
sisting of 50 mM tris (pH 8.0), 1% NP-40, 6 mM 
CHAPS, 150 mM NaCI, 5 mM EDTA, 0.5 mM Pefa-
bloc SC (Boehringer Mannheim), and aprotinin (50 
ixg/ml; Sigma). Cell lysates were precleared with 
protein G-Sepharose (Sigma) and incubated with 
mAb 2F7 at a final concentration of 0.5 |xg/ml for 6 
hours at 4°C. Protein G-Sepharose was added to a 
final concentration of 1 (xl/ml and immune complex
es were allowed to form overnight at 4°C. Immune 
complexes were collected by centrifugation, and the 
pellets were washed 20 times with 1 ml of lysis buffer 
and resuspended in SDS-PAGE buffer containing 
dithiothreitol. After incubation at 100°C for 5 min, the 
supernatants were transferred to new tubes and 
kept at -20°C for further analysis. Standard SDS-
PAGE was performed with 10% to 12.5% polyacryl-
amide gels. When required, proteins were silver-
stained with the Silver Stain Plus system (Bio-Rad). 
For sequence determination, the mAb 2F7 ligand 
was immunoprecipitated from PAM cells (2 x 1010), 
resolved by SDS-PAGE, and transferred to a polyvi-
nylidene difluoride membrane (Millipore). The elec-
troblotted 25-kD protein was excised after visualiza
tion with Amido black 10B (Bio-Rad). In situ digestion 
with trypsin was performed as described previously 
(23). Briefly, the excised band was treated with poly
vinylpyrrolidone to prevent binding of the enzyme to 
the membrane. Digestion with trypsin {1 |xg of 30 JJLI 
of 0.1 M TES [A/-tris(hydroxymethyl)methyl-2-amino-
ethanesulfonic acid (pH 8.0)]} was allowed to pro
ceed overnight. The supernatant was then fraction
ated by reversed-phase high-performance liquid 
chromatography. Fractions were collected manually 
based on absorbance at 210 nm. A fraction corre
sponding to a symmetrical peak was subjected to 
chemical sequence analysis on an ABI 470A protein 
sequencer (Applied Biosystems, Foster City, CA), 
and a unique sequence was obtained. The se
quence was compared to other known protein se
quences with the BLAST program (24). 

28. Paraformaldehyde-fixed and polyester wax-embed
ded. (25) day 14.5 whole embryo sections (10 |xm) 
were hydrated in ethanol, soaked in 0.1 M citrate 
buffer (pH 6.0), and subjected to microwave treat
ment for 2 min on the highest setting (Radarange 
1000W; Amana, IA). This treatment substantially im
proved the staining intensity obtained with mAb 2F7. 
The endogenous peroxidase activity was blocked, 
and the sections were incubated for 30 min in 2% 
FBS. The sections were then stained for 2 hours with 
biotinylated mAb 2F7, adjusted to 10 |xg/ml in 1% 
FBS, and washed. Binding was visualized with 
streptavidin-labeled peroxidase (Jackson Immu-
noResearch), followed by incubation in metal-en
hanced diaminobenzidine (Pierce). No staining was 
observed when mAb 2F7 was omitted from the pro
cedure. The sections were counterstained with he
matoxylin, dehydrated in ethanol, cleared with 
Hemo-De (Fisher Scientific, Pittsburgh, PA), and 
mounted with DPX reagent (British drug house). 

29. A complete murine CD81 complementary DNA 
(cDNA) was encoded by RT-PCR with oligonucleotide 
primers 5'-CGGAATTCATGGGGGTGGAGGGCTG-
3' and 5'-CGGAATTCTCAGTACACGGAGCTGTT-
C-3'. These primers were designed from the pub
lished murine CD81 gene sequence (9) and contained 
Eco Rl restriction sites for cloning purposes. The com
plete CD81 cDNA was introduced into the eukaryotic 
expression plasmid pcDNA3 (Invitrogen) at the Eco Rl 
site in the correct orientation for expression. We es
tablished stable CD81-expressing cells with Lipo-
fectamine-mediated (Life Technologies) transfection 
of CHO-K1 cells followed by G418 selection. CD81 
transfectants were selected by FACS after sequential 
incubations with biotinylated mAb 2F7 and fluorescein 
isothiocyanate (FITC)-streptavidin (Biomeda, Foster 
City, CA). Reaggregation cultures were performed as 
described (5). In brief, thymocytes (2 x 105) isolated 
from day 14.5 fetal thymus lobes were mixed with 
untransfectedorCD81 + CHO-K1 cells (1 x 105)cen-
trifuged at 2000 rpm for 2 min in a microcentrifuge 
(Eppendorf), and the pellet resuspended in complete 
DMEM-10% FBS (4 JJLI). Before reaggregation, thy
mus cell preparations typically contained 98% CD25+ 

cells and 2% CD81 + cells, as evaluated by FACS 
analyses. Cells were deposited in 1-|JLI drops on the 

surface of polycarbonate filters supported with surgi
cal Gelfoam (Upjohn) in complete DMEM-10% FBS (5 
ml) and cultured for 5 days. After culture, cell pellets 
were disaggregated by resuspension in complete 
DMEM-10% FBS and stained with phycoerythrin an
tibody to CD4 (anti-CD4) and Red 613 antibody to 
CD8 before FACS analysis. 
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Effect of Polymorphism in the 
Drosophila Regulatory Gene 

Ultrabithorax on Homeotic Stability 
Greg Gibson* and David S. Hogness 

Development is buffered against unpredictable environmental and genetic effects. Here, 
a molecular genetic analysis of one type of developmental homeostasis, the establishment 
of thoracic segmental identity under the control of the Ultrabithorax (Ubx) gene in Dro
sophila melanogaster, is presented. Flies were artificially selected for differential sensitivity 
to the induction of bithorax phenocopies by ether vapor. The experiments demonstrated 
that increased sensitivity to ether correlated with a loss of expression of UBX in the third 
thoracic imaginal discs and that a significant proportion of the genetic variation for 
transcriptional stability can be attributed to polymorphism in the Ubx gene. 

The specification of segmental identity in 
Drosophila depends on the coordination of 
complex expression patterns of homeotic 
genes in the Antennapedia and Bithorax 
complexes (I). This specification must also 
be a highly stabilized process, because mor
phological uniformity is produced despite 
environmental and genetic variation. How
ever, as was shown by Gloor (2), the spec
ification of segmental identity can never
theless be disrupted by exposure of early 
embryos to ether vapor, which induces 
bithorax phenocopies that resemble ho
meotic transformations caused by mutations 
in the regulatory regions of the Ubx gene 
(3). Waddington later showed, by selecting 
populations that exhibit increased or de
creased phenocopy frequencies, that genetic 
variation affects this process (4). 

Starting with an outbred population of 
flies (5), we performed a selection experi
ment similar to that described by Wadding
ton. The Ives strain is free from inversions 
and has been deliberately maintained with 
a high degree of heterozygosity (6). Embryos 
were collected at room temperature over a 
1-hour period, and 2.5 hours later (that is, 
3.0 ± 0.5 hours after eggs were laid) they 
were exposed to ether vapor for 10 min. 
More than 20 groups of about 400 embryos 
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were treated each generation; upon emer
gence, the adults were scored for bithorax 
phenocopies. More than 1500 adults show
ing identity transformations of the third 
thoracic segment (T3), ranging from ectop
ic sternopleurae to near-complete replace
ment of halteres by wings (Fig. IA), were 
selected for the next generation. Flies ex
hibiting such phenocopies were selected for 
eight generations. A steady increase in phe
nocopy frequency was observed in each 
generation (Fig. 2A, experiment 1), accu
mulating from 13% in the starting popula
tion to a plateau of 45%. Similar results 
were obtained in repetitions of the experi
ment 3 months later (Fig. 2A, experiment 
2) and 2 years later (7). By contrast, the 
frequency of bithorax phenocopies dropped 
steadily when flies were selected for resis
tance to ether treatment (Fig. 2A, experi
ment 3) by breeding only from nontrans-
formed flies. The results show that genetic 
variation exists for the propensity to exhibit 
ether-induced bithorax phenocopies in the 
Ives strain of D. melanogaster (8). 

Several observations implicate the Ubx 
gene in the response to selection, (i) Many 
loss-of-function mutations in Ubx produce 
bithorax transformations similar to the 
ether-induced phenocopies (9). (ii) Flies 
heterozygous for mutations in genes that 
regulate the activation and maintenance of 
Ubx expression (including hunchback and 
Polycomb) exhibit altered bithorax pheno
copy frequencies (10). (iii) Ether induced 
loss of UBX expression in patches within 
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the imaginal discs that generate the seg- 
ment (T3) affected by phenocopies (Fig. 1, 
B and C). After six generations of up-selec- 
t ion for phenocopies, ether induced this loss 
o f  U B X  expression and the phenocopies at 
about the same frequency (1 1 ). 

Our hypothesis is that the stability o f  a 
transcription complex that requires the 
regulatory regions in Ubx DNA for assem- 
bly can be affected by polymorphisms in 
these regions, or in the genes that encode 
the transcrivtion factors. or both. Ether 
may further destabilize the complex be- 
vond a threshold level. resultine in a loss " 

of  Ubx expression that i s  clonally propa- 
gated and causes spatially restricted bitho- 
rax transformations. 

We screened for polymorphic sequences 
in randomly chosen 500-base pair stretches 
of Ubx DNA, as well as in several other 
candidate eenes. A combination of volv- 
merase chain reaction (PCR)-based DNA 
amplification from genomic DNA prepared 
from individual flies, single-strand confor- 
mation polymorphism (SSCP) (12), and 
heteroduplex analysis was used to detect 
polymorphisms resulting from substitution 
of one or several nucleotides. The locations 
of four polymorphisms are shown (Fig. 2C) 
(13, 14). Ubx DNA (3) includes two large 
control regions (1.5), one upstream (UCR) 
and one downstream (DCR) of the tran- 
scription start site, that correlate, respec- 
tively, wi th the regions defined by the bxd- 
pbx and the abx-bx clusters of regulatory 
mutations (9). The abdominal A (abdA) 
gene is involved in the determination of 
abdominal segmental identities and has no 
known role in specifying the identity of T3 
(16). Polymorphism D/d is in the 3' un- 
translated trailer of Ubx, downstream of al l  
documented regulatory regions of Ubx (1 7). 
Polymorphisms C/c and A/a lie at opposite 
ends of the UCR: C/c maps next to the Ubx 

promoter and A/a maps some 30 kb from it. 
Polymorphism Z/Z i s  in the 5' untranslated 
leader region of the abdA gene (18). 

Pairwise linkage comparisons of these 
polymorphic markers were made from more 
than 100 chromosomes obtained from 72 
flies of the Ives strain (Table 1). Significant 

linkage disequilibrium (D) at better than 
90% power limits was observed among the 
markers within the Ubx gene, that is, for 
the AC, AD, Az, CD, and Cz pairs, for 
which the expression D = f(XY) - f(X) X 
f(Y) (where f i s  frequency) was significantly 

Fig. 1. Ether-induced phenotypes. (A) Photo- 
graph of a fly with an extreme bithorax pheno- 
copy, showing near-complete duplication of the 
dorsal mesothorax. The extra wing (W) is unin- 
flated, possibly because of an improper connec- 
tion to the trachea. SP, sternopleural bristles, 
characteristic of T2 legs; SC, scutellum. (B and C) 
lmmunohistochemical staining of UBX protein in 
third-instar haltere imaginal discs dissected from 
larvae with (C) and without (B) a 10-min exposure 
to ether at the cellular blastoderm stage. Arrows 
show patches in which UBX expression has been 
lost. Monoclonal antibody FP3.38 was provided 
by D. Brower, with rhodamine-labeled secondary 
antibody (Jackson Laboratory) used as previously 
described (75). 

Table 1. Disequilibrium statistics for the lves strain. For each of the first five painvise comparisons, AC, 
AD, Az, CD, and Cz, the x2 value implies P < 0.01, and the null hypothesis that D = 0 can be rejected. 
Two further statistics confirm that the observed linkage disequilibrium is real (79): In each case, n > nmin 
indicates that more gametes were examined than would be required to reject the null hypothesis with 
95% probability for the observed allele frequencies and value of D; and I DI > Dm, similarly indicates that 
the value of D is greater than that required to reject D = 0 for the given sample size. By contrast, the two 
flanking markers D and z have P > 0.8 for the xZ value with 1 degree of freedom, and there is no basis 
for rejecting the hypothesis that they are in linkage equilibrium. Results are shown for estimates of 
haplotype frequencies when double heterozygotes were excluded, but statistically similar conclusions 
were obtained when these were included in the analysis. The genetic distance from C to D is -0.7 
centimorgans (27). D = f (XY) - pu, wherep = f (X) and u = f (Y). D' = D/Dm,. Dm, = min b ( l  - u); 
(1 - p)u] if D > 0 or minbu; (1 - p)(l - u)] if D < 0. n = number of ametes scored; n,, = [10.51 p( l  
- p)u (1 - u)]/D2; x2 = nDZ/p (1 - p)u(l - u); Dm, = \/[10.51 p(lg- p)u(l - u)/n], 

Painvise 
comparison n D Dm, D ' xZ Dmin 

AC 118 (12) 0.222 0.232 0.96 104 0.071 
AD 1 26 (37) -0.122 0.132 -0.93 35 0.067 
Az 118 (61) -0.100 0.160 -0.62 20 0.071 
CD 108 (36) -0.126 0.136 -0.92 36 0.072 
CZ 104 (50) -0.107 0.137 -0.78 22 0.074 
Dz 1 10 (na) 0.005 0.115 0.05 0.06 0.069 

0 2 4 6 8 1 0  
Generation 

0.24 3 . . 
0 1 2 3 4 5 6 7  

Generation 

C Uhbithorax abdominal A 
DCR UCR 

abx bx bxd pbx jab-2 jab-3 

w 'w 

Fig. 2. Responses to selection. (A) Frequencies of 
bithorax phenocopies observed in each genera- 
tion. Error bars show one standard deviation unit 
around the mean of up to 20 individual treatments. 
Experiment 1 (A) and experiment 2 (A) involved 
selection for increased propensity to phenocopy. 
In experiment 3 (M), selection was for resistance to 
ether; because of the low percentages and rela- 
tively weak response, the length of ether treat- 
ment was increased from 10 to 12 min after the 
fifth generation (0). (B) Allele frequency shifts in 
response to up-selection in experiment 2. Allele A, 
M; allele C, A; allele D, A; allele z, 0. Most points 
are 25%. (C) Location of polymorphisms. The 
extents of the Ubx and abdA transcripts are 
shown above a line measuring distances in kilo- 
bases along the molecular map of the cloned re- 
gion (3). Exons are indicated by black boxes, with 
the direction of transcription shown. Proximal (to- 
ward the centromere) is to the left. The ratio 
D/D, (that is, D' from Table 1) is shown for each 
polymorphism pair below the map. 
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different from zero (19). In contrast, D and 
s, the two markers that flank the 170-kb 
reeion that includes LTbx and nart of ahdA " 
(Fig. 2C) ,  appeared to associate randomly. 
Because linkage disequilibrium in Drosoph- 
iln has been observed to decay over just 2 kb 
(20) ,  its persistence over 110 kb [about 0.1 
centimorgans (21)] for the AD pair is no- 
table, although similar levels have been 
documented within the achaete-scz~te com- 

Table 2. Summary of changes in allele frequen- 
cies. The allele frequencies (Freq.) of A C, D. and 
z for n chromosomes in f~ve populations are 
shown: Ives, after seven generations of selection 
in experiment 1 ,  after f~ve generations of selec- 
tion In experiment 2, after nine generations of 
selection for resistance to ether in experiment 3, 
and after six generations of selection in experi- 
ment 4. Genotype frequencies in the starting 
strains were virtually identical (A = 0.39; C = 
0.38; n = 96 for the Michigan population). A 
indicates the change in frequency with respect 
to Ives. Exp. is the expected frequency if the A 
allele were the sole focus of selection, calculated 
by reference to nonrandom associations be- 
tween alleles in the Ives strain. There was no 
significant difference between these expected 
values and the observed frequencies (P > 0.6 for 
experiments 1 to 3 x2 test). ND, not determined. 

Allele Freq. n A Exp. 

Ives 
0.39 140 - 

0.39 122 - 

0.67 128 - 

0.61 122 - 

Experiment 1 
0.87 68 0.48 
0.84 62 0.45 

Experiment 2 
0.85 68 
0.85 60 
0.98 68 
0.71 62 

Experiment 3 
0.1 1 72 
0.13 72 
0.58 72 
0.52 52 

Experiment 4 
0.89 120 
0.88 120 
N D N D 
N D N D 

plex and Ddc (22). Linkage in the case of 
the present experiment is a property of the 
starting population, and reco~nbination is 
not expecteil to have a significant effect on 
the observed associations between alleles at 
intermediate freiluencies in the time course 
of this experiment. 

Changes in freiluency- of the four Uhx 
alleles in response to selection during the 
second of the up-selection experiments are 
plotted (Fig. 2B). Similar responses \yere 
obtained in all repetitions. The  freiluencies 
of alleles at the end points of both experi- 
ments, when the phenocopy freiluency- was 
between 41 and 4596, are shown (Table 2).  
Whereas allele D n.as close to fixation at 
this point, the tightly linked alleles A and 
C showed greater overall increases in fre- 
quency (0.45 to 0.48 as compared with 0.31 
to 0.33 for D) and allele 2 slnon.ed a rela- 
tively weak, though replicated, increase. 

The  finding that all four poly-morphisms 
examined showed changes in frequency and 
the observation that the two flanking mark- 
ers ( D  and s) \yere in linkage equilibrium 
imply that at least one selectable poly-mor- 
phism lies ~vi thin this region of the Bitho- 
rax complex. Selection focused adjacent but 
external to one of these markers mould not 
be expected to affect the freiluency- of the 
other marker. Althoueh it is nossible that - 
multiple polylnorphis~ns in the region are 
being selected, the data are consistent mith 
there being a single selected site within 
Ubx. This consistency is exemplified by the 
agreement between the observed frenuen- 
cies and the predicted final freiluencies of 
the C, D, and z alleles if selection is as- 
sumed to act on A,  given the starting asso- 
ciations among alleles (Table 2). 

The  simnlest internretation of the data 
places the selected site or sites in the DCR 
of LThx. This conclusion assumes, as sup- 
ported by the data, that linkage disequilib- 
rium decreases mith distance along the 
chromosome. It relnalns nossible that the 
selected site lies elsewhere in the genome 
but happens to show extreme linkage dis- 
eiluilihrium with the Ubx polymorphisms. 
This could occur by chance for a rare allele, 
but it is unlikelv that such associations 
n.ould be maintaihed over several years in 
two large populations of the same strain. 

Table 3. Frequencies of control polymorphisms. Markers at three different chromosomal locations (bcd, 
3-[47.5], 84A; EcR, 2-[55.2], 42A; GSI, 2-[0.1], 21B) had nsgnif~cant linkage disequibr~um with the 
Ubx-A marker at 3-[58.8], 89E. At the conclusion of experiment 1 ,  the frequencies of each of these 
markers were w~thn one standard deviation un~t of the frequency n the lves starting population, calcu- 
lated as the binomial variance of frequences. See Table 1 for symbol def~nitions. 

Poymor- Experl- 
phism Ives strain ment I D' with A x2 P 

bicoid 0.48 2 0.04 0.44 0.064 0.33 >0.6 
EcR 0.63 2 0.06 0.66 0.075 0.31 >0.6 
GS I 0.75 i- 0.04 0.73 0.076 0.18 >0.7 

Furthermore, the selected allele must be at 
an initial freiluency greater than 0.1 to ac- 
count for the selection response, given any 
reasonable selection coefficients. Alterna- 
tively, linkage disequilibrium could be 
maintained by epistatic interactions mith 
another closely- linked locus. Given the ab- 
sence of any other strong candidate loci in 
the region, this seems less likely, and if true 
~vould imply further that polymorphisms in 
Uhx are exposed to selection in the base 
population. 

Three further sets of observations 
strengthen the ilnference that a functionally 
distinct polymorphisln exists within the 
LTbx gene. (i) The frecluencies of three other 
polymorphisms in distinct loci at different 
chromosomal locations remained constant 
throughout the course of the experiments 
(Table 3 )  (23). (ii) The shifts in frequency of 
the four BX-C alleles (A, C, D, and 2) in 
response to selection for resistance to ether 
in the down-selection experiment were, as 
expected, in the opposite direction and were 
in proportion to the magnit:~de of effects for 
increased sensitivitv to ether (Table 2, ex- 
periment 3).  (iii) A significallt correlation 
between bithorax phenocopy frequency and 
Ubx genotype mas seen in the progeny of pair 
nlatings of flies taken at random from the 
unselected Ives strain (24). 

The Ubx poly~norphism is not the only 
source of genetic variation affecting sensitiv- 
ity to ether, but it clearly has a major effect 
(24). One or Inore trans-acting loci are likely- 
to have a maternal effect (4)  because there is 
a significant difference between phenocopy- 
frequencies in the F, generations of recipro- 
cal crosses (25). Several genes that regulate 
Ubx transcriptioln are expressed maternally 
(1) and these may be regarded as candidate 
nnodifier loci. Our results provide further ev- 
idence that polymorphisms in regulatory- 
genes that encode tralnscription factors can 
contribute genetic variatioln for morpholog- 
ical traits (26). Understanding how genetic 
variation is nnaintained in complex epistatic 
and pleiotropic developmental pathways 
(27), especially in the context of a pheno- 
typically uniform but genetically variable 
trait, will help to clarify the mechanistic 
basis of both developnlental homeostasis and 
evolutionary canalization. 
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Structure of the Heat Shock Protein 
Chaperonin-10 of Mycobacterium leprae 

Shekhar C. Mande, Vijay Mehra, Barry R. Bloom, Wim G. J. Hol* 

Members of the chaperonin-1 0 (cpnl 0) protein family, also called heat shock protein 10 
and in Escherichia coliGroES, play an important role in ensuring the proper folding of many 
proteins. The crystal structure of the Mycobacterium leprae cpnlO (MI-cpnl 0) oligomer 
has been elucidated at a resolution of 3.5 angstroms. The architecture of the MI-cpnlO 
heptamer resembles a dome with an oculus in its roof. The inner surface of the dome is 
hydrophilic and highly charged. A flexible region, known to interact with cpn60, extends 
from the lower rim of the dome. With the structure of a cpnlO heptamer now revealed and 
the structure of the E. coli GroEL previously known, models of cpnlO:cpn60 and Gro- 
EL:GroES complexes are proposed. 

Mycobacteria are among the most impor- 
tant human microbial pathogens. Mycobac- 
terium tuberculosis is estlrnated to be respon- 
slble for 2.02 lnlllion deaths per year, par- 
tlcularly In developing countr~es ,  and has 
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recently reemerged In the  industrialized 
countries (1  -3). Mycobacteriurn leprae caus- 
es a dlsf~gurlng dlsease, leprosy, in 30'% of 
the untreated cases. Mycobacteria have 
Inany unusual features, one of the most 
remarkable being the  abl l~ty  of these organ- 
isnls to reside in Schwann cells and macro- 
phages, the  latter belng the  very cells that 
should clestroy the  invading organisms. O n e  
of the  i~nnortant  antieens of M.  l e~rae  rec- " 

ognized by T cells is cpn l0 ,  a 10-kD heat 
shock protein. In  patients with tuberculoid 
leprosy, approximately one-third of the  M.  
lepae-reactlve T cells that respond to the  
whole organism also respond to c p n l 0  (4). 
W e  report here the  crystal structure of M. 

edu ieprae cplll0 (MI-cpnl0).  
'To whom correspondence should be addressed Members of the cpnl@ farnd\, GroES ~n 

SCIENCE VOL 27 l 12 JANU4RY I996 203 


