
antibodies produced by wild-type litter- 
mates. When immunized with various T 
cell-dependent antigens, the mutant and 
wild-type mice produce equal concentra- 
tions of specific antibodies that bear the K 

chain. Furthermore, antigen-specific B cells 
homozygous for the C,R mutation undergo 
affinity maturation through somatic hyper- 
inutation to the same extent as documented 
for the wild-type CK gene. These mutant 
mice are now waiting to be crossed with 
animals bearing an analogous replacement 
mutation in the H chain locus. 
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Bcl-2 Inhibition of Neural Death: Decreased 
Generation of Reactive Oxygen Species 

Darci J. Kane,* Theodore A. Sarafian,* Rein Anton, Hejin ,Hahn, 
Edith Butler Gralla, Joan Selverstone Valentine, Tenis Ord, 

Dale E. Bredeseni 
The proto-oncogene bcl-2 inhibits apoptotic and necrotic neural cell death. Expression of 
Bcl-2 in the GTI-7 neural cell line prevented death as a result of glutathione depletion. 
lntracellular reactive oxygen species and lipid peroxides rose rapidly in control cells 
depleted of glutathione, whereas cells expressing Bcl-2 displayed a blunted increase and 
complete survival. Modulation of the increase in reactive oxygen species influenced the 
degree of cell death. Yeast mutants null for superoxide dismutase were partially rescued 
by expression of Bcl-2. Thus, Bcl-2 prevents cell death by decreasing the net cellular 
"gneration of reactive oxygen species. 

Expression of Bcl-2 inhibits apoptosis in- 
duced by Ca2+ ionophores without altering 
intracellular free Ca2+ ( I ) ,  suggesting that 
Bcl-2 inhibits the cellular death program at 
a point distal to the rise in intracellular free 
Ca2+. Apoptosis induced by serum depriva- 
tion is not associated with a change in 
intracellular free Ca2+ before the onset of 
internucleosomal DNA degradation (I ) . 
The lack of correlation between intracellu- 
lar free Ca2+ and cell death in these studies, 
along with the similarity of Bcl-2-express- 
ing cells to control cells with respect to 
morphology, differentiation, growth rate, 
oxygen consumption, and adenosine tri- 
phosphate concentrations (1, 2),  prompted 
a search for a cellular parameter that would 
explain the resistance of Bcl-2-expressing 
cells to death. 
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The hypothalamic neural cell line 
GT1-7 (3) displayed a remarkable sensitiv- 
ity to toxicity from buthionine sulfoximine 
(BSO), which was abrogated by the expres- 
sion of Bcl-2. BSO is a specific and essen- 
tially irreversible inhibitor of y-glutamyl- 
cysteine synthetase (4) and thus decreases 
the intracellular concentration of reduced 
glutathione (GSH), a tripeptide involved 
in protecting the cell from oxidative injury. 
Although Bcl-2 inhibits apoptosis, the 
death of GT1-7 cells induced by GSH 
depletion is necrotic (5). This finding ar- 
gues that Bcl-2 does not inhibit apoptosis 
per se; rather, Bcl-2 inhibits a cellular 
process that may result in apoptosis or 
necrosis. 

Treatment of GT1-7 cells with BSO led 
to cell death within 40 hours, with an LD5, 
(median lethal dose) of - 100 p,M (Fig. 1). 
Stable expression of Bcl-2 by means of a 
retroviral vector raised the LD,, about 
three orders of magnitude, to greater than 
50 mM (Fig. 1). Measurement of intracel- 
lular GSH with monochlorobimane (MCB, 
Molecular Probes) (6) confirmed a decre- 
ment after exposure to BSO for both con- 
trol and Bcl-2-expressing cells (Fig. 2A). 
However, cells expressing Bcl-2 had two to 
three times the basal concentrations of 
GSH and correspondingly higher concen- 
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trations during BSO treatment (Fig. 2A). 
To determine whether the survival of neural 
cells exoressing Bcl-2 was a result of the " 

increase in GSH, we used diethyl maleate to 
bind the free sulfhydryl groups of GSH (7). 
After exposure to 1 mM diethyl maleate, 
cells expressing Bcl-2, as well as control 
cells, had a decrease of more than 90% in 
GSH (Fig. 2A). Despite this, cells express- 
ing Bcl-2 survived (Fig. 2, B and C), dem- 
onstrating that the increase in survival of 
Bcl-2kxpressing cells is not simply a result 
of the increase in total cellular GSH. Be- 
cause neither diethyl maleate nor BSO rap- 
idly depletes mitochondrial GSH ( 8 ) ,  cells 
were treated with ethacrynic acid, which 
depletes both cytosolic and mitochondrial 

GSH (9). Treatment of GTl-7 cells with 
200 pM ethacrynic acid resulted in the 
death of control cells within 24 hours, but 
Bcl-2-expressing cells remained viable (1 0). 

Because the elevated GSH associated 
with Bcl-2 might have resulted from de- 
creased utilization of GSH, the fluorescent 
probe dichlorofluorescein diacetate (DCF) 
(I 1) was used to measure the net intracel- 
lular generation of reactive oxygen species 
in diethyl maleate-treated cells to deter- 
mine whether Bcl-2 effected a decrement in 
oxidative stress. This probe measures pri- 
marily hydrogen peroxide and hydroxyl rad- 
ical (I 1 ) .  By 90 min the DCF fluorescence 
of control cells had increased by a factor of 
23 (Fig. 3); cells died between 2 and 3 

Fig. 1. Neural cell death in response to BSO. Solld circles, 
GT1-7 cells expressing Bcl-2; open circles, control cells zltg 
lack~ng Bcl-2 expression. Each data point shows the mean of c so 
quadrupl~cate cultures with standard deviations The experi- zg 
ment was performed SIX times. Error bars of less than 2% are 50 
embedded in the symbols. GT1-7 cells were Infected with a $; recombinant retrovirus (pBP-bcl9) or a control retrovirus, 2 20 
both constructed and infected as described (2). Immunocy- * l o  
tochemistry demonstrated that >98% of the selected cells O - ~ o o o ~ ~ ~ ~ ~ ~ ~ ~  0 0 - m o r n 0  

0 0 0 0 - N "  
r h l r n  

expressed Bcl-2, whereas the control cells did not express o o o o o o o  
Bcl-2. Cells were plated at a dens~ty of lo5 cells per well In BSO ( m ~ )  
poly-L-lysine-coated 96-well tlssue culture plates (Costar) in 
Dulbecco's modifled Eagle's medium (DMEM) with 10% fetal bovine serum. The L-buthionine-[S,R]- 
sulfoxlmlne (Sigma) was dissolved in medlum to make a 100 mM stock. BSO was added at the 
concentrations indicated, incubated for 24 hours, then removed and replaced by fresh medium 
Cell v~ability was determined 24 hours later by formazan production from d~phenyltetrazol~um salt 
(MTT assay, as modifled by Hansen eta/.) (20). 

0  24 26 30 44 1  H 
Time (hours) (DEM) Time (hours) Time (hours) 

Fig. 2. (A) Cellular GSH in GT1-7 cells is Increased in association with Bcl-2 expression (solid bars) 
and falls during treatment with BSO or diethyl maleate (DEM).  Bars show quantitated fluorescence 
of cells Incubated with MCB, which fluoresces In the presence of GSH (6). Data shown represent 
the average of quadruplicate cultures, and the experiment was repeated three times. Unfllled bars, 
control cells (GT1-7 lacking Bcl-2 expression). Cells were assayed for GSH before BSO exposure 
( t  = 0), then exposed to 500 pM BSO for 24 hours, after which the medium was replaced wlth fresh 
medium, and GSH was again assayed ( t  = 24 hours) Over the next several hours GSH was 
assayed until the control cells had died. Also shown are the GSH concentrations of cells treated with 
1 mM DEM for 1 hour. (B) V~ab~lity of GT1-7 cells lacking Bcl-2 expression (open circles) falls quickly 
after exposure to BSO for 24 hours. Viability of cells expressing Bcl-2 (solid circles) remalned hlgh 
throughout the experiment. Each data polnt represents the average of quadruplicate cultures, w~th 
standard deviations shown (error bars of less than 2% are embedded in the symbols). The 
experiment was performed three times. (C) Viability of GT1-7 cells lacking Bcl-2 expression (open 
circles) falls very quickly after treatment for 1 hour with 1 mM DEM at 23"C, whereas cells 
expressing Bcl-2 (closed circles) remained viable after a reduction in GSH to less than 10% of their 
original concentration. Cellular GSH was measured with MCB (6). MCB (40 yM) was added to cells 
in 96-well plates and the cells incubated for 15 min, then fluorescence at 460 nm in response to 
excitation at 395 nm was quantitated with a Cytofluor 2300 plate reader (Millipore, Inc.). Cell death 
was quantitated by propidium iodide fluorescence (emission at 590 nm in response to excitation at 
530 nm) .  Propidium iodide (Aldrich) was prepared as a 5 mM stock in water, diluted to 20 pM in 
medium, and added to cells, and fluorescence was read after 15 min of incubation. Total cell 
numbers were confirmed by Hoechst 33342 staining as described (21). 

hours (Fig. 2C). In contrast, the Bcl-2- 
expressing cells showed only a modest in- 
crease in DCF fluorescence (Fig. 3) and the 
cells survived (Fig. 2C). Similar results 
were obtained with ethacrynic acid treat- 
ment. To distinguish between a causal and 
noncausal association of neural cell death 
with reactive oxygen species in this system, 
we manipulated the concentration of reac- 
tive oxygen species with various compounds 
in conjunction with diethyl maleate and 
examined the effect on GT1-7 viability. 
The addition of the iron chelator desferri- 
oxamine (100 pM) (12) reduced reactive 
oxygen species production (Fig. 4A) as well 
as inhibited cell death induced by GSH 
depletion (Fig. 4B). The antioxidants 
ascorbic acid (1 mM) and N,Nf-diphenyl- 
p-phenylenediamine (25 pM) (1 3) inhibit- 
ed the BSO-induced death of control 
GT1-7 cells (Fig. 2B) and reduced reactive 
oxygen species (Fig. 4A). When aminotri- 
azole was used to inhibit catalase (13) 
simultaneously with GSH depletion, con- 
trol cells demonstrated a rise in reactive 
oxygen species above that associated with 
GSH depletion alone (Fig. 4A). Corre- 
spondingly, control cells died more quickly 
than cells that had only been depleted of 
GSH (Fig. 4B). 

The diminished net cellular generation 
of reactive oxygen species in Bcl-2-express- 
ing GT1-7 cells depleted of GSH was asso- 
ciated with an inhibition of lipid peroxida- 
tion: whereas lipid peroxidation in control 
cells treated with 1 mM diethyl maleate 
increased after 2 hours (prior to cell death), 
no increase in lipid peroxidation occurred 
in cells expressing Bcl-2 (Fig. 5). 

To exclude the possibility of the in- 
volvement of nitric oxide, we tested the 
effect of inhibited nitric oxide synthesis 
with nitro-L-arginine methyl ester (300 
pM) (14) and the effect of enhanced nitric 
oxide production induced by S-nitroso-N- 
acetylpenicillamine (1 pM) (15). In nei- 
ther case was there a difference between 
control cells and Bcl-2-expressing cells 
with respect to reactive oxygen species pro- 
duction or cell death (1 6). 

The hypothesis that the expression of 
Bcl-2 inhibits cell death by decreasing the 
net cellular generation of reactive oxygen 
species predicts that Bcl-2 expression 
should enhance the growth of cells deficient 
in superoxide dismutase. Therefore, mu- 
tants of the yeast Saccharomyces cereplisiae 
that carry null mutations for copper-zinc 
superoxide dismutase (sodl) or manganese 
superoxide dismutase (sod2) were trans- 
formed with an expression construct for 
Bcl-2 or a control construct lacking the 
coding sequence for Bcl-2. As demonstrat- 
ed previously, sod2 mutants grew poorly 
under conditions of respiratory metabolism, 
whereas wild-type S. cerevisiae grew well 
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Fig. 3 (left). lntracellular generat~on of reactive oxygen species ~n GT1-7 cells A 
expressing Bcl-2 (sol~d circles) or control transfectants (open circles) treated with 1 

..:::I a 

1600 

mM DEM Cells were plated at a density of l o 5  cells per well in a 96-well tissue &2500 o - 
5 .z 1200 

culture plate (Nunc) that had been coated with poly-L-lysine (S~gma). Wells were p 5 2000 P 5 
washed three t~mes with a modified Krebs-Ringer solution (KR, 20 mM Hepes, 10 g $ 1500 g $ 800 
mM dextrose, 127 mM NaCI, 5.5 mM KCI, 1 mM CaCI,, and 2 mM MgSO,, pH 7.4), $,$ iooo - 2 .- * 
then KR buffer conta~nlng DCF (1 pglml) (Molecular Probes) plus 1 mM DEM gm 500 

400 
0 - 

(Sigma) was added in a total volume of 100 *I. Plates were read on a Cytofluor 2300 o o 
plate reader, with an excitation wavelength of 485 nm and an emission wavelength 15 30 45 60 75 90 1 2 3 4 5  

Time (min) B 
of 530 nm, at 15-min intervals for 90 min. Each point represents the average of =loo 

triplicate wells with error bars ~ncluded. This experiment was repeated six times with reproducible results; the one 80 
shown is representative Error bars representing less than 50 DCF fluorescence units are embedded in the 
symbols. Fig. 4 (right). (A) Modulation of intracellular generation of reactive oxygen species. Cells were treated 

40 as described in Fig. 3, but with the addition of either (bar 1) KR and DCF only; (bar 2) KR and DCF plus 1 mM DEM, = 
(bar 3) KR, DCF, and DEM plus 25 mM aminotriazole (Sigma); (bar 4) KR, DCF, and DEM plus 100 pM desferrioxamine 20 

mesylate (Sigma); or (bar 5) KR, DCF, and DEM plus 1 mM ascorbic acid (Sigma). (Similar results were obtained with o 
25 pM diphenyl-pphenylenediamine.) KR, modified Krebs-Ringer as described in Fig. 3; DCF (1 pglml). The bars 1 2 3 4 5  

represent the fluorescence recorded 60 rnin after the addition of diethyl maleate, DCF, and the various compounds. Each experiment was performed 
at least two times, and the data shown represent the average of triplicate wells with error bars included. Filled bars, Bcl-2-expressing cells; unfilled bars, 
control transfectants. (B) Viability of Bcl-2-expressing cells compared with control transfectants in response to various agents. Cells were plated at a 
density of l o 5  cells per well in poly-L-lysine-coated 96-well plates (Nunc), then grown in high glucose (4.5 giliter) DMEM plus 10% heat-inactivated fetal 
bovine serum in a 37°C humidified incubator in 5% CO, and 95% air. After allowing the cells to adhere overnight, we removed the culture medium and 
replaced it with medium containing either (bar 1) 500 pM BSO, assayed after 24 hours; (bar 2) 500 pM BSO, assayed after 48 hours; (bar 3) 500 pM 
BSO plus 25 mM aminotriazole, assayed after 24 hours; (bar 4) 500 *M BSO plus 100 pM desferrioxamine mesylate, assayed after 48 hours; or (bar 
5) 500 pM BSO plus 1 mM ascorbic acid, assayed after 48 hours. (Similar results were obtained with 25 *M diphenyl-p-phenylenediamine.) Viability was 
determined either 24 or 48 hours later, as indicated, by two methods: the MTT assay (20), which reflects the number of viable cells, and by quantitation 
of propidium iodide fluorescence, as a measure of cell death. For the fluorescence assay, we confirmed total cell numbers by lysing the cells with 50 
pM digitonin, then adding propidium iodide (20 pgiml); 15 min later, fluorescence was quantitated with a Cytofluor 2300 plate reader, with an excitation 
wavelength of 530 nm and an emission wavelength of 645 nm. Data generated by both assays were in good agreement and representative data are 
shown here. Data shown represent the average of triplicate wells with standard errors shown, and each experiment was performed at least two times. 
Filled bars, Bcl-2-expressing cells; unfilled bars, control cells. 

under these conditions (1 7). Bcl-2 expres- 
sion enhanced the growth o f  sod2 mutants - 
that were grown in 21% oxygen under 
conditions requiring respiratory metabo- 
lism, and to  a lesser extent, Bcl-2 expres- 
sion enhanced the growth o f  sod1 mutants 
in fermentative conditions (1 8). However, 
Bcl-2 expression did n o t  increase superox- 
ide dismutase activity in the yeast mutants 
nor enhance the growth o f  a histidine 
auxotroph (1 8). 

The involvement o f  i ron  [indicated by 
the protective effect o f  a concentration o f  
desferrioxamine that has iron-binding but  
n o t  radical-scavenging properties (100 
pM)] (1 2) and hydrogen peroxide (indicat- 
ed by the effect o f  catalase inhibi t ion) 
suggests the possibility that hydroxyl radi- 
cals might mediate neural cell death in this 
system. Bcl-2 expression may decrease the 
generation or increase the scavenging o f  
reactive oxygen species. The lack o f  effect 
o f  nitro-L-arginine methyl ester and S-ni- 
troso-N-acetylpenicillamine suggests that, 
at least in this svstem. n i t r ic  oxide i s  n o t  
the most important mediator o f  cell death 
that i s  inhibi ted bv Bcl-2 exuression. 

Several mechanisms forLthe observed 
inh ib i t ion o f  the net  cellular generation o f  
reactive oxygen species by Bcl-2 would be 
compatible w i t h  these data: (i) Bcl-2 may 
funct ion as a direct radical-scavenging pro- 
tein, (ii) Bcl-2 may be a metal-binding 
protein, or (i i i) Bcl-2 may inhibit the trans- 
fer o f  electrons from complexes I through 
I11 to dioxygen in the mitochondrial inner 

Fig. 5. Expression of Bcl-2 prevents lipid perox- l o  
idation after GSH depletion. GT1-7 cells were 
maintained as described in Fig. 1. After the cells 
were treated with DEM (1 mM) at 37"C, we 
assessed lipid peroxidation by determining the 3 
quantity of thiobarbituric acid-reactive sub- 7i 
stances (TBARS) as a measure of malondialde- 
hyde formation (22). A Cytofluor 2300 plate 7- 
reader was used to measure fluorescence at 590 3 
nm, with an excitation wavelength of 530 nm. ' 6- 
Standard curves were prepared with tetraethoxy- 
propane as a lipoperoxide standard and immu- 5 
noglobulin as a protein standard. At t = 0, 1, 0 1 2 3 4 
and 2 hours no significant differences in TBARS Time (hours) 

per microgram of protein were detected between control and Bcl-2-expressing cells, but at t = 3 
and 4 hours, highly significant differences occurred. (P <0.0001 by two-way analysis of variance, 
n = 14; indicated by asterisks), both between control and Bcl-2-expressing cells and between 
control (at t = 0) and control (at t = 3 and 4 hours). The increase in TBARS in control cells 
preceded cell death, which was 7 & 1% at t = 3 hours and 30 & 3% at t = 4 hours, determined 
with propidium iodide as in Fig. 2. At no time point did the cells expressing Bcl-2 demonstrate a 
significant rise in thiobarbituric acid-reactive substances in comparison with the value at t = 0. 
(Inset) Ratio of thiobarbituric acid-reactive substances (picomoles per microgram of protein) present 
in control cells to those present in Bcl-2-expressing cells at t = 0 to 4 hours, demonstrating a 
progressive increase. 

membrane, thus decreasing the formation 
o f  superoxide. A n y  o f  these models would 
be compatible w i t h  the finding that Bcl-2 
inhibits apoptosis in cells devoid o f  func- 
tional mitochondrial DNA (1 9). This i s  
because extramitochondrial generation of 
free-radical species represents a significant 
contribution to  the overall cellular genera- 
t i on  o f  such species (1 7) and cells lacking 
functional mitochondrial DNA neverthe- 
less generate reducing equivalents and have 
incomplete respiratory complexes I, 111, and 
IV (and a complete complex 11), making i t  

l ikely that these cells do generate reactive 
oxygen species. 
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850-bp bcl-2 fragment was used as a control. 

Four strains of yeast were transformed with the 
two constructs: the parental strain (DBY746; a, 
ieu2-3, 1 1 his3A 1 trp 1 -298a ura3-52) ; sod 1 
(EGI 18; a, leu2-3, 1 1 his3A I trp I-298a ura3-52; 
SO~IAA: :URAL~;  sod2 (EG110; a, leu2-3, 11 
his3A 1 trp I-298a ura3-52; sod2A:: TRP1); and 
sodlsod2 (EG133; a, leu2-3, 11 his3A I trpl-298a 
ura3-52; sodlAA:: URA3 sod2A:: TRP1). The lithi- 
um acetate method was used for transformation 
(23). After transformation and selection in medi- 
um lacking leucine, yeast were quantified by an 
assay of the optical density at 600 nm, then equal 
numbers were streaked in each of six plate sec- 
tions and grown for 5 days in room air or in an 
atmosphere of 100% 0,. As a control, Bcl-2 was 
expressed in a histidine auxotroph; no growth was 
detected on His- plates. Enhanced growth of 
sod2 mutants expressing Bcl-2 was demonstrat- 
ed by (i) growth on glycerol plates in 21% oxygen 
(no growth detected for pAD4-transformed sod2 
mutants) and (ii) enhanced plating efficiency on 
glycerol in 21% oxygen (0 for pAD4 control com- 
pared with 4 x l o 3  for Bcl-2-expressing sod2 
mutants and 5 x l o 5  for wild-type S. cerevisiae). 
Enhanced growth of sod1 mutants expressing 
Bcl-2 was demonstrated by (i) growth on dextrose 
in reduced (-10%) oxygen (no growth detected 
for pAD4-transformed sod1 mutants) and (ii) in- 

Sensing Structural Intermediates in 
Bacterial Flagellar Assembly by Export 

of a Negative Regulator 

Kelly T. Hughes,* Karen L. Gillen, Melinda J. Semon, 
Joyce E. Karlinsey 

The ability of a regulatory protein to sense the integrity of the bacterial flagellar structure 
was investigated. In response to a defective hook-basal body complex, the anti-uZ8 FlgM 
protein inhibits flagellin transcription. In cells with a functional hook-basal body complex, 
the flagellin genes are transcribed normally and the FlgM protein is expelled into the growth 
medium. In strains with a defective hook-basal body structure, FlgM is absent from the 
media. The presence of flagellin protein in the media is substantially reduced in strains 
carrying a FlgM-LacZ protein fusion, suggesting that the fusion is blocking the flagellar 
export apparatus. These results suggest that the FlgM protein assesses the integrity of the 
flagellar hook-basal body complex by itself being a substrate for export by the flagellar- 
specific export apparatus. 

I n  both prokaryotes and eukaryotes, devel- structure that includes a motor driven by a 
opmental pathways involving the synthesis proton pump, a switch complex that deter- 
and assembly of structures often proceed mines the direction of flagellar rotation, a 
through structural intermediates. The syn- rod structure that transverses the two mem- 
thesis of the flagellar oreanelle in bacteria ., - 
provides a model system to study the coor- 
dination of transcriptional regulation with 
the assembly of structural intermediates. 
The flagellum is composed of a basal body 
structure, located in the cell membrane, 
and an extracellular hook, which acts as a 
flexible joint to which the flagellar filament 
is attached (Fig. 1). The genetics and bio- 
eenesis of the bacterial flaeella have been - - 
recently reviewed (1). Components of the 
basal body complex are assembled into a 

Fig. 1. Biosynthesis of 
the S, typhirnuriurn fla- 
gellar structure. The 
genes required for syn- 
thesis of flagella are 
grouped into three 
classes (5). The early 
class encodes positive 
activators required for 
the expression of the 
middle class genes. 
The middle class qenes 

creased growth in liquid culture; optical densities 
were compared for sod1 mutants transformed 
with pAD4 with those transformed with pAD4-bcl- 
2. After 6 hours in culture, the optical density of 
the pAD4-transformed sod1 mutants was 4.4, in 
comparison with 7.2 for those transformed with 
pAD4-bcl-2. 
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branes and the cell wall, ring proteins 
embedded within the membranes that sta- 
bilize the structure, and a flagellar-specific 
export apparatus at the cytoplasmic base. 
Assembly of the extracellular component of 
the flagellum involves the transport of in- 
dividual components through a pore in the 
basal body structure (2). A flagellar-specific 
export pathway (3) determines which pro- 
teins are exported by what may be an 
ordered assemblv mechanism (1). The hook , . 
subunits are exported and assembled to 
complete the hook-basal body structure, 
and then the export apparatus is possibly 
modified to stop the export of hook subunits 
and begin the export of flagellin subunits to 
be assembled into the flagellar filament (4). 

The genes required for flagella synthesis 
and chemotaxis in the bacterium Salmonella 
typhimurium are organized into a regulatory 
hierarchy of three classes (5) .  Each class is 
required for expression of the next. The 
early class includes two master regulatory 
genes that respond to global signals such as 
CAMP (adenosine 3',5'-monophosphate) 
levels (6, 7), and when induced they turn 

Early Middle Late 

+-) Basal 

' Flagellin 
filament $laiap Hook-associated protelns 

- 

I Switch 
Export 

apparatus 
are required for the structure and assemblv of the hook-basal body 

complex ( 1 ) .  lncluded in the middle class genes is the fliA gene, which encodes the a~ternativk 
Department of Microbiology, SC-42, University of sigma factor, aZ8 (8). This sigma factor is specific for the transcription of the late class genes, which 
Washington, Seattle, WA 98195. encode the flagellin filament genes, hook-associated proteins, and the flagellar cap protein. The 
'To whom correspondence should be addressed. flgM gene is transcribed from both middle and late class promoters (16) .  
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