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Abstract. Antigen processing in B lymphocytes en- 
tails initial binding of antigen to the surface Ig and in- 
ternalization of the antigen into acidic compartments 
where the antigen is degraded, releasing peptides for 
binding to major histocompatibility complex class II 
molecules. Using subcellular fractionation techniques 
we show that functional, processed antigen-class II 
complexes capable of activating antigen-specific T 
cells in vitro are first formed in dense vesicles 
cosedimenting with lysosomes which are distinct from 
early endosomes and the bulk of late endosomes. With 
time, processed antigen-class II complexes appear in 
vesicles sedimenting with early endosomes and finally 

cofractionate with plasma membrane. A separate com- 
partment is identified which contains major histocom- 
patibility complex class II receptive to peptide binding 
but which does nothave access to processed antigen 
in the B cell. These class II molecules are in the so- 
called ~oppy ~ form in contrast to the class II mole- 
cules in the very dense vesicles which are in the 
"compact" form. These results demonstrate a correla- 
tion between the floppy and compact forms of class II 
molecules and their association with processed antigen 
and show that floppy and compact forms of class 1I re- 
side in distinct and physically separable subcelhlar 
compartments. 

T 
HE helper T lymphocyte response to antigen requires 
that the antigen be processed and presented by 
class U-expressing antigen-presenting cells (APC) ~ 

such as macrophages, B cells, and dendritic cells (7). For B 
lymphocytes processing is initiated by antigen binding to the 
surface Ig. Bound antigen is internalized into acidic com- 
partments where degradation proceeds and the resulting pep- 
tides bind to class H molecules for subsequent cell surface 
display. The processing and presentation of antigen to helper 
T cells is an early crucial event in the initiation of immune 
responses. Thus, delineating the molecular events underly- 
ing the transport of antigen into B cells, the proteolysis of 
the antigen, and the assembly of processed antigen-class II 
complexes is central to an understanding of the activation of 
B and T cells. A key question to be answered is where in the 
cell these events occur. Indeed, an identification of the 
microenvirouments in which processing occurs is likely to 
be important as the conditions within subcellular compart- 
ments may dramatically influence the assembly of processed 
antigen-class II complexes. 

Address all correspondence to Susan K. Pierce, Department of Biochemis- 
try, Molecular Biology, and Cell Biology, Northwestern University, 2153 
North Campus Drive, Evanston, IL 60208. 

1. Abbw, viations used in this paper: APC, antigen-presenting cells; DMc, 
Drosophila melanogaster cytochrome c; HB, homogenization buffer; KLH, 
keyhole limpet hemocyanin; LAMP-I, lysosomal associated membrane gly- 
coprotein; PM, plasma membrane; PNS, postnuclear supernatant; TfR, 
tramferrin receptor; TGR, tmm-Golgi reticnium; THMc 81-103, tobacco 
hornworm moth cytochrome c residues 81-103. 

The a and B chains of the class H are synthesized in the 
ER where they rapidly associate with invariant chain (Ii) (36, 
40), and the resulting complexes are transported out of the 
ER, through the Golgi complex, to a post-Golgi compart- 
ment, and ultimately to the plasma membrane. At present, 
it is controversial whether only newly synthesized class II, 
or class II-peptide complexes recycled from the cell surface, 
participate in the presentation of newly processed antigen 
(44). fi serves both to direct the class II to a post-Golgi com- 
partment (2, 4, 38) and to prevent peptide binding to the o~B 
chain dimers in the ER and Golgi (52, 61). Pulse-chase ex- 
periments show that class lI resides in a post-Golgi compart- 
ment for 1-2 h before transport to the cell surface 06, 45, 
46). During this time Ii dissociates from the a/~ dimer, which 
is accompanied by proteolysis of Ii (48). The o~ chain 
dimers bind processed antigen which prevents aggregation of 
empty class II (22, 23) and results in the formation of SDS- 
stable dimers (22, 45, 54, 58, 65). Two forms of SDS-stable 
dimers have been described, termed floppy and compact 
(20). The floppy form may represent an intermediate in the 
formation of stable dimers (55). 

The compartmental localization of individual antigen- 
processing events is the subject of intensive investigation, but 
as yet is not fully resolved. The endocytic pathway plays a 
central role in antigen processing and a number of studies 
implicate early and late endosomes in these events. Indeed, 
class II has been shown to reside in endosomes. Enzymes en- 
tering the cell by receptor-mediated endocytosis or by 
pinocytosis intersect class 1T (16, 46). By immunoelectron 
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microscopy, antigen bound to surface Ig is rapidly internal- 
ized into endosomes containing class II, fi, the transferrin 
receptor (TfR), as well as proteases implicated in antigen 
processing, namely cathespins B and D (25). Using immu- 
noelectron microscopy, class II was observed highly concen- 
trated in vesicular structures distinct from both trans-Golgi 
reticulum (TGR) and lysosomes (46). Nee~es and Ploegh 
(45) later showed that inhibition of endosomal proteolysis 
activity by leupeptin blocks the conversion of c~B dimers to 
the SDS-stable compact form, suggesting that endosomes 
are sites of assembly of processed antigen-class II com- 
plexes. This work is in agreement with the finding that anti- 
gen processing is defective in cells which bear mutations 
selectively blocking acidification of endosomes but not that 
of lysosomes (43). 

However, other evidence in various cell types supports a 
key role for very late endocytic or lysosomal compartments 
in antigen processing. By immunoelectron microscopy, 
Peters, et al. (50) described a post-Golgi compartment in B 
cells, termed MIIC, which has many characteristics of lyso- 
somes and contains class lI but not li. Class II molecules ex- 
pressed in stably transfected L cells were localized to late en- 
dosomes (56). Similarly, Pieters, et $.1. (51) identified both 
fi and class II molecules in prelysosomes as well as in endo- 
somes and multivesicular bodies in a melanoma cell line. 
Class II in macrophages which function in phagocytic pro- 
cessing of Listeria monocytogenes was localized to lyso- 
somes and phagolysosomes (27). Recently, processed anti- 
gen-class II complexes were found in vesicles identified as 
prelysosomes in macrophages (28). Using a different ap- 
proach, Harding, et al. showed that antigens encapsulated in 
liposomes which are released at the pH of lysosomes were 
more efficiently processed as compared to antigens encapsu- 
lated into iiposomes which release their content in endo- 
somes (26). Finally, when antigen is restricted to early endo- 
somes, by binding to the TfR, antigen processing does not 
proceed-(47). However, cross-linking the TfR to which anti- 
gen is bound, causing transport of the TfR to lysosomes 
(64), results in efficient antigen processing. 

Thus, taken together, current data indicate that class II 
molecules and Ii are present throughout the endocytic path- 
way from early endosomes to lysosomes. However, only in- 
direct data link any single subcellular compartment to anti- 
gen processing. The critical question which remains to be 
answered is: in which compartment are functional processed 
antigen-class II complexes, capable of activating T cells, 
formed? Here we present direct evidence using subcellular 
fractionation that in B cells which initiated processing by 
binding antigen to the surface Ig, functional, processed anti- 
gen-class II complexes are first detected in dense compart- 
ments which cosediment with lysosomes and subsequently, 
in fractions containing endosomes and the plasma mem- 
brane. We also describe a compartment which does not con- 
tain processed antigen-class II complexes but contains class 
II which isreceptive to peptide binding and can present pep- 
tide provided in vitro. Significantly, this compartment con- 
tains the floppy form of class II while the lysosomal compart- 
ment contains the compact form. Thus, it is possible to 
correlate the compact form of class II with the formation of 
functional processed antigen-class II complexes and the 
floppy form with~the ability to present peptide antigen. Fur- 
thermore, we' shoW that the compact and floppy forms reside 
in physically separable compartments. 

Materials and Methods 

Antibodies and Cell Lines 
The I-Ek-specific mAb producing hybridoma 17.3.3s (49) was obtained 
from the American Tissue Culture Collection, (ATCC, Rockville, MD) and 
maintained in this laboratory. Antibodies were purified from culture super- 
natants by protein A affinity chromatography. IN-I, mAb-producing hybrid- 
oma specific for the NH2 terminus of Ii was kindly provided by Dr. N. 
Koch (lmmtmbiologie Zoologisches Institut Universitat, Bonn, Germany) 
(35). The mAb-producing hybridoma, ID4B, specific for the lyscsomni as- 
sociated membrane glycoprotein (LAMP-l) was generated and character- 
ized by Drs. J. W. Chen and J. I". August (The Developmental Studies Hy- 
bridoma Bank, Johns Hopkius University, Baltimore, MD) (13) and the 
supernatant generously provided by Dr. A. Sant (University of Chicago, 
Chicago, IL). A polyclonal antibody specific for rab 7 was generated by im- 
munizing rabbits with a 32-amino acid peptide corresponding to the hyper- 
variable COOH terminus of dog rab 7 (KQETEVELYNEFPEPIKLDKN- 
DRAKTSA~CSC). For use as an immunogen the peptide was coupled to 
the carrier keyhole limpet hemocyanin (KLH) using benzoquinone (39). 
Rab "/-specific antibodies were affinity purified on a colunm containinog tab 
7 protein covnianfly coupled to afli-gel 10 resin (Bin Pad Labs., Hercules, 
CA). An mAb specific for rab 5 was generated by immiffdzin~ mice with 
a 32-amino acid peptide corresponding to the hypervariable COOH termi- 
nus of the rab 5 (PKNEPQ~SARGRGVDLTEPTQPTRSQCCSN). 
For imn3uniTation, the peptide was coupled to KLH as above. Hybridoma 
cell lines were sel~ted by ELISA using a peptide imm~loabsorbaut and 
Western blot assays a wainst the tab 5 protein. The mAb 4FI1 was found to 
react preforentialiy with the full-length peptide and failed to react with a 
peptide cousisting of the 16 NH2 terminus amino acids (PKNEPQNP- 
GANSARGR), therefore, the epitope resides within the COOH-terminal 
last 18 amino acids. The antibody was used in the form of ascites fluid with- 
out further purification and is isotype I8G2~. 

The B cell lymphoma CH27 (30) was characterized and kindly provided 
by Dr. G. Hanghton (University of North Carolina, Chapel HiU, NC). The 
mouse T cell hybridoma TPc 9.1, generated in this laboratory, is specific 
for Drosophila melanogaster cytochrome c (DMc) presented by I-E ~- 
expressing APC and secretes IL-2 upon activation (10). The CTLL-2 cell 
line (24) obtained from ATCC, is an IL-2-dependant cell line. The human 
fibroblast cell line, Niemann-Pick (5), was obtained from ATCC. Cell lines 
are routinely monitored for mycoplasma infection and are free of this con- 
tamination. All cell lines are maintained in 15% FCS containing DME sup- 
plemented as described (32). 

Antigens 
DMc was purified as a recombinant protein from the yeast strain GM-3C-2 
transformed with the plasmid YE p DMc 01, kindly provided by Dr. E. Mar- 
geliash (University of minois at Chicago, Chicago, IL). A peptide repre- 
santing the COOH terminus of tobacco homworm moth cytochrome c 
residues 81-103 (THMc 81-103) was synthesized as detailed previously ill). 
DMc was covalantly coupled to affinity-purified rabbit antibodies specific 
for mouse Ig (DMc-anti-I$) as previously described (42). 

SubceUular Fractionation 
CH27 cells (6 x l0 s) were washed with PBS (pH 7.4) and homogenization 
buffer (FIB) (10 mM Tris, 1 mM EIIfA, 0.25 M sucrose, pH 7.4) before 
homoganization. Cells were resuspended in 2 ml of liB and donnced gently 
in a Doance Tissue Grinder (Wheaton 357542; Wheaton Inds., Millville, 
NJ) for 20 cycles, followed by gentle pipetfing by a transfer pipette. The ho- 
mngenate was centrifuged at 900 g to yield postnuclear supernatnnt (PNS). 
The pellet was gently resuspended in 1 ml HB, the centrifugetion repeated, 
and the supernetant combined with the first PNS. The combined PNS was 
centrifuged at 10,000 g to remove mitochondria. 2 ml Of the PNS was 
layered onto a 9-ml Percoll gradient (Pharmacia LKB Binteclmology Inc., 
Piseataway, NJ) (1.05 #nil) prepared according to manufacturer's directious 
and centrifuged at 34,809 gm~. 0.5-ml samples were coliected using a frac- 
tionator (Buchler Auto Densiflow II C; Buehier Instruments, Inc., Lanexa, 
KS). All procedures were performed at 40C. The total protein present in 
each fraction was determined by measuring the radioactivity in subcellular 
fractions derived from 35S-Met-labeled CH27 cells. 

Enzyme Assays 
Subcellniar fractious were assayed for the following. The pinocytosis of 
HRP was used to mark endosomes as described (1). Briefly, CH27 cells 
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(10 s) were incubated at 37°C with HRP (3 mg/ml) in DME containing 
10% FCS. After 3 min the cells were rapidly cooled to stop uptake and 
washed extensively with PBS and HB before homogenization. To mark lyso- 
somes, CH27 cells (10 s) were incubated with HRP for 3 rain at 37°C, 
washed twice, and incubated at 37°(2 for 25 min. The cells were rapidly 
cooled and washed before homogenization. HRP was detected in the gra- 
dient fractions as follows: 100-/d samples were incubated for 5-15 rain in 
the dark with 100 pl of a solution containing the substrate 2,2-azino-b/s 
3-ethylbenzthiazoline-6-sulfonic acid at 5 mg/ml in 0.1 M sodium citrate 
buffer to which a 1:2,000 dilution of a 30% H202 stock was added. The 
samples were centrifuged in a microfuge at the maximum speed for 20 rain 
to remove Percoll before the absorbance at 405 um was determined. ~-hex- 
osaminidase activity was measured in gradient fractions as a marker for en- 
dosomes/lysosomes. 20-1tl samples of each fraction were assayed as de- 
scribed (60). Cytochrome c oxiduse activity was measured as a marker for 
mitochondria as described (41). Briefly, horse heart cytochrome c (Sigma 
Chemical Co., St. Louis, MO), 12 mg in 2 ml of a 0.4 M phosphate buffer 
(pH 6.2), was reduced to ferrocytochrome c with sodium hydmsulfite. 50-~1 
gradient fractions were quickly mixed with 50/tl of ferrocytochrome c and 
50 ~l of acidified H20 (pH 6.2) at 37°C in a 96-well plate. The rate of de- 
cay in the absorbance (550 nm) was measured immediately as an indication 
of the oxidation of ferrocytochrome c using a kinetic-statistic program in 
the microplate autoreader. Na+/K + ATPase activity was measured as a 
marker for the PM as described (34). 80-1d gradient fractions were in- 
cubated with 0.5 ml of a freshly prepared ATP-containing substrate solution 
(34) for 30 min at 37°C. The reaction was stopped by the addition of 0.1 
ml of 50% TCA solution. Samples were incubated on ice for 15 min and 
centrifuged in microfuge for 8 min at the maximal speed. For phosphate 
determination (21), supernatants were mixed with 0.1 ml of 2.5 % molybdate 
(in 5 N sulfuric acid) and 0.1 ml of a reducing solution prepared by dissolv- 
ing 0.5 g aminonaphtholsufonic acid in 190 ml of a 15% sodium bisulfite 
solution and slowly addi,~ '~10 ml of 20% sodium sultite until solution is 
completely dissolved. Samples were incubated for 20 rain and centrifuged 
to remove Percoll before the absorbance (660 am) was determined. Control 
samples contained 5 mM onabain. CbolinephospboreU'ansferaso activity 
was measured as a marker for the ER as described (15). 40-1zl gradient frac- 
tions were mixed with 0.2 ml of a solution containing diolin and 14CDP- 
chulin and reacted for 30 min at room temperature. Samples were extracted 
by cantrifugation at 300 g. c~-mannosidase II was measured as a marker for 
the Golgi apparatus as described (62). 20-pl samples of gradient fractions 
were assayed at both pH 5.8 and 7.4. 

APC Assay 
CH27 cells (1-2 X l0 s) were cultured in DMc-anti-lg (2 nM DMc) for var- 
ious lengths of lime, washed, and fractionated as described above. 100-1d 
subcellular fractions were added to wells of 96-well plates, diluted with 50 
/d H20 and rapidly frozen (-20°C), and thawed (37°C) to break the sub- 
cellular organelles. Samples were warmed to 37°C, and 50 ~1 of a 4x con- 
cemrated 5% DME ( + / -  peptides) was added to each well, followed by 
1-5 × los TPc 9.1 cells. The cells were incubated at 37°C for 24 h and the 
IL-2 content of the culture supernatant determined as described (24). 

Immunoprecipitation and Western Blotting 
lmmunoprecipitatious were carried out as described (19). Briefly, CH27 
cells (4 × los) were metabolically labeled with 35S-Met for 4 h at 37°C, 
washed, and fractionated as above. For I-E k, 500-~1 subcellniar fractions 
were precleared with protein A and immunoprecipitated with 30/~g of 
affinity-purified anti-LE t mAb (17-3-3s) and protein A. For Ii, 300-~d 
fractions were precleared with protein G and immunoprecipitated with 140 
pl IN-1 culture supernatant and protein G. For LAMP-I, 500-~1 fractions 
were preclcared with protein G and immunoprecipitated with 500 ~1 of cul- 
ture supernatant and protein G. 

Subcellular fractions were detected by Western blot analysis for the pres- 
ence of tab 5 and lab 7 (39). Briefly, subcellular fractions were subjected 
to SDS-PAGE using 15% mini polyacrylamide gels. The proteins were 
transferred to poly(vinylidine ditfuoride) memb~nes and stained with the 
affinity-purified polyclonal or monoclonai antibodies followed by the appro- 
priate HRP-conjugeted secondary antibody (Amersham Corp., Arlington 
Heights, IL). Antibody dilutions were made in 3 % newborn calf serum, 
0.05% (wt/vol) Tween 20, 50 mM Tris, pH 7.5, 200 mM NaCI and incuba- 
tioes were performed for 1-2 h at room temperature. Antibody binding was 
detected using a chemiluminescent substrate for HRP (Amersham Corp.). 
Typical exposure times were less than 2 min. 

Results 

SubceUular Fractionation orb Cells 

Cel l s  o f  the B ce l l  l y m p h o m a  line,  CH27,  were  h o m o g e n i z e d  
and the homogenate  clarif ied by centrifugation to remove  
nucle i  and unbroken cells .  The  P N S  was  then subjected to 
centrifugation at 10,000 g to remove  mitochondria  and any 
large protein aggregates. The  pel let  and supernatant were  as- 
sayed for the mitochondria l  e n z y m e  marker cy tochrome c 
oxidase  (41) and the pel let  contained greater than 85 % o f  the 
e n z y m e  activity w h i l e  the remainder o f  the activity appeared 
in  the supernatant (Fig .  1). The  mitochondria-depleted  P N S  
was  appl ied to a Percoll  density gradient,  after a 20 - r a in  cen-  
trifugation step, 0 .5 -ml  fractions were  col lected.  The  top 
fraction was  discarded to avoid sampl ing  so luble  material  
contained wi th in  the P N S  and the very bot tom o f  the gra- 
dient  was not col lected to avoid sampl ing  aggregated mate-  
rial. Individual  fractions were  assayed for several e n z y m e  
activit ies (Fig .  1) including: ~-hexosaminidase ,  marking en-  
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Figure/. Separation of subcellular organelles by Percoll density 
gradient centrifugation. The mitochondria depleted PNS of homog- 
enized CH27 cells was layered onto a 1.05 g/ml Percoll gradient and 
centrifuged at 34,809 g ~  for 20 rain at 4°C. (A) Given is the den- 
sity of  the gradient fractions determined using density beads (*).  
Fractions (0.5 ml) were collected and assayed for the following en- 
zymatic markers: (B) ~-hexosaminidase (~-Hexos), marking endo- 
somes and lysosomes (0);  (C)  Na+/K + ATPase (~), marking the 
PM and cholinephosphotransferase (CPT) marking the ER (v) ;  
(D) cytochrome c oxidase (COX) marking mitochondria (ra) and 
c~-mannosidase II marking the Golgi (m). All enzyme activities 
were measured as described in Materials and Methods. The total 
radioactivity in Percoll density gradient fractions derived from 
35S-Met-labeled CH27 cells is given as cpm in B (o) .  
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dosomes and lysosomes (60); Na+/K + ATPase, marking the 
plasma membrane (PM) 04) ;  choline-phosphotransferase, 
marking the ER (15); cytochrome c oxidase, marking the mi- 
tochondria (41), and c~-mannosidase II, marking the Golgi 
(62). In addition, CH27 cells were allowed to pinocytose 
HRP for 3 rain to label early endosomes or allowed to 
pinocytose HRP for 3 rain followed by a 25-rain chase to 
identify late endosomal/lysosomal compartments (1). Frac- 
tions were also assayed for the presence of the GTP-binding 
proteins, rab 5, marking early endosomes and the PM and 
tab 7, marking late endosomes (12) and LAMP-l, a lysoso- 
real marker (13). A summary of the subeellular distribution 
of these markers in CH27 cells is given in Table I. Hexos- 
aminidase activity was detected in two regions of the Percoll 
gradient, in light fractions 1-6 and in dense fractions 19-22 
(Fig. 1). The activity in the light fractions was highest in 
fractions 1--4 and trails off into fractions 5-7. The activity in 
the dense fractions shows a sharp peak of activity in fraction 
21. The hexosaminidase activity in the light fractions 1-6 and 
in dense fractions 19-22 tentatively identified these as con- 
taining endosomal and lysosomal compartments. The hexos- 
aminidase activity was contained within intact vesicles in 
both the light, 2-6, and dense fractions, 19-22, demon- 
strated by the ability to sediment the enzyme activity by cen- 
trifugation at 100,000 g. In a separate experiment the protein 
in each fraction was estimated by the radioactivity in frac- 
tions derived from 3sS-Met-labeled CI-I27 cells (Fig. 1). 

Na+/K + ATPase activity was detected in fractions 7-9 in- 
dicating that these fractions contained the PM (Fig. 1). Frac- 
tions 7-9 also contained cholinephosphotransferase activity 
indicating that the ER was contained in these fractions (Fig. 
1). Thus, the PM and ER do not separate on this gradient, 
although a clear separation of endosomes, lysosomes, and 
PM/ER was achieved. 

The ot-mannosidase II activity measured under conditions 
specific for the Golgi enzyme was detected only in fractions 
2-4 (Fig. 1). Thus, Golgi elements sediment with endo- 
somes. No significant cytochrome c oxidase activity, a mito- 
chondrial marker, was detected in any of the gradient frac- 
tions (Fig. 1) in agreement with our observation that over 
85 % of the mitochondrial cytochrome c oxidase activity was 
removed from the PNS applied to the gradient. 

To confirm that fractions 2--6 contained endosomes and 
fractions 19-22 lysosomes, the pinocytosis of HRP was fol- 
lowed. CI-I27 cells were incubated with HRP for 3 rain, 
washed, homogenized, and fractionated as above. Following 
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Figure 2. Identification of endosomes and lysosomes by HRP up- 
take. CH27 cells were pulsed with HRP (3 mg/ml) at 37°C for 3 
rain to label endosomes (o) or pulsed with HRP at 37°C for 3 rain 
and chased in DME for 25 min to label lysosomes (v). As a con- 
trol, CH27 cells were incubated with HRP for 35 rain at 18°C, a 
temperature at which transport to lysosomes is blocked (I). Cells 
were cooled rapidly and washed extensively prior to homogeniza- 
tion and fractionation. HRP activity was measured in gradient frac- 
tions as described in Materials and Methods. 

a 3-rain pulse, pinocytosed-HRP activity was found only in 
the light fractions 1-6 (Fig. 2). To label lysosomes, CH27 
cells were incubated with HRP for 3 rain, washed, and the 
cells incubated in the absence of HRP for 25 rain to chase 
the HRP into lysosomes. After the chase, HRP was detected 
only in the dense fractions, 19-22 (Fig. 2). The appearance 
of HRP in the dense fractions was blocked when cells were 
incubated at 18°C (Fig. 2), a temperature which blocks 
transport of endosomal content to lysosomes (59). The HRP 
was contained within intact vesicles by the criteria that 
greater than 95 % of the HRP activity was sedimented by cen- 
trifugation at 100,000 g. Thus, the presence of HRP only in 
the light fractions after a 3-rain incubation and the ternpera- 
ture-dependent chase of the HRP from the light fractions to 
the dense fractions with time supports the conclusion that the 
light fractions contain early endosomes and the dense frac- 
tions contain late endosomes/lysosomes. 

To further characterize the gradient fractions, Western 
blot analyses were carried out to detect rab 5 and tab 7. By 
immunoelectron microscopy, rab 5 has been found to be as- 

Table L Summary of  the Distribution of  Organelle Markers in the Subcellular Fractions 

Fraction numbers: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 

HRP 3 rain + + + + + + . . . . . . . . . . .  
HRP 25 r a i n  . . . . . . .  + + + + + 
B-Hexos + + + + + . . . . . . . .  + + + + 
COX . . . . . . . . . . . .  
Na+/K + ATPase - + + + . . . . . . . . . . .  
CPT + + + + . . . . . . . . . . .  
~x-Mann II + + + + + . . . . . . . . . . . .  
lab 5 * + + + + + + + . . . . . . . . . .  * 
rab 7 * + + + + + + + . . . . . . .  + + + + 
LAMP-1 * . . . . . . .  + + + * 
All assays are as described in Materials and Methods. A * indicates not tested. HRP 3 m/n, HRP pinocytosed for 3 rain; HRP 25 rain, HRP pinocytosed for 3 
rain followed by a 25-rain chase; B-Heros, B-hexosaminidase; COX, cytochrome c oxidase; CPT, cholinephosphotransferase; or-Mann II, c¢-mannosidase II. 
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sociated with early endosomes and the plasma membrane 
and rab 7 has been shown to be associated with late endo- 
somes (12). A mAb specific for the COOH terminus of rab 
5, mAb4Fll, was recently generated and characterized. As 
shown here, the 4FI1 mAb detected a 25-kD band in whole 
cell lysates (Fig. 3). The 4FI1 mAb did not bind in the pres- 
ence of a peptide corresponding to the COOH terminus of 
rab 5 but the presence of a peptide corresponding to the 
COOH terminus ofrab 7 had no effect (Fig. 3 A). The 4Fll  
mAb detected a 25-kD band in pooled fractions 2-5 (Fig. 3 
B, Pool/)  and 7-9 (Pool 2) but not in the pooled dense frac- 
tion, 13-15 (Pool 3) or 19-21 (Pool 4). The presence of rab 
5 in the tight fractions 2-5 (Pool/) and its absence in the very 
dense fractions 19-21 (Pool 4) is consistent with the iden- 
tification of these as early endosomes and lysosomes, respec- 
tively. Rab 5 is also a component of the cytosolic face of the 
PM consistent with its detection in fractions 7-9 (Pool 2) 
which contain PM (12). Rab 7 was detected using affinity- 
purified rabbit antibodies specific for the COOH terminus of 

Figure 3. Distribution of rab 5 and rab 7 in pooled gradient frac- 
tions. (,4) Cell lysates were prepared from human fibroblasts trans- 
fected with rab 5 or tab 7. These were subjected to 15% SDS-PAGE 
and analyzed by Western blot using mAb (4FI1) to rab 5 (left) or 
affinity-purified rabbit antibodies to rab 7 (rig/u). Membranes were 
probed with antibodies alone (lane 0), or antibodies with the addi- 
tion of a peptide representing the COOH-terminus of tab 5 (lane 
RS) or a peptide representing the COOH-terminus of rab 7 (lane 
R7). Peptides were added in a 70-fold molar excess over the anti- 
body concentration ('~3 × 10 -7 M). TWO forms of the rat, 5 and 
rab 7 proteins are detected representing the soluble form (s) and 
the prenylated form (/7). (B) Gradient fractions were pooled: 2-5 
(Pool 1); 7-9 (Pool 2); 13-15 (Pool 3) and 19-21 (Pool 4). A 10-/d 
aliquot of each pool and 3/~1 of the total PNS (T) were subjected 
to 15% SDS-PAGE and analyzed by Western blot. Membranes 
were probed with the rat, 5-specific mAb 4F11 (left) or with atiinity- 
purified rabbit antibodies specific for rab 7 (right). The immuno- 
blot staining was visualized using HRP-conjngated secondary anti- 
bodies and a chemiluminescent detection system. 

rab 7 recently generated and characterized. As shown here, 
the purified antibodies detected a 24-kD band in whole cell 
lysates (Fig. 3 A). No binding was detected in the presence 
of peptide corresponding to the COOH terminus of rab 7 but 
the presence of a peptide corresponding to the COOH termi- 
nus of rab 5 had no effect. Rab 7 was most abundant in frac- 
tions 7-9 (Pool 2) which also contained the PM and ER (Fig. 
3 B). The fight fractions 2-5 (Pool/)  also contained rab 7 
although less than the PM/ER fraction. Thus, some late en- 
dosomes cosediment with early endosomes. The denser 
fractions 13-15 (Pool 3) were negative for tab 7. However, 
some tab 7-containing vesicles were also detected in the 
densest fractions 19-21 (Pool 4). Subsequent Western blot 
analysis of the individual fractions 19 through 22 showed rab 
7 to be present in each fraction in similar amounts. Thus, 
a portion of rab 7-positive endosomes are apparently ex- 
tremely dense and cosediment with the lysosomal fraction. 
This would appear to be a discrete subpopulation of late en- 
dosomes as no tab 7 is found in intermediate fractions be- 
tween the tightest 2-9 (Pools I and 2) and most dense 19-22 
fractions (Pool 4). 

The subcellular fractions were further analyzed by immu- 
noprecipitation for the presence of LAMP-1 using the mAb 
lIMB (Fig. 4). The 1D4B mAb detected a diffuse l l0-kD 
band only in fractions 19-21 (Pool 4), consistent with the 
identification of fractions 19-22 as containing lysosomes. 
LAMP-1 was not detectable in fractions 13-15 (Pool 3), frac- 
tions 2-5 (Pool/) ,  or in fractions 7-9 (Pool 3). 

SubceUular Localization o f  Functional Processed 
Antigen-Class H Complexes 

In order to identify the compartments in which functional 
processed antigen-class II complexes are formed, subcellu- 
lar fractions of B cells which had processed antigen were as- 
sayed in vitro for their ability to activate an antigen-specific 
T cell which is dependent on the presence of processed anti- 
gen bound to the class II molecules. Thus, CH27 cells were 
incubated at 37°C with the antigen DMc covalently coupled 
to rabbit antibodies specific for mouse F(ab')2 (DMc-anti- 
Ig). As detailed previously (42), processing of DMc-anti-Ig 
requires ,~1/1,000 the concentration of conjugated DMc to 
maximally activate T cells as compared to DMc alone but 
is otherwise indistinguishable from the processing of DMc. 
At low concentrations of DMc-anti-Ig, as used here, only Ig- 
expressing B cells are able to process sufficient antigen so 
as to result in T cell activation. CI-I27 cells were incubated 
with DMc-anti-Ig for 15 min, 2 h, or 4 h, harvested, and 
fractionated on Percoll gradients as described above. In- 
dividual fractions were tested in dilution for their ability to 

Figure 4. Identification of 
LAMP-1 in the subcellular 
fractions. Gradient fractions 
from 35S-labeled CH27 cells 
were pooled, immtmoprecipi- 
tated with the LAMP-1 mAb, 
1D4B, and the immunoprecip- 

itates subjected to SDS-PAGE on a 10% gel. Gradient fractions 
shown are: 2-5 (Pool 1 ); 7-9 (Pool 2); 13-15 (Pool 3); and 19-21 
(Pool 4). Immunoprecipitates of pooled fractions using an isotype- 
matched mAb showed no proteins in the molecular weight range 
of LAMP-1 in any fraction. 
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activate an I-Ek-restricted T cell hybrid, TPc 9.1 to secrete 
IL-2. The experiment was carried out three times with simi- 
lar time points and similar results. Shown is the maximal T 
cell stimulatory activity detected in the fractions of a typical 
gradient (Fig. 5). At time zero no T cell stimulatory activity 
was detected. After a 15-min incubation with DMc-anti-Ig, 
the lysosome fractions 21-22 contained processed anti- 
gen-class II complexes capable of stimulating T cells (Fig. 
5). Two hours after processing was initiated, the lysosome- 
like compartments still contained functional, processed anti- 
gen-class II complexes and the complexes began to appear 
in vesicles which cosediment with early endosomes. At this 
time, T cell stimulatory activity was barely detectable in the 
PM fractions. Four hours after processing began the T cell 
stimulatory activity decreased in the lysosomal compart- 
ments was no longer detected in the endosomal compart- 
ments, and was present in the PM compartments. The time 
course of appearance of the functional processed anti- 
gen-class 1I complexes first in vesicles cosedimenting with 
lysosomes followed by endosomes and finally PM, suggests 
that the complexes were assembled in dense vesicles and 
subsequently transported through endosomal compartments 
to the PM. In control experiments, T cell activation by frac- 
tions 21-22 was blocked by mAb 17.3.3s specific for I-E k 
(Fig. 6) indicating that the activation of the T cell did indeed 
require the class II molecule. T cell stimulation was also an- 
tigen specific requiring the presence of the antigen DMc- 
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Figure 5. Subcellular distribution of functional, processed anti- 
gen-MHC class II complexes. CH27 cells were incubated with 
DMc-anti-Ig (2 nM DMc) at 37°C for 15 rain (v), 2 h (o), or 4 h 
(•). Cells were washed, homogenized, and applied to a Percoll 
gradient. Fractions were collected and added, in dilution, to wells 
of a 96-well microtiter plate. TPc 9.1 cells were added to the frac- 
tions and the culture supernatants assayed for their IL-2 content 
24 h later as a measure of T cell activation. 

anti-Ig as identical fractions from CH27 cells which had not 
processed antigen showed no activity in the assay (Fig. 6). 

The above experiment identified the B cell subcellular 
compartments in which processed antigen-class 11 com- 
plexes capable of activating T cells are first formed following 
the internalization of antigen bound to surface Ig. It is also 
of significant interest to localize class II molecules in B cells 
actively processing antigen which have not yet bound pro- 
cessed antigen but are competent to bind peptides and pres- 
ent peptides to T cells. To identify these class II molecules, 
the gradient fractions described above were analyzed for 
class H molecules capable of presenting an antigenic peptide 
provided in vitro. Aliquots of the subcellular fractions de- 
scribed in Fig. 5 were incubated with TPc 9.1 cells in vitro 
at pH 7 in the presence of the COOH terminal peptide of 
THMc 81-103. TPc 9.1 cells recognize THMc 81-103 pre- 
sented on I-E k and the peptide does not require processing. 
Surprisingly, class H molecules capable of presenting the 
peptide antigen in vitro appeared in fractions 13-15 (Fig. 7). 
These fractions contained no measurable processed anti- 
gen-I-E k complexes at any time during 4 h of processing of 
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Figure 6. T cell activation by subcellular fractions is dependent on 
antigen and is blocked by I-Ek-specific antibodies. (Top) CH27 
cells were incubated for 3 h with DMc-anti-Ig (v) or in media 
alone (v). Cells were homogenized, fractionated and fractions 
were tested for their ability to stimulate TPc 9.1 cells to IL-2 secre- 
tion. (Bottom) Fractions from CH27 cells incubated with DMc- 
anti-Ig for 4 h, were cultured in vitro with THMc 81403 (1/~M) 
in the presence (m) or absence (o) of I-Ek-specific mAb 17.3.3s. 
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Figure 7. The subcellular distribution of class II molecules capable 
of presenting peptides in vitro. Aliquots of the identical gradient 
fractions described in Fig. 5 derived from CH27 cells incubated 
with DMc-anti-Ig for 15 rain (v), 2 h (o), or 4 h (m) were in- 
cubated in vitro with TPc 9.1 cells and graded concentrations of the 
antigenic peptide THMc 81-103 (1/~M). Shown are the results ob- 
tained for 1 t~M THMc 81-103. Cells were cultured for 24 h and 
the IL-2 content of the culture supernatant determined as a measure 
of T cell activation. 

DMc-anti-Ig (Fig. 5). The peptide-presenting activity was 
clearly measurable in fractions 13-15, 15 rain after process- 
ing was initiated. Two hours after processing began fractions 
13-15 showed significant T cell stimulatory activity which 
disappeared by 4 h. It is interesting to note that the class II 
molecules readily presented peptide at pH 7. Several studies 
have shown that the majority of mature class II molecules re- 
quire reduced pH (4.5-5.0) for efficient peptide binding (33, 
28, 54, 65, 66), further suggesting that the class II molecules 
in fractions 13-15 are indeed distinct from mature class II 
molecules. Thus, fractions 13-15 define a compartment 

which contains class 1I molecules capable of presenting pep- 
tide antigen provided in vitro but which do not have access 
to processed antigen in the B cell. Thus, in B cells which 
have bound antigen to their surface Ig, it is possible to sepa- 
rate compartments containing class 1I molecules capable of 
binding peptide from compartments containing class II mol- 
ecules bound to processed antigen. This finding also serves 
as an important control, showing that the functional, pro- 
cessed antigen-class II complexes detected in fractions 
19-22 are not the result of postfractionation binding of pep- 
tides. If this were the case, functional complexes should have 
formed in fractions 13-15. 

Distribution of  li and Class H Molecules 
in SubceUular Fractions 

CH27 cells were labeled with ssS-Met for 3-4 h, harvested, 
and fractionated, as above. The fractions were immunopre- 
cipitated using an Ii-specific mAb, IN-l, and the precipitates 
displayed on SDS-PAGE under reducing and denaturing con- 
ditions. The major form of Ii immunoprecipitated from the 
CH27 cells, which we assume to be the p31 form, migrates 
in this gel system at ,o36 kD. There is little, if any, detectable 
p41 form. Ii was concentrated in fractions 5-9 which contain 
the ER and PM (Fig. 8). This is expected as all class 11 mole- 
cules are associated with fi in the ER and excess Ii is synthe- 
sized and present in the ER. Fractions 13-15, which con- 
tained class II molecules capable of presenting peptide in 
vitro, contained Ii but at significantly lower levels than 
ER/PM fractions. The lysosome-containing fractions, 19- 
21, which contain processed antigen-class II complexes con- 
tain no detectable Ii. 

The same fractions derived from 35S-Met-labeled CH27 
cells were immunoprecipitated using an I-Ek-specific mAb, 
17.3.3s. The immunoprecipitates displayed on SDS-PAGE 
under reducing and denaturing conditions show ol/5 and Ii 
proteins migrating in the 30-40-Mr range (Fig. 9). A protein 
which appears at ,o45 kD is nonspecifically immunoprecipi- 
tated and is seen in immunoprecipitates using an mAb iso- 
type control (see Figs. 10 and 11). The majority of the I-E k 
was present in the lighter fractions 4-9 which contain endo- 
somes, Golgi, PM, and ER (Fig. 9). Small but detectable 
amounts of I-E k are present in fractions 10 through the end 
of the gradient. The strong antigen-presenting activity as- 
sociated with the denser fractions, namely 13-15 and 19-22 
(Figs. 5 and 7) suggests that the class II contained in these 

Figure 8. Subcellular distribu- 
tion of Ii. CH27 cells were la- 
beled with 3sS-Met for 4 h, 
washed, homogenized, and 
fractionated by Percoll den- 
sity gradient centrifugation. Ii 
was immunoprecipitated from 
fractions using the Ii-specific 
mAb IN-1. Immunoprecipi- 
rates were boiled and sub- 
jeered to SDS-PAGE under re- 
ducing conditions. A compos- 
ite photo is shown from two 
gels containing 13 samples 
each. The molecular weight 
markers have been removed. 
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Figure 9. The subcellular dis- 
tribution of LE t. CH27 cells 
were labeled with 35S-Met for 
4 h, washed, homogenized , 
and fractionated on PercoU 
density gradient as in Fig. 8. 
Fractions were immunopre- 
cipitated with the I-E k- 
specific mAb 17.3.3s and the 
immunoprecipitates were 
boiled and subjected to SDS- 
PAGE under reducing condi- 
tions. Molecular weight 
markers (MW) are shown for 
the 31- and 46-kD markers. A 
composite photo is shown 
from two gels. One molecular 
weight marker was removed 
between fractions 20 and 21. 

fractions is highly efficient at presenting antigen as compared 
to the bulk of the class H. However, the amount of class II 
detected in these compartments is likely significant given 
that we and others (57, 18) have shown that as few as 500 
processed antigen-class II molecules per APC are sufficient 
for T cell activation. 

As functional, processed antigen-class II complexes and 
class II molecules capable of stimulating T cells when 
provided with peptide in vitro were detected in fractions 
19-22 and 13-15, respectively, it was of significant interest 
to determine if the class II molecules in these compartments 
were in the so-called floppy or compact forms. As discussed 
above, existing evidence indicates that o~/~ chains form com- 
pact dimers following stable peptide binding. Immunopre- 
cipitates of I-E k were subjected to SDS-PAGE without 
reducing or boiling the samples, conditions under which the 
a~ chains remain as dimers. Comparing Figs. 9 and 10 there 
is an appearance of two higher molecular weight forms of 
class H molecules under nonreducing nonboiling conditions. 
The higher forms correspond to the floppy and compact 
forms of class H molecules. In a background analysis not 
shown here, Western blotting of immunoprecipitates of class 
H molecules run under nonreducing, nonboiling conditions 
showed class II molecules migrated at these approximate po- 
sitions. The endosome and PM/ER fractions appeared to 
contain both floppy and compact forms. A small amount of 
the floppy form appeared in fractions 13-15 and the compact 

form was detectable in fractions 19-21. To better visualize 
the compact and floppy forms in fractions 13-15 and 19-21, 
gradient fractions were again subjected to SDS-PAGE under 
nonreducing conditions without boiling. Upon longer ex- 
posure of the gel there was a striking difference in the I-E k 
in these fractions (Fig. 1D. The compact form was only de- 
tected in the lysosome-containing fractions 19-21 while the 
floppy form was only detected in fractions 13-15. The higher 
molecular weight forms of class II molecules migrate as a/~ 
chain when boiled and reduced, and no class lI molecules 
are immunoprecipitated using an isotype control antibody 
(Fig. 11). Additional analyses showed that the floppy and 
compact forms are present in B cells regardless of whether 
the B cells have bound and processed the antigen DMc-anti- 
Ig (Fig. 11). Thus, the vesicles containing the floppy and 
compact forms of class II molecules appear to be constitu- 
tively present and not induced in B cells undergoing Ig- 
mediated processing. Thus, the floppy and compact forms of 
class U molecules reside in discrete subcellular compart- 
ments of the B cell which correspond to compartments in 
which class H molecules are receptive to peptide binding or 
in which class II molecules have bound processed antigen. 

Discus s ion  

The helper T cell recognition of antigen requires the process- 
ing of antigen and presentation of the processed antigen 

Figure 10. SubceUular cfistri- 
bution of the floppy and com- 
pact forms of I-E k. CH27 
cells were labeled with 3sS- 
Met for 3-4 h, washed, 
homogenized, and fraction- 
ated by Percoll gradient cen- 
trifugation. Samples were im- 
munoprecipitated with the 
I-Ek-specific mAb 17.3.3s and 
eluted with 2× nonreducing 

cocktail at room temperature. Samples were subjected to SDS-PAGE under nonreducing conditions. Molecular weight markers (MW) are 
shown for the 31- and 46-kD markers. A composite photo is shown from two gels. A molecular weight marker was removed between frac- 
tions 2 and 3. In addition an immunoprecipitate of pooled fractions 7-9 using an isotype-matched mAb is shown (C). 

The Journal of Cell Biology, Volume 125, 1994 602 



Figure 11. Distribution of the floppy and compact forms of I-E k in 
fractions 13-15 and 19-21. (,4) CI-I27 cells were incubated with 
3sS-Met for 3 h, washed, homogenized, and fractionated by Per- 
coil gradient centrifugation and fractions or pools of fractions were 
immunoprecipitated with the LEt-specific mAb 17.3.3s or isotype 
control antibody (IC). Samples were subjected to SDS-PAGE un- 
der reducing conditions after boiling the sample (reduced, 100°C) 
or under nonreducing conditions without boiling the sample (non- 
reduced, 25°C). (B) CH27 cells were incubated in media alone or 
in media containing DMc-anti-Ig for 4 h at 37°C in the presence 
of ssS-Met. Cells were washed, homogenized, fractionated by Per- 
coil gradient centrifugation and fractions were immunoprecipitated 
with the I-Ek-specific mAb 17.3.3s. Samples were eluted with 2x 
nonreducing cocktail at room temperature and subjected to SDS- 
PAGE under nonreducing conditions. 

bound to the major histocompatibility complex class II mol- 
ecules. Recently, a considerable amount has been learned 
concerning the nature of processed antigens bound to the 
class II molecules (14, 31, 53) and the structure of the pro- 
cessed antigen-class II complex (8). In addition, the binding 
of peptides to class II has been studied in vitro in consider- 
able detail (3, 9, 63, 66). Taken together, these studies have 
contributed greatly to our understanding of the assembly of 
peptide--class 1I complexes. However, a significant gap in our 
understanding of antigen processing remains, namely: 
where in the cell do critical events in the assembly of pro- 
cessed antigen-class ]1 complexes occur? This is a particu- 
larly important consideration as the kinetics of peptide-class 
II binding measured in vitro, are extremely slow both for 
association and dissociation (9, 66) and do not reflect the 
relatively rapid assembly of processed antigen-class II 
complexes in antigen-presenting cells (17, 37, 42). The mi- 
croenvironments of individual comparUnents differ signifi- 
cantly and may dramatically influence the assembly events. 
Indeed, the results of Jeusen 03)  and others (28, 54, 65, 66) 
showed that the formation of peptide-class 1I complexes is 
favored by acidic conditions that mimic the pH microenvi- 
ronment of the endocytic pathway. 

Current evidence indicates that class H molecules are dis- 

tributed throughout the endocytic pathway (6). However, it 
is not known where processed antigen-class II complexes 
form. Here we address that question using a combination of 
subceUular fractionation and assays for functional, pro- 
cessed antigen--class H complexes. We show that these com- 
plexes are first formed in vesicles which cosediment with 
lysosomes in B lymphocytes and not in early endosomes or 
in the bulk of late endosomes. Within 15 min after antigen 
is bound to the B cell surface Ig, dense vesicles contain class 
II molecules capable of activating antigen-specific T cells in 
vitro. The activation of T cells by the class 1I molecules is 
dependent on the addition of antigen to the B cells and is 
blocked by antibodies to the class II molecules, indicating 
that T cell activation indeed reflects the presence of pro- 
cessed antigen-class II complexes. The Percoll gradient 
fractions in which T cell stimulatory activity is detected are 
hexosaminidase and LAMP-1 positive and contain HRP fol- 
lowing a 25-rain chase period. Rab 7, a marker for late endo- 
somes, is also detected in these fractions, however, rab 5, a 
marker for early endosomes is absent. Class II molecules but 
not Ii are present in these fractions. From the experiments 
described here it is not possible to know if antigen is pro- 
cessed in a new compartment dedicated to this function in 
B cells or to well characterized compartments such as rab 
7 + late endosomes or lysosomes. By immunoelectron mi- 
croscopy, Peters, et al. (50) have previously described a 
compartment, termed MIIC, which contains class II mole- 
cules but not Ii, is/~-hexosaminidase and LAMP-1 positive 
and contains HRP 60 rain after a short pulse. The vesicles 
we describe here may be the MIIC. Immunoelectron micros- 
copy of the vesicles cosedimentin~ with lysosomes will ad- 
dress this possibility. 

In the continued presence of antigen, processed anti- 
gen-class II complexes are observed in vesicles cosediment- 
ing with lysosomes for at least 3 h. After 2 h, functional 
complexes are also detected in vesicles which cosediment 
with endosomal compartments and after 4 h are detected in 
the fractions which contain PM. The sequential appearance 
of the functional complexes in these fractions suggests that 
they are initially assembled in a compartment which cosedi- 
ments with lysosomes and are then transported through the 
endosomes to the PM. Perhaps one of the most interesting 
findings presented here is that the processed antigen-class II 
complexes do not persist in the dense comparUnent beyond 
4 h. This is found to be the case despite the fact that the anti- 
gen is continuously present in the B cell culture. Moreover, 
the concentration of antigen present in culture ('~2 nM) is 
considerably less than would be required to saturate the sur- 
face Ig. We have observed a similar phenomenon when 
measuring the time dependence of the processing and pre- 
sentation of antigen by splenic B cells. Unlike the presenta- 
tion of pinocytosed antigen which persists as long as antigen 
is present (37), the peak presentation of antigen internalized 
bound to the surface Ig is maximal between 4 and 6 h. Pre- 
sentation declines thereafter and by 12 to 24 h B cells no 
longer present the antigen. A similar time course was ob- 
served for a single round of antigen processing using a bio- 
chemical assay measuring the binding of radiolabeled anti- 
gen to class 1I (42). It is possible that binding of antigen to 
the surface Ig both triggers the initiation of processing and 
precludes processing of antigen which subsequently binds to 
surface Ig. Indeed, the surface Ig is a signal-transducing 
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receptor and our earlier studies showed that binding antigen 
to the surface Ig influenced the processing of antigen inde- 
pendent of internalization of the antigen bound to Ig (10). 
The impact of antigen binding to Ig on subsequent events in 
the processing pathway is of significant furore interest. 

In addition to identifying a subcellular compartment in 
which processed antigen-class II complexes are formed, the 
studies presented here also identify a compartment which is 
less dense than lysosomes and contains class II molecules 
which are capable of presenting a peptide antigen when 
provided in vitro. The class II molecules in this compartment 
have not yet bound processed antigen but are competent to 
bind peptide. This suggests that this compartment may not 
have access to processed antigen, consistent with the obser- 
vation that HRP pinocytosed into cells does not enter this 
compartment. Ii is also contained within this compartment, 
but is clearly absent from the vesicles cosedimenting with 
lysosomes which contain processed antigen-class H com- 
plexes. We do not know if all class H molecules in this com- 
partment are associated with fi or whether there is a mixture 
of class II molecules, only some of which are bound to Ii. 
Since Ii blocks binding of peptides to class H molecules, the 
ability of the class H molecules to present peptide would sug- 
gest that Ii is not bound to at least a portion of the class II 
molecules. Strikingly, the class H molecules are in an SDS- 
stable conformation but migrate as a floppy form, slower 
than the compact form observed in the vesicles which sedi- 
ment with lysosomes. The floppy form of class II is proposed 
to be an intermediate form between free c~ and B chains and 
compact dimers (55). The class H molecules assume the 
compact form when peptides are bound (58) but whether 
floppy forms of class II molecules have peptide bound is not 
known. It is possible that the floppy form of class H mole- 
cules identified here has bound a peptide which does not in- 
duce the compact form. However, if so, this is not a peptide 
derived from the exogenous antigen. 

It is interesting to speculate that the compartment which 
contains the floppy form of class II molecules is a precursor 
to the compaitment which cosediments with lysosomes in 
which class H molecules bind processed antigen. Class H 
molecules may enter this compartment directly from the 
TGR. Alternatively, class H molecules could be retrieved 
from the cell surface and delivered to this compartment. 
Here the conditions may be appropriate for the dissociation 
of Ii from class H molecules. Once Ii dissociation is com- 
plete, class H molecules would be free to move into the 
lysosome-like compartment in which processed antigen is 
present. In this model, Ii would function to retain class H 
in a preloading compartment until conditions are appropriate 
for processed antigen loading to occur. Having entered the 
dense compartment, class H molecules may bind processed 
antigen, forming compact, functional dimers. 

An alternative possibility for the floppy-class H-contain- 
ing compa~mient is suggested by the recent studies of Get- 
main and Rinker (23). They showed that class H dimers 
which fail to bind peptide form aggregates and are not deliv- 
ered to the cell surface and likely represent a dead-end in as- 
sembly. Thus, it is formally possible that the floppy-class 
H-containing compartment corresponds to class II ag- 
gregates. The addition of peptide in culture would presum- 
ably result in deaggregation and account for the observed 
presentation of the peptide. However, the presence of Iiar- 

gues against this possibility as the aggregated dimers de- 
scribed by Germain and Rinker contain no Ii. Moreover, if 
the compartment containing the floppy form of class II mole- 
cules is not a precursor to the compartment containing com- 
pact class H molecules, it is difficult to explain the sequential 
disappearance of fi described here. Pulse-chase experiments 
coupled with cell fractionation will be necessary to address 
this issue. 

Regardless of the order of events in the processing path- 
way, the results presented here show that the class II mole- 
cules in floppy and compact forms reside in physically 
separable compartments. Significantly, these two compart- 
ments also define the peptide-binding states of the class II 
molecules. This finding suggests that these two forms of the 
class H molecules exist in discrete subcellular environments 
and may have distinct physiological roles in the assembly 
pathway. Lastly, our results do not support a key role for 
early endosomes or the bulk of late endosomes in the assem- 
bly process. However, our experiments only address the pro- 
cessing of the model antigen cytoehrome c in B lymphocytes 
following receptor-mediated endocytosis. It is certainly pos- 
sible that in other antigen-presenting cell types the process- 
ing compartments may not be identical and that other types 
of antigens may have different processing requirements. Fu- 
rore studies comparing processing compartments taking 
these potential variables into account should be of interest. 

The authors thank Dr. Diane DeNagel for her critical reading of  this manu- 
script and Mr. Peter Schafer for helpful discussions and advice. 

The work was supported by grants from the National Institutes of  Health 
(AI27957, AI18939, and HL45168). Y. Qiu is supported by a fellowship 
from the Arthritis Foundation. 

Received for publication 5 November 1993 and in revised form 31 January 
1994. 

R t, fGIr~IIICG$ 

1. Adams, C. J., K. M. Maurny, and B. Storrie. 1982. Exocytosis ofpinocytic 
contents by chinese hamster ovary cells. J. Cell Biol. 93:632-637. 

2. Anderson, M. S., and J. Miller. 1992. lavariant chain can function as a 
chaperone protein for class H major histocempatibih'ty complex mole- 
cules. Proc. Natl. Acad. Sci. USA. 89:2282-2286. 

3. Babbitt, B. P., P. Allen, G. Matsueda, E. ~ ,  and E. R. Unmme. 1985. 
Binding of immonogenic peptides to Ia histocompafib'flity molecules. Na- 
ture (Lond.). 317:359-361. 

4. Bakke, O., and B. Dobberstein. 1990. MHC class H-associated invarlant 
chain contains a sorting signal for endosomal compartments. Cell. 
63:707-716. 

5. Beaedet, A. L., and A. A. Manschreck. 1982. Metabolism of sphingomye- 
lin by intact culiured fibroblasts: differon~tlon of Niemann-Pick disease, 
types A and B. Biochem. Biophys. Res. Commun. 105:14-19. 

6. Bredsky, F. M. 1992. Antigen processing and presentation: close encoun- 
ters in the endocyfic pathway. Trends Ce//B/ol. 2:109-115. 

7. Brodsky, F. M., and L. E. Guaglinrdi. 1991. The cell biology of antigen 
processing and presentation. Annu. Rev. lmmunol. 9:707-744. 

8. Brown, J. H., T. S. Jardetzky, J. C. Oorga, L. J. Stern, R. G. Urban, J. L. 
Stronfinger, and D. C. Wiley. 1993. T h r e e ~ i ~ o n a l  structure of the 
human class H histocompatlbility antigen HLA-DR1. Nature (Lond.). 
364:33-39. 

9. Buus, S., A. SeUe, S. M. Colon, D. M. Janis, and H. M. Grey. 1986. Isola- 
tion and characterization of antigen-la complexes involved in T cell rec- 
ognition. Cell. 47:1071-1077. 

10'. Casten, L. A., E. K. Lakey, M. L. Jelachich, E. Margoliash, and S. K. 
Pierce. 1985. Anti-immonoglobulin angnmts the B-enll antigen-presen- 
tation fimctlon independently of internafizatlon of receptor-antigen com- 
plex. Proc. Natl. Acad. Sci. USA. 82:5890-5894. 

11. Caste.n, L. A., and S. K. Pierce. 1988. Receptor-mediated B cell entlgen 
processing: increased entigenicity of a globular protein covalently cou- 
pled to antibodies specific for B cell surface structures. J. Immunol. 
140:404-410. 

12. Chavrier, P., R. G. Patton, H. P. Hare'i, K. Simons, endM. Zerinl. 1990. 
~ t i o n  of low molecular weight GTP binding proteins to exocyfic 

The Journal of Cell Biology, Volume 125, 1994 604 



and endocyfic compartments. Ceil. 62:317-329. 
13. Chert, J. W., T. L. Murphy, M. C. Willingham, I. Pastsn, and J. T. Au- 

gust. 1985. Identification of two lysosomul membrane glycoproteins. J. 
Cell Biol. 101:85-95. 

14. Chicz, R. M.,R. G. Urban, W. S. Lane, J. C. Gorga, L. J. Stern, D. A. A. 
Vj~all, slid J. L. Strominger. 1992. Predominant naturally processed 
peptides bound to HLA*DR1 are derived from MHC-reinted molecules 
and are heterogeneous in size. Nature (Lond.). 358:764-768. 

15. Coleman, R., and R. M. Bell. 1977. Pbospbolipid synthesis in isolated fat 
cells. 1. Biol. O~em. 252:3050-3056. 

16. Cresswell, P. 1985. Intracelinlar class I1 HLA antigens are accessible to 
transferrin-nenraminideso conjugates internaliTed by receptor-mediated 
endocytceis. Proc. Natl. Acid. Sci. USA. 82:8188-8192. 

17. Davidson, H. W., P. A. Reid, A. Lanzavecchin, and C. Watts. 1991. 
Processed antigen binds to newly synthesized MHC class II molecules in 
antigen-specific B lymphocytes. Cell. 67:105-116. 

18. Demotz, S., H. M. Grey, and A. Sette. 1990. The minimal number of class 
H-antigen complexes needed for T cell activation. Science (Wash. DC). 
249:1028-1030. 

19. Domanico, S. Z., D. C. DeNagal, J. N. Dahiseid, J. M. Green, and S. K. 
Pierce. 1993. Cloning of the gene encoding peptide-bindin 8 protein 74 
shows that it is a new member of the heat shock protein 70 family. Mol. 
Cell Biol. 13:3598-3610. 

20. Dornmalr, K., B. Rothenhansler, and H. M. McConnell. 1989. Structural 
intermediates in the reactions of antigenic peptides with MHC molecules. 
Cold Spring Harbor 5ym. Quam. Biol. 54:409-416. 

21. Fiske, C. H., and Y. Subbarow. 1925. The culorimetric determination of 
phosphorous. J. Biol. Cher~ 66:375. 

22. Germain, R. N., and L. R. Hendrix. 1991. MHC class II structure, oc- 
cupaney and surface expression determined by post-endopiasmic reticu- 
lure antigen binding. Nature (Lond.). 353:134--139. 

23. Germain, R. N., and A. G. Rinker, Jr. 1993. Peptide binding inhibits pro- 
tein aggresafion of invariant-chain free class II dimers and promotes sur- 
face expression of occupied molecules. Nature (Lond.). 363:725-728. 

24. Gilfis, S., M. M. Ferm, W. Ou, and K. A. Smith. 1978. T cell growth fac- 
tor: parameters of productiou and a quantitative microassay for activity. 
J. lmmwwl. 120:2027-2032. 

25. Guasliardi , L. E., B. Koppelman, J. S. Blum, M. S. Marks, P. Cresswell, 
and F. M. Brodsky. 1990. Co-localization of molecules involved in anti- 
gen processing and presentation in an early endocytic compartment. Na- 
ture (Lond.). 343:133-139. 

26. Harding, C. V., D. S. Collins, J. W. Slot, H. J. Genze, and E. R. Unanne. 
1991. Liposome-encepsulatod antigens are processed in lysosomes, recy- 
cled and presented to T cells. Cell. 64:393--401. 

27. Harding, C. V., and H. J. Genze. 1992. Cell II MHC molecules are present 
in macrophage lysosomes and phagolysosomes that function in the phago- 
cytic processing of Listeria Monocytogenes for presentation to T cells. 
J. Cell Biol. 119:531-542. 

28. Harding, C. V., and H. J. Geuze. 1993. Immunogenic peptides bind to class 
II MHC molecules in an early lysosumul compartment. J. Immunol. 
151:3988-3998. 

29. Harding, C. V., R. W. Roof, P. M. Allen, and E. R. Unanne. 1991. Effects 
of pH and polysecchsrides on peptide bindin~ to class I1 major bistocom- 
patlbflity complex molecules. Proc. Natl. Acad. Sci. USA. 88:2740- 
2744. 

30. Henghton, G., L. W. Arnold, G. A. Bishop, and T. J. Mercolino. 1986. 
The CH series of murine B cell lymphomas: neoplastic analogues of 
Lyt ÷ normal B cells. Immuno. Rev. 93:35-51. 

31. Hunt, D. F., H. Michel, T. A. Dickinson, J. Shabanowitz, A. L. Cox, K. 
Sakaguchi, E. Appalls, H. M. Grey, and A. Sctto. 1982. Peptides 
presented to the immune system by the murine class H major histocom- 
patibility complex molecule I-A d. Science (Wash. DC). 256:1817-1820. 

32. Jeinchich, M. L., M. J. Grusby, D. Clark, D. Tasch, E. Margoliash, and 
S. K. Piet~e. 1984. Synergistic effects of antigen and soluble T-cell fac- 
tors in B-ly~hocyte activation. Prnc. Natl. Acad. Sci. USA. 81: 
5537-5541. 

33. Jensen, P. E. 1991. l~nhanced binding of peptide antigen to purified class 
II major histocompatibility glycoproteins at acidic pH..I. Exp. Med. 
174:1111-1120. 

34. Jorgensen, P. L. 1974. Isolation of (Na + +K +) ATPase. In Methods in En- 
zymology. Vol. XXXII. Biomembranas, Pan B. S. Fleischer and L. 
Packer, editors. Academic Press, Inc., Orlando, FL. 285-290. 

35. Koch, N., S. Koch, and G. L Hammering. 1982. Ia invariant chain detected 
on lymphocyte surfaces by monocloual antibody. Nature (Lond.). 299: 
6'~.~ 645. 

36. Kvist, S., K. Wiman, L. Claesson, P. A. Peterson, and B. Dobberstein. 
1982. Membrane insertion and oligomeric assembly of HLA-DR 
histocompatibility antigens. Cell. 29:61-69. 

37. Lakey, E. K., L. A. Casten, W. L. Nieblin 8, E. Margoliash, and S. K. 
Pierce. 1988. Time dependence of B cell processing and presentation of 
peptide and native protein antigens. J. Immunol. 140:3309-3314. 

38. Lottean, V., L. Teyton, A. Peleraux, T. Nilsson, L. Karlsson, S. L. 
Sckmid, V. Qnaranta, and P. A. Petorson. 1990. Intraceliular transport 
of class H MHC molecules directed by invariant chain. Nature (Lond.). 
348:600-605. 

39. Louvard, D., C. Morris, G. Warren, K. Stanley, F. Winider, and H. Reg- 
gio. 1983. A monocloual antibody to the heavy chain of clathrin. EMBO 

(Fur. Mol. Biol. Organ.)J. 2:1655-1664. 
40. Machamer, C. E., and P. Cresswell. 1982. Biosynthesis and 81ycosylation 

of the invariant chain associated with HLA-DR antigens. J. lmmunol. 
129:2564-2569. 

41. Madden, E. A., and B. Storrie. 1987. The preparative isolation of mito- 
chondria from chinese hamster ovary cells. AnaL Biochem. 163:350- 
357. 

42. Marsh, E., D. P. Dalke, and $. K. Pierce. 1992. Biochemical evidence for 
the rapid assembly and disassembly of processed anfigen-MHC class lI 
complexes in acidic vesicles of B cells. J. Exp. Met/. 175:425--436. 

43. McCoy, K. L., J. Miller, M. J~kln~, F. Ronchese, R. N. Germain, and 
R. H. Schwartz. 1989. Diminished antigen processing by endosomal 
acidification mutant antigen-presenting cells. J. lmmanol. 143:29-38. 

44. Neefjes, J. J., and H. L. Plcegh. 1992. Intracellular laansport of MHC class 
II molecules. Inununol. Today. 13:179-184. 

45. Neefjes, J. J., and H. L. Ploegh. 1992. Inhibition of endesomal proteolytic 
activity by lenpeptin blocks surface expression of MIIE class II molecules 
and their conversion to SDS resistant alpha beta hetorodln~rs in endo- 
somes. EMBO (Fur. Mo[. Biol. Organ.) J. 11:411-416. 

46. Neefjes, L l., V. Stollorz, P. I. Peters, H. J. Gouze, and H. L. PIoegh. 
1990. The biosynthetic pathway of MHC class H but not class I molecules 
intorsects the endocyfic mute. Cell. 61:171-183. 

47. Niebling, W. L., and S. K. Pierce. 1983. Antigen entry into early endo- 
somes is insufficient for MHC class 11 processing. J. Immanol. 150: 
2687-2597. 

48. Nowell, J., and V. Quaranta. 1985. Chloroquine affects biosynthesis of la 
molecules by inhibiting dissociation of invariant (~amma) chains from 
alpha-beta dimers in B cells. J. Exp. Med. 162:1371-1376. 

49. Ozato, K., N. Mayer, and D.H. Sachs. 1981}. Hybridoma cell lines secret- 
ing monoclonal antibodies to mouse H-2 and Ia-antigens. J. Immunol. 
124:533-540. 

50. Peters, P. J., J. J. Neeljes, U. Oorschot, H. Pioegh, and H. J. Genze. 1991. 
Segregation of MHC class II molecules from MHC class I molecules in 
the Golgi complex for transport to lysosomul compartments. Nature 
(/.and.). 249:669--676. 

51. Pieters, J., H. Horstmann, O. Bakke, G. Grllfiths, and J. Lipp. 1991. intra- 
cellular transport and localization of major histocompafibility complex 
class II moleeules and associated invariant chain. J. Cell Biol. 115: 
1213-1223. 

52. Roche, P. A., and P. Cresswell. 1990. Invariant chain association with 
Ht, A-DR mote~es inhibits m - o S e n i c  peptide bin~ng. Nanve (tma~). 
345:615-618. 

53. Rudensky, A. Y., P. Preston-Hurlburt, S. C. Hon 8, A. Barlow, and C. A. 
Janeway, Jr. 1991. Sequence analysis of peptides bound to MHC class 
II molecules. Nature ~Lond.). 353:622--627. 

54. Sadegh-Nasseri, S., and R. N. Germain. 1991. A role for paptide in deter- 
mining MHC-cless 11 struemrn. Nature (Lond.). 353:167-170. 

55. Sadegh-Nasseri, S., and R. N. Germain. 1992. How MHC class I1 mole- 
cules work: peptide-dependent completion of protein folding. Immunoi. 
Today. 13:43-46. 

56. Salamero, J., M. Humbert, P. Cosson, and J. Davoust. 1990. Mouse B 
lymphocyte specific endocytosis and recyclin 8 of MHC class II mole- 
cules. EMBO (Fur. Moi. Biol. Organ.) J. 9:3489-3496. 

57. Srinivasan, M., E. W. Marsh, and S. K. Pierce. 1991. Characterization of 
naturally processed antigen bound to MHC-class IL Proc. Natl. Acad. 
$ci. USA. 88:7928-7932. 

58. Stern, L. J., and D. C. WHey. 1992. The human class II MHC protein 
HLA-DR1 assembles as empty AB heterodimors in the absence of anti- 
genic peptide. Cell. 68:465-477. 

59. Sullivan, p. C., A. L. Ferris, and B. Storrie. 1987. Effects of temperature, 
pH elevators, and energy production inhlbitors on horseradish peroxidase 
transport through endocytic vesicles. J. Cell Physiol. 131:58-63. 

60. Suzuki, K. 1987. Enzymatic diagnosis of sphingullpases. In Methods in En- 
zymology. Vol. 138. Complex Carbohydrates, Part E. V. Ginsburg, edi- 
tor. Academic Press, Inc., Orlando, FL. 757-758. 

61. Teyton, L., D. O'Sullivan, P. W. Diekson, V. Lottesu, A. Sette, P. Fink, 
and P. A. Peterson. 1990. Invariant chain distinguishes between the exog- 
enous and endogenous antigen presentation pathways. Nature (Lond.). 
348:39--44. 

62. Tulsiani, D. R. P., S. C. Hubbard, P. W. Robbins, and O. Touster. 1982. 
Alpha-D-mannosidases of rat liver Golgi membranes. J. Biol. Chem. 
257:3660-3668. 

63. Watts, T. H., and H. M. McCounell. 1986. High-atfiulty fluorescetu pep- 
tide binding to I-A d in lipid membranes. Proc. Natl. Acad. Sci. USA. 
83:9660-9664. 

64. Weissman, A. M., R. D. Klansner, K. Rao, and J. B. Harford. 1986. Ex- 
posure of K562 cells to anti-receptor monoclonal antibody OKT9 results 
in rapid redistribution and enhanced degradation of the transferrin recep- 
tor. J. Cell Biol. 102:951-958. 

65. Wettstein, D. A., L J. Boniface, p. A. Reay, H. Schlld, and M. M. Davis. 
1991. Expression of a class II Major Histocompatibility Complex (MHC) 
Heterodimer in a lipid-linked form with enhanced paptide/soluble MHC 
complex formation at low pH. J. F.xp. Med. 174:219-228. 

66. Witt, S. N., and H. M. McCouneli. 1991. A first-order reaction controls 
the binding of antigenic paptides to major histocompatibility complex 
class II molecules. Proc. Natl. Acad. $ci. USA. 88:8164-8168. 

Qiu et al. Antigen-processing Compartments 605 


