
Promotion of Mitochondrial Membrane Complex stored g w t h ,  and this function " q u i ~ d  an 
intact ATP-binding site. 

Assembly by a PrOteOlytically Inactive Yeast Lon TO confirm that the Lon ~ 1 0 4 0 ~  mu- 
tant was indeed proteolytically inactive, we 

Martijn Rep,* Jan Maarten van Dijl,* Kitaru Suda, compared the ability of wild-type Lon and 

Gottfried Schatz, Leslie A. Grivell, Carolyn K. Suzukit of Lon S1040A to degrade a protein sub- 
strate in vitro and in vivo. Lon proteins that 
had six histidine residues fused to their 

Afg3p and Rcalp are adenosine triphosphate (ATPFependent metalloproteases in COOH-terminus were isolated on NiZC- 
yeast mitochondria. Cells lacking both proteins exhibit defects in respiration-dependent agarose, and their ability to degrade 1251- 
growth, degradation of mitochondrially synthesized proteins, and assembly of inner- labeled casein in an ATP-dependent fash- 
membrane complexes. Defects in growth and protein assembly, but not in degradation, ion was measured in vitro (Fig. 2A). Wild- 
were suppressed by overproduction of yeast mitochondrial Lon, an ATP-dependent type Lon catalyzed the ATP-dependent 
serine protease. Suppression by Lon was enhanced by inactivation of the proteolytic site degradation of casein, whereas Lon S1040A 
and was prevented by mutation of the ATP-binding site. It is suggested that the mito- was inactive. To  assess the proteolytic ac- 
chondrial proteases Lon, Afg3p, and Rcalp can also serve a chaperone-like function in tivity of the wild-type and mutant Lon pro- 
the assembly of mitochondria1 protein complexes. teins in vivo, we measured the steady-state 

levels of the (Y and p subunit of the F, 
ATPase in Lon-deficient yeast cells (Alon) 
and in cells overproducing wild-type Lon 

Chaperones that mediate the folding of sol- Overproduction of wild-type Lon re- (Alon + LON) or mutant Lon (Alon + 
uble proteins have been identified, and their stored growth of the double mutant, afg3 LON S1040A) (Fig. 2B). In cells overpro- 
molecular mechanisms of action continue to rcal, on the nonfermentable carbon sources ducing wild-type Lon, steady-state levels of 
be characterized. Less is known, however, ethanol and glycerol (16) (Fig. 1). To  ad- F,a and F,P were decreased to 41% and 
about the assisted folding of membrane pro- dress whether this suppression of the afg3 18% of the levels in the Alon mutant. In 
teins and the assembly of multisubunit com- rcal growth defect depends on the proteo- contrast, cells overproducing Lon S1040A 
plexes. In the yeast Saccharomyces cerevisiae, lytic activity of Lon or on some other func- had the same steady-state levels of both F, 
several proteins have been identified that are tion, we tested variants of Lon in which the subunits as did Alon cells. Thus, as expect- 
involved in the assembly of hetero-oligomer- active-site serine or the ATP-binding motif ed, the S1040A mutation abolished the 
ic complexes of the mitochondrial inner had been modified by site-directed mu- proteolytic activity of Lon. 
membrane. Two of these proteins, Afg3p tagenesis (1 7, 18) (Fig. 1). Strong suppres- To  examine whether overproduction of 
(also termed YtalOp) ( I )  and Rcalp (also sion was observed with a proteolytically wild-type or proteolytically inactive Lon 
termed Ytal2p) (2, 3), are homologous to inactive Lon in which the conserved could alleviate the degradation defect of 
bacterial FtsH (4) and belong to the family Serlo4O at the active site had been mutated afg3 rcal, we measured the stability of ra- 
of AAA proteins [AAA denotes adenosine to alanine (LON S1040A); such a mutation diolabeled proteins synthesized by isolated 
triphosphatases (ATPases) associated with abolishes proteolytic activity of Lon from mitochondria from wild-type cells, from the 
diverse cellular activities] (5). Both Afg3p Escherichia coli (1 9) (Fig. 1). In contrast, no afg3 rcal double mutant, or from the double 
and Rcalp contain specialized forms of the suppression by Lon was observed when the mutant overproducing wild-type or proteo- 
Walker Box ATP-binding motif (6) and a conserved Lys638 within the ATP-binding lytically inactive Lon (Fig. 2C). When 
HEXXH motif (7) found in Znz+-dependent motif (GPPGVGKT) '(7) was mutated to Afg3p and Rcalp were present, the half-life 
proteases (8). In Afg3p, both motifs are asparagine (LON K638N) (17) (Fig. 1). of mitochondrially synthesized polypeptides 
found at the COOH-terminus that appears Studies with various ATP-binding proteins was -10 min, whereas in the absence of 
to be exposed to the matrix (9). have indicated that this lysine residue in- these proteases, most of the mit~chondriall~ 

Deletion of the genes AFG3 or RCAI, teracts directly with the P- and y-phos- synthesized proteins were stable. Overpro- 
or both, prevents growth on nonferment- phates of bound nucleotide (20). Suppres- duction of wild-type Lon or the Lon 
able carbon sources (1 ,3 )  and abrogates the sion by the prote~lyticall~ inactive Lon was S1040A mutant failed to restore proteolysis 
degradation of mitochondrially synthesized also abolished by mutating the ATP-bind- in afg3 rcal mitochondria. 
proteins (9) and the assembly of cyto- ing site (LON K638N/S1040A). Thus, a Because overproduction of Lon did not 
chrome c oxidase (Cox) and FIFO ATPase function distinct from Lon's proteolytic ac- rescue the proteolysis defect of afg3 rcal, we 
(10). Three multicopy suppressors of the tivity appeared to be responsible for re- examined whether it suppressed the defect 
afg3 or rcal growth defect have been iden- 
tified (1 1 ): Oxalp, which is required for the Fig. ,. The growth defect of afg3 real is sup- 
assembly and FiFo ATPase (I2); pressed by overproduction of wild-type or proteo- + 8 + a? -$ 

@%O 49 %5°p. 
M b a l ~ ,  which has no defined function lytically inactive Lon. The afg3 rcal double mutant 6' c0 + + +% +'Q@ 

(13); and yeast Lon (also termed Pimlp), was transformed with two centromere-based plas- $ +O LO Lo LO Lo 5' 
which encodes an ATP-dependent mito- mids carrying the AFG3 and RCA 1 genes (AFG3 + 
chondrial protease (14, 15). RCAI) (16). Alternatively, afg3 rcal was trans- 

formed with the "empty" 2p-based plasmid, YE- 
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in protein complex assembly. Assembly of 
Cox in afg3 cells i s  partially defective, even 
though the levels and processing of mito- 
chondrially and cytoplasmically synthesized 
subunits are normal (10). T o  assess the 
assembly of Cox, we exploited the fact that 
subunits of the fully assembled complex are 
trypsin-resistant, whereas the unassembled 
subunits are trypsin-sensitive (21). We 
monitored the trypsin resistance of Cox 

subunits IV, V, and VI  in detergent-solubi- 
lized mitochondria; our analysis focused o n  
the effect of the proteolytically inactive 
Lon because of its stronger suppression. In 
phenotypically wild-type cells (AA + 
AFG3/RCAl), 59% of subunit IV, 52% of 
subunit V, and 35% of subunit VI  were 
resistant to trypsin at 100 p.g/ml (Fig. 3); for 
afg3 rcal ' (AA), the corresponding values 
were only 20%, 0%, and 8.5%, respectively. 

Fig. 2. The proteolysis defect in afg3 rca1 is not A 
suppressed by overproduction of wild-type or 
proteolytically inactive Lon (27). (A) Lon S1040A 
is proteolytically inactive in vitro. Yeast cells in 
which the LON gene had been replaced by the 
bacterial kanamycin gene were transformed with 
the "empty" plasmid pSEYc68 (Alon) or with the 
plasmid carrying either the wild-type (Alon + 
LON) or the proteolytically defective (Alon + 
LON S1040A) LON gene driven by the GALl 
promoter. In this experiment, both LON genes 
encoded a protein with a COOH-terminal hexa- 
histidine tag. Proteins isolated on Ni2+-agarose 
were assayed for the ability to degrade 1251-la- 
beled casein in the absence or presence of 1 
mM ATP, followed by SDS-PAGE and autora- 
diography. (B) Lon S1040A is proteolytically inac- 
tive in vivo. Steady-state levels of the a and p 
subunits of the F, ATPase were analyzed by SDS- 
PAGE and immunoblotting of total proteins from 
strains in which the LON gene had been replaced 5 
by the bacterial kanamycin gene; the cells carried 
either an "empty" plasmid pSEYc68 (Alon) or a 
plasmid encoding the wild-type (Alon + LON) or 
the proteolytically defective (Alon + LON S1040A) Time (min) 

Lon protein. Cells were grown on selective galac- 
tose-containing medium that also contained 0.2% 
dextrose. Relative steady-state levels of F,a and 
F, p were determined from densitometric analyses 
of autoradiographs normalized to the level of the outer membrane protein porin, and the amount of F,a 
or F, p in the Alon cells was taken as 100%. (C) The afg3 rcal proteolysis defect is not complemented 
by the wild-type or proteolytically inactive Lon. The afg3 rcal double mutant was transformed with two 
centromere-based plasmids carrying the corresponding wild-type genes (AA + AFG3/RCAl; solid 
squares) (16). Alternatively, afg3 rcal was transformed with the "empty" centromere-based plasmid 
pSEYc68 (AA; open squares) or with a plasmid carrying either the wild-type LON (AA + LON; circles) or 
proteolytically inactive LON (Ad + LON S1040A; triangles) under the control of the GAL1 promoter (1 7). 
Polypeptides synthesized in isolated mitochondria were pulse-labeled with r5S]methionine, chased with 
cold methionine, and assayed for TCA-precipitable radioactivity for the time periods indicated. TCA- 
insoluble radioactivity at the beginning of the chase (t = 0) was taken as 100%. 

Fia. 3. Defective assemblv of M+ M+ ~ " -  . - - . . . . . - - -. . -. , -. 
Cox in afg3 rcal is suppressed AFG31RCAl M LON S1040A 
by overproduction of proteolyti- o o o o Trypsin 

callv inactive Lon (28). Mito- -- 

~ Z Z Z W ~ = W ? W ~ Z ~ Z W  (pglrnl) 

chondria were isolated hom the "- L- 

afg3 rca 1 double mutant trans- 4s 
formed with two centromere- 
based plasmids carrying the 
AFG3 and RCAl genes (AA + 14- b - - - IV 
AFG3/RCAl), with an "empty" V 
plasmid pSEYc68 (AA), or with 7 -  --- "I 
a plasmid carrying the LON 
S1040A gene under the control 
of the GALl promoter (AA + LON S1040A). Samples were treated with trypsin (0, 10, 50, 100, or 250 
pg/ml) and were analyzed by SDS-PAGE followed by immunoblotting with antisera to Cox subunits IV, 
V, and VI. A nonspecific trypsin-resistant protein (') recognized by the antisera indicates that equal 
amounts of protein have been loaded onto each lane. Relative molecular masses are indicated at the left 
(in kilodaltons). 

Overproduction of Lon S1040A ( A h  + 
LON S1040A) increased the resistance lev- 
els of subunits IV, V, and VI to 47%, 51%, 
and 21%, respectively. 

We  examined whether overproduction 
of Lon S1040A could also promote the 
assembly of the FIFO ATPase complex in 
afg3 rcal cells. Mitochondria1 protein 
complexes isolated from phenotypically 
wild-type cells (AA + AFG3/RCA1), 
from the afg3 rcal double mutant (AA), or 
from the double mutant suppressed by 
overproduced Lon  S1040A (AA + LON 
S1040A) were resolved by blue native gel 
electrophoresis (22). Immunoblotting for 
the a, p, and y subunits o f  F, indicated 
two discrete bands (Fig. 4A). The band 
migrating more slowly o n  the native gel 
contained both F, and F, subunits and 
thus represented the fully assembled FIFO 
ATPase complex, whereas the faster mi-  
grating band contained only F, (Fig. 4B). 
Quantitation of the two bands indicated 

Fig. 4. Defective assembly of the FIFO ATPase in 
afg3 rca 1 is suppressed by overproduction of pro- 
teolytically inactive Lon (29). (A and C) Mitochon- 
drial proteins isolated from the afg3 rcal double 
mutant transformed with plasmids carrying AFG3 
and RCAl (AA + AFG3/RCAl), with an "empty" 
plasmid pSEYc68 (AA), or with a plasmid encod- 
ing the proteolytically inactive Lon (AA + LON 
S1040A) were separated by blue native gel elec- 
trophoresis. The separated proteins were ana- 
lyzed by immunoblotting with antisera to the a, P, 
and -y subunits of F, ATPase and to mitochondria1 
hsp60. In (A), the percentage of F, assembled 
with Fo [that is, (F, Fo x 1 00%)/(F, + F, FJ] was 
calculated from densitometric analyses of autora- 
diographs. (B) The upper and lower bands recog- 
nized by the F, antiserum were excised from the 
native gel and further analyzed by SDS-PAGE and 
immunoblotting with antisera to the F, and Fo moi- 
eties of the ATPase. 
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that in wild-type cells, 89% of F, was 
assernbled with F,. In  the  nfg3 rcal double 
mutant,  only 60% of F, was assembled, 
whereas in the  double mutant suppressed 
by overproduction of Lon S1040A, 80% of 
F, was assernbled with Fo. Moreover, &3 
rcnl contained only 56% of fully assern- 
bled FIFO relative to  the  wild type, where- 
as the  suppressed cells contained 80%. In 
contrast, the  levels of hsp60 were essen- 
tially the  same (Fig. 4C) .  

Overproduction of the wild-type or pro- 
teolytically inactive Lon might illdirectly 
suppress the growth and assembly defects of 
nfg3 rcnl by inducing the overproduction of 
mitochondria1 chaperones such as cpnl0,  
hsp60, hsp70, or hsp78. However, the 
alnounts of these chaperones were virtually 
identical in the nfg3 rcal mutant and in clJg3 
rcnl overproducing Lon or Lon S 1040A 
(23) (Fig. 4C).  Furthermore, overproduc- 
tion of these chaperones (24) failed to  re- 
store growth of nfg3 rcal on  ethanol and 
glycerol (23).  

W e  have thus delnonstrated a n  unex- 
pected fiinctional overlap between Afg3p, 
Rcalp,  and Lon in protein cornplex assern- 
bly. This  colnmon fiinction is separable 
from the proteolytic activities of these 
proteins because the  protease-defective 
Lon suppresses the growth and assembly 
defects of the  nfg3 rcnl double mutant 
even better than  does wild-type Lon. In 
addition, it is known that  the  defect in 
respiration-dependent growth of a n  &3 
mutant is comple~nented by a n  Afg3p 
variant with a point mutation within the  
HEXXH motif, which is essential for its 
protease activity (25) .  Thus,  the  require- 
ment for Afg3p in respiration-dependent 
growth is independent of its proteolytic 
activity and most likely depends o n  its 
ability t o  facilitate the  assembly of respi- 
ratory complexes at the  inner ~n i tochon-  
drial membrane. 

In contrast, suppression of the growth 
and assembly defects of the 6 3  rcnl double 
mutant by Lon was abolished by a mutation 
within the ATP-binding motif of Lon. T h e  
sequences of this bipartite motif are 
GPPGVGKT and DEID for Lon and 
GPPGEKT and DEID for Afg3p and 
Rca lp  (7). Apart from this, Lon shares n o  
sequence similarity with Afg3p or Rcalp;  
the  common function of these three pro- 
teins is thus prob,ably mediated by the re- 
gions that contain the ATP-binding site. 
This region may function as a n  ATP-regu- 
lated chaperone by binding nonnative pro- 
teins, thereby facilitating protein asselnbly 
or degradation (26).  T h e  chaperone-like 
function of Lon is apparently preserved 
upon inactivation of its proteolytic site. 
Recognition of unasse~nbled subunits by the 
chaperone domain of overproduced wild- 

type or proteolytically inactive Lon may 
promote the assembly of F,F, ATPase and 
Cox, which is nor~nally mediated by Afg3p 
and Rcalp. Once assembled, the subunits 
may n o  longer be able to bind to the chap- 
erone region. Whether a protein is degraded 
or assembled is perhaps determined by the 
affinity of this region for a protein substrate. 
Taken together, our results suggest a poten- 
tial dual function of Lon, in mediating both 
the assembly of protein complexes, and the 
disposal of those substrates that do not as- 
semble correctly. 
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10 mn,  0.45 m of reducng sample buffer (2x1 was 
added to each aquot. A 60.~1 port~on of each sam- 
ple was analyzed by SDS-PAGE followed by Immu- 

noblottng w~th antlsera to Cox subunits. The immu- 
noblot was developed by "51-labeled proten A and 
autoradography. 

29. For assessment of the assembly state of the F,F, 
ATPase, m~tochondr~a isolated from the varlous 
transformants (400 wg) were suspended In 40 w1 of 
0.75 M 6-amnocaproic acd, 50 mM bstrs-HC (pH 
7.01, and 1 mM PMSF and were solublized by addl- 
tlon of 7.5 IJ. of 10% auryl matoside. After centr~fu- 
gat~on at 100,000g for 15 mln at 4"C, the superna- 
tant was m~xed w~th 2.5 wl of 5% S e ~ a  blue G and 
electrophoresed on a 5 to 12% nondenaturng poy- 
acrylamde gel (22). After electrophores~s, the gel 
was Incubated for 30 mln w~th 50 mM bistris-HCI and 
15 mM tr~cne-HC (pH 7.0) The separated protens 

Requirement for Invariant Chain in 
B Cell Maturation and Function 

ldit Shachar and Richard A. Flavell* 

Previously the role of invariant chain (li) had been described only as a chaperone that 
facilitates folding and transport of major histocompatability complex class II molecules; 
here it is shown that li is required for B cell development. B cells from mice lacking li were 
found to have a low response to T-independent type II antigen and could not proliferate 
after the mice were injected with antigen. Study of cell surface markers revealed a 
developmental arrest that prevented immature virgin B cells from becoming mature B 
cells in the periphery. This block was independent of major histocompatability complex 
class II expression and was an intrinsic feature of B cells that correlated with the amount 
of li. Thus, li participates by an unknown mechanism in B cell maturation. 

M a j o r  histocompatability complex (MHC) 
class I1 molecules associate with trimers of I i  
during biosynthesis. I i  facilitates folding of 
class I1 molecules, interferes with their asso- 
ciation with peptides, and is involved in 
MHC class I1 transport ( I ) .  Furthermore, 
elimination of the I i  gene by gene targeting 
greatly diminishes the ability of antigen-pre- 
senting cells (APCs) to present exogenous 
protein antigen in a class 11-restricted fash- 
ion and impairs the maturation of CD4+ T 
cells in the thymus (2-4). The assembly, 
transport, and function of MHC class I1 have 
been studied in detail in mice lacking I i  
(2-4). There has not, however, been a rig- 
orous examination of the functional capabil- 
ity of B cells. We therefore analyzed the 
function of B cells lacking Ii. 

T o  examine the function of B cells lack- 
ing Ii ( I ip) ,  we measured B cell response 
both to the type I1 thymic-independent 
(TI)  antigen NP-Ficoll and to NP-CGG, a 
thymic-dependent (TD) antigen (Fig. 1).  
Both T D  and TI responses were markedly 
reduced in the I i p  mice. The  I i p  mice have 
reduced numbers of CD4+ T cells, which 
predicts that these mice should have weak 
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responses to T D  antigen. However, unlike 
the response in class IILdeficient mice (5, 
6) ,  6 days after immunization, concentra- 
tions of immunoglobulin M (IgM) to N P  
were low, suggesting that the primary re- 
sponse of B cells was also impaired. This 
observation is consistent -71th the defective 
primary antibody response by the I i  mice 
after keyhole limpet hemocyanin (KLH) 
injection (2) .  In response to NP-Ficoll, B 
cells lacking I i  produced little IgM both 6 
and 14 days after injection. Thus, the B 
cells In I i  mice were unable to respond 
normally to TI antigen (Fig. 1 ). 

Equivalent numbers of B220+ B cells 
were found In the periphery of the control 
mice, I ip  mice, and two lines of transgenic 11 
mice that express low amounts of one of the 
two isoforms of Ii, p31 and p41 (designated 
Iip3 1 I<> and Iip4"", respectively) (7, 8). T o  

determine the ability of these B cells to 
respond to antigen in viva after stimulation, 
we immunized mice with KLH and exam- 
ined draining lymph node B cells 9 days 
later. In the draining lymph nodes of control 
mice, the B220+ B cell population had pro- 
liferated and increased to 54.3 ? 6.8% of the 
total cells from 13.75%. In the absence of Ii 
or in the presence of low amounts of p31 or 
p41 Ii, however, the B cell population ex- 
panded to only 26.6 ? 3.2% (9,  10). Because 
in both Iip3'l" and Iip4"" mice CD4+ T cells 
are present in normal amounts (7 ) ,  this low 

were analyzed by imrnunoblott~ng with antisera to 
the a, p, and 7 subunts of F, ATPase and to mlto- 
chondrial hsp60. For quantitaton, different amounts 
of proten were loaded to ensure that measurements 
were wthin the linear range; these different samples 
were prepared from 800, 400, and 200 wg of mito- 
chondria prote~n. 
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proliferation cannot be attr~buted to the 
CD4+ T cell deficiency. Thus, the low num- 
ber of B cells found after immunization with 
protein antigen could be explained by a de- 
fect in the B cell response or by the rapid 
death of these cells. B cells from I i  mice 
proliferated as well in vitro as did wild-type 
cells in the presence of lipopolysaccharide 
(LPS) (1 1). 

B cell development occurs independently 
of MHC class I1 expression (5, 6). T o  ana- 
lyze B cell maturation in the absence of Ii, 
we compared spleen cells from control and I i  
knockout mice (Iip) using a panel of anti- 
bodies to B cell markers. Unlike B cells from 
control mice, the I i  B cells expressed lower 

0 a d  a d  
-TI antigen- -TD antigen- 

Fig. 1. lmmunoglobul~n M response to TD and TI 
antgens. 1 1 -  (circles) or wild-type Ittermates (trian- 
gles) were challenged wlth the type Il-TI antgen 
NP,,-FICO or wlth the TD antgen NP,,-CGG. At 
the indicated times after injection, blood was 
drawn and IgM tters were quantitated by enzyme- 
Inked immunosorbent assay (21). The concentra- 
tion of antbodles at time zero In the absence of 
immunzation probably represents basal concen- 
tratons of low-affnty IgM, although t IS not clear 
why this amount is higher In the I micethan in the 
control mce. Mean titers (micrograms per mlliliter) 
were as follows. Day 0: control, 1.41 5 t 0.96 (n = 

6); I - ,  10.7 ? 7 9 (n = 7). Day 6: control, 50.6 2 
14.6 (n = 6); l i - ,  17.2 -t 7.06 (n = 10). Day 14: 
control, 43.8 2 7.5 (n = 6); 1 1  , 19.85 i 7 75 (n = 

7). The symbol that appears sold represents two 
I mlce wlth dentcal antlbody concentrations. 
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