predicted near 52 and 194. Helix H7 may be 
deleted in VanA. 

Fig. 3. Hydrogen bonds holding loops 148 to 153 
and 206 to 220 over the nucleotide and substrate 
cavity. Differences thought to exist in VanA are 
K215E and Y216K (20). 
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Fig. 4. (A) Difference electron density of ADP and phosphinophosphate 3, bridged by two Mg2+ cations. 
Coefficients are IF,I - IF,I with both molecules excluded from the phasing. The contour level is 40. (B) 
Environment around the ADP molecule. Possible interactions are indicated by dashed lines. (C) Environ- 
ment of the phosphorylated 1 (S)-aminoethyl [2-carboxy-2(R)-methyl-1 -ethyll phosphinic acid 3. Water 
molecules are indicated by W. Hydrogen bond distances in the triad y216 to S1= and S1= to El5 are 2.8 
and 2.6 A, respectively. 

Fig. 5. Proposed cata- 
lytic mechanism for the 
formation of D-Ala-D- 
Ala by DdlB DD liase. 
Helix HI 1 is represent- 
ed by the rectangle. 

- H-N 
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of those gene products, VanA, is a DdlB 
homolog that nevertheless shows altered 
specificity and functions as a depsipeptide 
ligase, making the ester D-Ala-D-lactate 
(9). The ester is able to serve as a transpep- 
tidase substrate for the final cross-linking of 
the cell wall. The D-lactate ester has at least 
1000-fold lessened binding affinity with 
vancomycin than has the normal acyl D- 
Ala-D-Ala (3, 9, 18). 

The sequence of the enterococcal 
VanA ligase (1 6) has 28 to 32% identity, 
or about 45% similarity, with the DdlB DD 
ligase. Examination of their alignment in 
view of this crystal structure, as well as 
proteolysis and photoaffinity-labeling 
studies of DdlB (14), suggests that the 
tertiary structures of the two ligases are 
similar (19). The critical Glui5, SerI5O, 
and Segsi are conserved, as are most res- 
idues shown in Fig. 4, B and C. Notable 
differences occur at DdlB positions 215 
and 216 on the important H9 loop (20) 
near the bound inhibitor (Fig. 1B). The 
difference at 215, a radical change of Lys 
to Glu, may be compensated by a Leu-to- 
Arg change at position 282. An electro- 
static linkage between 215 and the nearby 
282 would anchor the H9 loop and con- 
tain the hydroxy acid substrate in the 
catalytic site. Functionally, a more signif- 
icant change in the VanA catalytic site 
may be the substitution of Lys for Tyr2I6. 
Given the role proposed in Fig. 5 for the 
phenolic OH of TySl6, the presence of 
the cationic Lys in VanA is intriguing. 
Even with differences at positions 215, 
216, and 282, each ligase conserves a net 
positive charge near the phosphate groups 
of ATP and ADP, as well as a hydrogen 
bond between an ammonium group and an 
oxygen atom (Fig. 6). The direction of this 
interaction is simply reversed in the two 
enzymes. 

Mechanistically, the e-NH3+ group of 
Lysti6 (DdlB numbering) in VanA could be 
the molecular gate that disfavors the bind- 
ing of D-alanine by electrostatic repulsion 
toward its a-NH3+ group and instead favors 
productive hydrogen bonding of the a-OH 
of D-lactate. The lysyl-e-NH,+ group could 
serve another role by assisting deprotona- 
tion of the less acidic a-OH group of D- 
lactate (pK, - 14), a reaction apparently 
not attainable by the Tyr216 conserved in 

Fig. 6. Comparison of proposed ligation steps in 
(A) wild-type DD ligase and (B) VanA. 

SCIENCE VOL. 266 21 0CTOBER 1994 



wild-type ligases. Thus, the change at posi- 
tion 216 may determine the activation en- 
ergy and whether D-alanine or D-lactate is 
attached to D-alanyl acylphosphate, leading 
to ~-Ala-D-Ala and ultimate vancomycin 
sensitivity or to D-Ala-D-lactate and van- 
comycin resistance. 

T o  the extent that 1 would be oriented 
as is 3 in the active site, the role of several 
residues in catalysis and specificity are im- 
plicated and will be subsequently tested by 
mutagenesis. The structure-based design of 
novel inhibitors should now-be possible for 
both wild-type DD ligases and modified li- 
gases arising under the pressure of vanco- 
mycin usage (10, 18). 
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c-Fos: A Key Regulator of Osteoclast-Macrophage 
Lineage Determination and Bone Remodeling 

Agamemnon E. Grigoriadis, Zhao-Qi Wang, Marco G. Cecchini, 
Willy Hofstetter, Rolf Felix, Herbert A. Fleisch, Erwin F. Wagner* 

Mice lacking the proto-oncogene c-fos develop the bone disease osteopetrosis. Fos 
mutant mice were found to have a block in the differentiation of bone-resorbing oste- 
oclasts that was intrinsic to hematopoietic cells. Bone marrow transplantation rescued the 
osteopetrosis, and ectopic c-fos expression overcame this differentiation block. The lack 
of Fos also caused a lineage shift between osteoclasts and macrophages that resulted 
in increased numbers of bone marrow macrophages. These results identify Fos as a key 
regulator of osteoclast-macrophage lineage determination in vivo and provide insights 
into the molecular mechanisms underlying metabolic bone diseases. 

T h e  c-FOS oncoprotein is a component of 
the AP-1 transcription factor complex and 
is a member of a multigene family, includ- 
ing the fos-related (fosB, fra-1, fra-2) and 
jun-related (c-jun, junB, junD) genes ( 1 ). 
The function of Fos is dependent on forma- 
tion of heterodimers with specific Jun pro- 
teins, but also with other leucine zipper- 
containing molecules, and subsequent bind- 
ing to  specific regulatory sequences ( 1 ). 
Because different dimer combinations can 
confer AP-1-dependent gene transcrip- 
tion in different cell types, it is a challenge 
to  identify the biological processes in 
which the individual AP-1 family mem- 
bers are essential molecules, as opposed to 
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those in which specific gene function may 
be redundant. 

Overexpression of c-fos in transgenic 
and chimeric mice causes osteosarcomas 
and chondrosarcomas through mechanisms 
that involve specific transformation of os- 
teogenic and chondrogenic cells, respec- 
tively (2, 3). Mice lacking Fos develop 0s- 
teopetrosis as a primary pathology and also 
exhibit altered hematopoiesis (4). The he- 
matopoietic defects are secondary to the 
altered bone environment, because Fos mu- 
tant hematopoietic stem cells are capable of 
reconstituting lethally irradiated wild-type 
mice (5). However, the causal role of Fos in 
osteopetrosis is not yet known. 

Mammalian osteopetroses are disorders 
of bone metabolism characterized by a re- 
duction in osteoclast function, resulting in a 
net increase in skeletal mass (6). Bone re- 
modeling is a dynamic process whereby 0s- 
teoclastic bone resorption is tightly coupled 
to  osteoblastic bone formation (7, 8) .  
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