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Class I molecules are N-linked glycoproteins encoded by the MHC. They carry cytosolic protein-derived peptides to the cell 
surface, displaying them to enable immune surveillance of cellular processes.  Peptides are delivered to class I molecules by the 
transporter associated with Ag  processing (TAP). Peptide  association is known to occur before exposure of class I molecules to 
the medial Golgi-processing enzyme  a-mannosidase II, but there is limited information regarding the location or  timing of 
peptide binding within the earlier regions of the endoplasmic reticulum (ER)-Golgi pathway. A reported association of newly 
synthesized class I molecules with the ER chaperonin calnexin raises the possibility of persistence of the monoglycosylated 
N-linked oligosaccharide (NLO) Glc,Man,GlcNAc,, known  to be recognized by this lectin. To explore these  matters, we 
determined the structure of the NLOs on the subset of newly synthesized class I molecules awaiting  the loading of peptide. We 
pulse-labeled murine MHC  H-2Db class I molecules in RMA/S  cells, which lack one of the TAP  subunits, causing the great 
majority  of the molecules to be retained for prolonged periods in an early secretory compartment, awaiting peptide binding. 
MHC molecules pulse-labeled with [3H]glucosamine were isolated, the NLOs specifically released and structurally analyzed by 
a variety of techniques. Within the chosen window of biosynthetic time,  most Db molecules from parental RMA cells carried 
mature NLOs of  the biantennary complex-type, with one to  two sialic acid residues. In RMA/S  cells,  such chains were in the 
minority, the majority consisting of the precursor forms Man,GkNAc, and Man,GkNAc,. No glucosylated forms were de- 
tected, nor were the later processing intermediates Man,-,GlcNAc, or GlcNAc,Man,-,CkNAc,.  Thus,  most Db molecules in 
TAP-deficient cells are retained in an early compartment of the secretory pathway, before the  point  of  first access to the Golgi 
a-mannosidase I, which trims (ul-2 linked mannose  residues, but beyond the point where the al-3-linked glucose  residue is 
finally removed by the ER glucosidase II. Thus, structural analysis of NLOs on class I molecules within a defined biosynthetic 
window has established a biochemical measure of the timing of peptide association. The lournal of Immunology, 1995, 155: 
3780-3787. 

T cells expressing CD8 play an important role in eradicating 
viruses  and  other  intracellular  parasites,  recognizing  an- 
tigenic  peptides in a  complex with class I molecules of the 

MHC.  Class I molecules  are  heterodimeric  glycoproteins  consist- 
ing of a  small  invariant  nonglycosylated  soluble  subunit (p2 mi- 
croglobulin)  complexed to a  larger  polymorphic  glycoprotein ( a -  
chain),  which is anchored to the membrane by a  hydrophobic 
carboxy-terminal  sequence (1,2). Both subunits  are  co-translation- 
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ally translocated  into the endoplasmic reticulum (ER),' where 
a-chains rapidly acquire one to  three N-linked oligosaccharides 
(NLOs). The antigenic  peptides  most  abundantly presented by 
class I molecules  are  derived from cytosolic  proteins  (reviewed in 
Refs. 3 and 4). The evolutionary  wisdom of this arrangement is 
obvious because viral replication  has an absolute  requirement  for 
protein  synthesis,  which  occurs primarily in the cytosol.  However, 
this  imposes  a  topologic  hurdle, with a lipid bilayer separating the 
Ags  from class I molecules. Most Ags  clear this hurdle via the 
action of TAP (transporter associated with Ag presentation), a mem- 
ber of the ABC superfamily of transporters that functions to transport 
antigenic peptides from the cytosol into the secretory compartment 
(5-14). TAP consists of two MHC-encoded subunits termed TAP1 
and TAP2, both of which are required to create a functional trans- 
porter. In TAP-deficient cells, most class I molecules are loosely as- 
sembled, and incubation of cells or detergent extracts at 37°C results 
in the dissociation of a-chains from /32 microglobulin, with loss of 
reactivity to most class I-specific mAbs (15-21). 

Due to their central role in the immune  system, it is  important  to 
understand thc biogenesis of class I molecules.  Additionally, their 

' Abbreviatlons used in this  paper: ER, endoplasmic  reticulum; TAP, transporter 
associated with Ag processing; NLO. N-llnked  oligosaccharlde;  endo-H,  endo- 
P-N-acetylglucosaminldase H; PNCaseF, Peptide:N-glycosidase F 
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biosynthesis  and  assembly  serves  as  a model for the general  prob- 
lem of assembling  multimeric  membrane  glycoproteins and regu- 
lating  their  export from the  ER. Most peptides appear to bind to 
pre-assembled a-P, microglobulin  complexes  (originally referred 
to as  “empty” class I molecules;  a  more  precise term is  “peptide- 
receptive”) (16, 22). In detergent  extracts or on the cell  surface, 
peptide-receptive class I molecules  are  unstable at temperatures of 
>30°C and rapidly dissociate,  causing  conformational  alterations 
in a-chains reflected in the loss of mAb  reactivity.  Earlier  reports 
indicate that at least a portion of these  molecules  are retained in the 
ER (23)  associated with the  chaperonin  calnexin  (21, 24-28), 
which  is now known to be a lectin (29-31) recognizing  a  mono- 
glycosylated  intermediate in the NLO  processing pathway (32, 
33). More recent findings  indicate that most of these newly syn- 
thesized  peptide-receptive complexes are  bound  to TAP (13, 14), 
rather than to calnexin.  Regardless, in both models the MHC  com- 
plexes  are released upon  peptide  binding,  resulting in rapid export 
to the cell  surface via the  Golgi  complex. 

The sequential modification of NLOs by enzymes concentrated 
in subcompartments of the secretory  pathway  provides the most 
precise  means  available for defining the location of events that 
occur in the assembly  and  maturation of glycoproteins (34). After 
the initial en bloc transfer of Glc,Man,GlcNAc, units to a  suitable 
Asn residue, the sugar chains are  processed by several different 
enzymes before  being modified into an endo-P-N-acetylglu- 
cosaminidase  H  (endo-H)-resistant  form  (GlcNAc,Man,GlcNAc,) 
by the  Golgi-processing enzyme  a-mannosidase 11, which is first 
encountered in the medial Golgi. 
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Previous work using endo-H (15, 16) indicated that  the site of peptide 
loading is proximal to the point where the MHC class I molecule 
encounters a-mannosidase I1 (see scheme above). On the other hand, 
Williams and colleagues (24,  26, 35,36) reported that before peptide 
loading, class 1 molecules are associated predominantly with the chap- 
erone calnexin. The oligosaccharides recognized by the  lectin func- 
tion  of calnexin (Glc,Man,,GlcNAc, and Glc,Man,GlcNAc,) are 
known (37-42) to undergo a deglucosylation-reglucosylation cycle 
(shown in the scheme above) that may prolong their association with 
calnexin in the ER (29, 30). Thus, structural characterization of  the 
NLOs on newly synthesized class I molecules associated with caln- 
exin and/or TAP is of interest and may help to define further the 
intracellular location of class I assembly. 

Structural  characterization of the NLOs of mature MHC class I 
molecules has been performed  previously  (43, 44), but these stud- 
ies did not address the nature of the early  biosynthetic  intermedi- 
ates. Radioactive  monosaccharides can be used to  pulse-label  a 
cohort of class I molecules in normal  cells, but the  speed at which 
they pass  though the secretory  pathway makes it  difficult to isolate 
the form awaiting  peptide  association  (45).  Furthermore, it is tech- 
nically difficult to obtain and study the detailed  structure of the 
oligosaccharides from a  single protein during a narrow window of 
biosynthesis. To obtain sufficient quantities of TAP-associated ra- 
diolabeled class 1 molecules  for  analysis, we used RMAiS cells. 

These cells were selected  from  chemically  mutagenized  mouse 
RBL-5  lymphoma cells on the basis of low  steady-state  levels of 
cell  surface class I expression  (46). R M N S  cells synthesize nor- 
mal H-2 Kh and Dh a-chains and @,-microglobulin, but fail to 
assemble  them properly because of a point mutation resulting in 
premature  termination in the single  copy of TAP2 they express 
(47). Although the cells maintain  a  limited ability to present cy- 
tosolic Ags to T,,, ,. (48-51), >90% of new synthesized class I 
molecules are shed or degraded  without  ever  having bound to  a 
peptide with sufficient affinity to  stabilize their structure  (17,  22). 
Characterization of f3’S]rnethionine-radiolabeled class I molecules 
showed that they are retained by TAP1 in an endo-H-sensitive 
form for 5 to 10 times as  long  as class I molecules  synthesized by 
RMA  cells  (the  mutagenized parent cells used for selection of 
RMAiS  cells) (24). Consistent with this,  NLOs on class I mole- 
cules in RMA cells reach the fruns-Golgi network much more 
rapidly than those synthesized by RMAiS  cells,  as measured by 
their acquisition of sialic  acids (16). These  findings  indicate that 
most class I molecules in R M N S  cells  are retained in the  more 
proximal regions of the secretory  pathway, i.e., the ER, the inter- 
mediate  compartment, or the most proximal  regions of the Golgi 
complex. By inference, peptide  association normally occurs in 
these  compartment(s).  Also  consistent  with  this,  chimeric class I 
molecules retained in an  endo-H-sensitive form by virtue of cyto- 
solic  sequences  obtained  from  adenovirus E3119K glycoprotein 
can be assembled with peptide with similar efficiency as  unmod- 
ified class I molecules  (52). Here we have  determined  the  structure 
of newly synthesized  NLOs  associated with murine MHC  H-2Dh 
class I molecules  derived  from  RMA/S cells. 

Materials and Methods 
Materials 

Peptide-N4-(N-acetyl-/3-glucosaminyl) asparagine  amidase  (PNGase F) 
was purified by gel filtration (53) and characterized  as  described  previously 
(54). Jack Bean P-hexosaminidase  and  a-mannosidase  were from V-Labs 
(Covington,  LA) and had activities of 0.5 and 0.23 U/p1 respectively. AT- 
throhucrer urec$xiens sialidase from Calbiochem  (La  Jolla,  CA)  was  dis- 
solved at 4 Uiml i n  100 mM sodium  citrate,  pH 4.6, and  stored at -20°C. 
The MicroPak AX-5 HPLC column was from Varian (San Fernando, CA). 
The  TSK-GEL DEAE-2SW HPLC column was from TosoHaas (Montgom- 
cryville, PA). Sephacryl S-200 HR, Bioheads SM-2, Sephadex G-15, and con- 
canavalin A (Con A) Sepharose were from Pharmacia (Piscataway, NJ). Oli- 
gosaccharide standards were obtained from Dionex (Sunnyvale, CA) and 
labclcd at the reducing terminus with Na[ZH]BH,.  All other reagents obtained 
from commercial sources were of the highest quality available. 

Radiolabeling and isolation of  D” class I MHC 

RMA and RMAiS  cells (2 X 10’) were  pulse-radiolabeled with 1 mCi of 
[’H]GlcNH, for 20 min in 0.5 ml of glucose-free media, washed, and 
incubated in complete  media for an additional 3 h at 37°C.  Detergent  ly- 
sates  wcrc  prccleared with protein A-Sepharose  preloaded with an irrele- 
vant  Ab.  Supcrnatants  wcrc then incubated with protein A-Sepharose  pre- 
loaded with the mAh 28-14-8s (ATCC#  HB27,  directed  against Dh) and 
washed  extensively.  Beads  were boiled in SDS-PAGE  sample buffer, and 
the  supernatant  was  loaded  onto a 10%~ polyacrylamide  gel.  After  electro- 
phoresis, the region of the gel  containing H-2 Dh was excised and mas- 
cerated and proteins  were  recovered by electroelution  into 25 mM Tris,  192 
mM  Glycine,  0.1%  (wiv)  SDS, pH 8.6. Protein was precipitated by adding 
SO pg of BSA  (cssentially fatty acid-free)  as  a  carrier  and 10 volumes of 
cold  acctone. After overnight  incubation at 4”C, the  precipitated protein 
and salts  were  recovered by centrifugation at 12,000 X g for 5 min.  Ten 
milliliters of 70%  (viv)  ethanol  was added to the pellets, and the samples 
were placed a t  -20°C  for up to 2  wk. Under these  conditions, the salts 
were  solubilized hut the protein remained insoluble.  After  centrifugation in 
an IEC  centrifugc at 2000 rpm for 30 min, -70% of the  radioactivity  was 
recovered in the pellet. 

Release and purification of N-linked oligosaccharides 

The  ethanol  pellets  were rcsuspendcd in 200 p1 of 20 mM HEPES, 1 %  
(wiv) SDS, 20 mM 2-ME, pH 8.5, by heating t o  95°C for 15 min with 
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FIGURE 1. Gel filtration chromatography for the  isolation of 
PNGaseF-released  N-linked  oligosaccharides.  Gel-purified H-2 D" 
molecules  were  incubated  with or without  PNGaseF  and  analyzed by 
gel  permeation  chromatography  with  Sephacryl S-ZOOHR as described 
in Materials a n d  Methods.  The  released  oligosaccharides  separated 
from  the  polypeptide  backbone  (shown by the  bar)  were  pooled  and 
analyzed  further. 

occasional  venting  to  allow  residual  ethanol to evaporate and subsequently 

800 p1 of 20 mM HEPES, 1.25% (wiv) Nonidet P-40.  20  mM 2-ME, pH 
using  a  sonicating  water bath at room temperature  for 20 min.  After  adding 

8.5, followed by 10 p1 of 1 M 1,lO-phenanthroline in methanol,  a 50-pl 
aliquot of the 1-ml  sample  was  saved  as  a  minus  PNGaseF  control.  NLOs 
were  released by adding 10 pl of PNGaseF (2.5 m u )  to the remaining 950 
pl and incubating at 37°C. After 3 h, another 10 p1 of PNGaseF  was  added, 
and the release  was  allowed to proceed  for an additional 2 h,  at which  time 
the  sample  was heated to 95°C for 5 min.  The released NLOs  were  sepa- 
rated from the polypeptide  backbone by gel  permeation  chromatography 
(54) on a  Sephacryl S-200 HR column (1.5 X 18 cm') run in 20 mM 
HEPES, 0.2% (wiv) SDS, pH 8.0. Fractions (0.93 ml) were  collected, and 
radioactivity in 5% of the volume  was  monitored.  Fractions with released 
oligosaccharides  were identified by comparison with the profile of the con- 
trol incubation  sample,  pooled,  saturated KC1 added to 2% (viv),  and the 
potassium  dodecyl  sulfate  was  allowed  to  precipitate  overnight at 4°C. 
After  centrifugation at 2600 X g for 15 min, the supernatant liquid was 
removed and any remaining  Nonidet P-40 eliminated  using  a 5-ml Biobead 
SM-2 resin column  as  described  previously (54). The  column flow through 
and 5 column  volumes of water  wash  were  collected,  lyophilized, redis- 
solved in 1 ml of water, and desalted  on  a 1.5 X 27 cm  Sephadex G-15 
column run in water. 

Analysis of  N-linked oligosaccharides 

Purified, desalted  oligosaccharides  were  fractionated into neutral and  an- 
ionic  species by anion  exchange  chromatography,  using 1.8 ml of QAE 
Sephadex  prewashed with at least 10 column  volumes of 2 mM Tris  base. 
The  desalted  oligosaccharides in water  were  adjusted  to 2 mM Tris  base 
from  a  stock  solution,  applied  to the column,  and the flow through  and an 
1 I-ml  wash of 2 mM Tris  base  was  collected  into  a 50-1111 tube.  Anionic 
oligosaccharides  were  eluted with 5 X 1 ml aliquots of 1 M NdCl in 2 mM 
Tris  base and collected  into  a  single tube. The  fractionated Oligosaccharides 
were  lyophilized,  desalted  on  Sephadex G-15 as  described  above,  lyophi- 
lized,  resuspended in water,  and  stored at -20°C. The neutral oligosac- 
charides  were  analyzed  using an AX-5 amine-bonded  HPLC  column (55). 
The  column  was  equilibrated in 65% acetonitrile:35%  water (flow rate 1 
mlimin), the sample  injected, and a  gradient of 65% acetonitrile  to 30% 
acetonitrile  developed  over 70 min.  Fractions (0.4 min)  were monitored for 
radioactivity  after  adding 5 ml of Liquiscint liquid scintillation  mixture. 
Anionic  oligosaccharides  were  analyzed by ion exchange  chromatography 
using  a  DEAE HPLC column.  The  sample  was injected onto the column 
equilibrated in water (flow rate 0.6 mlimin),  eluted with water  for 5 min, 

Table I .  PNGaseF  release  and  charge  distribution  of I'HIGlcNH,- 
labeled  oligosaccharides  from  H-2 D" molecules" 

Radioactivity  Release by 
Cell  Line  PNGaseF Ohgosaccharides 

Anionic 

RMA 
RMNS 

98% 
95% 

8 3 '/o 

32% 

N-linked oligosaccharides of [ 'HlClcNH,-labeled H-2 Dh were released hy 
PNGaseF. isolated, and fractionated into  neutral and anionic species as de- 
scribed in Materials and Mefhods. 

and then developed with a  gradient of 0 to 100 mM NaCl over 70 min. 
Fractions ( I  min)  were  monitored  for  radioactivity.  The percent of radio- 
label in ['HINeuAc was  determined by treating the anionic  oligosacchar- 
ides with 20 mU of A. ureqfucierzs sialidase  for 5 h at 37°C in 40 mM 
sodium  citrate, pH 4.6, in a final volume  of 25 pI. The  samples  were placed 
in a  boiling  water bath for 5 min and  applied  to  a Biogel P-4 gel  permeation 
chromatography  column (0.7 X 40 cm') equilibrated in 100 mM ammo- 
nium  formate, pH 6.5. The  column  was  eluted with the same buffer at a 
flow rate of 0.53 mlimin,  and  fractions (0.75 min)  were monitored for 
radioactivity.  The  anionic  oligosaccharides  were  also  analyzed by lectin 
affinity chromatography (56) on  a 1.8-ml column  of Con A  Sepharose 4B 
washed with 20 ml of Con A  column buffer (10 mM HEPES, 150 mM 
NaCI, 1 mM CaCI,, 1 mM MgCI,, 0.02% (wh)  NaN,, pH 8.0). The  oli- 
gosaccharide  sample in 7.5 pl of water  was diluted with 0.5 ml of Con A 
column buffer, applied to  the  column,  and  washed in 1.5 ml of column 
buffer followed by 4 X 2 ml aliquots of column buffer. The  column  was 
eluted first with 5 X 2 ml aliquots  of  Con  A  column buffer containing 10 
m M  wmethyl-glucopyranoside and then with 5 X 2 ml aliquots of Con A 
column buffer containing 100 mM a-methyl-mannopyranoside prewarmed 
to 60°C. The 2-ml fractions  were  monitored for radioactivity. 

Liquid  scintillation  counting 

Appropriate  background  subtraction  was  determined with blank vials. In  all 
cases, the samples  were  counted at a  constant  quench level in  aqueous- 
compatible  scintillation fluid for  a period long  enough to give  a 95% con- 
fidence level. Thus,  even with the low levels of radioactivity  available  for 
some  analyses,  signal-to-noise ratios were  acceptable. 

Results 
Release, purification, and fractionation of N-linked 
oligosaccharides 

Newly  synthesized Dh molecules  were  pulse-labeled with 
[6-'H]GlcNH, for 20 min,  followed by a  3-h  chase period. Under 
these  conditions, most molecules in RMA  cells are expected to 
have  passed  through the Golgi  apparatus,  whereas  a  substantial 
portion of those in RMNS cells  are retained in an early  secretory 
compartment,  still  awaiting  peptide  loading. The radiolabeled mol- 
ecules  were immunoaffinity-purified and either  analyzed  directly 
or after SDS-PAGE separation and electroelution of Dh a-chains 
from excised  gel  slices. Both approaches  gave  generally  similar 
results, but the data  obtained with electroeluted  molecules are pre- 
sented here, because it  cannot be affected by minor contaminants 
(of different M ,  than a-chains) seen on the fluorographs of gels. 
Oligosaccharides  were released with PNGaseF,  which  cleaves 
most known NLOs from  glycoproteins (57), and separated from 
the polypeptide  backbone by gel permeation chromatography  (Fig. 
1, Table I). Of the ['HIGlcNH, incorporated  into Dh molecules in 
both  cells, >95% was released by PNGaseF. This  was anticipated 
because Dh is not known to be 0-glycosylated and ['HIGlcNH, is 
incorporated  into  NLOs  almost  exclusively  as ['H]GlcNAc or 
['Hlsialic acids (45, 58). The slightly  altered profile of elution of 
the R M N S  oligosaccharides is likely due to the increased propor- 
tion of high mannose-type  oligosaccharides (see below). The ra- 
diolabeled, purified NLOs  were  fractionated  into neutral and an- 
ionic  species by ion exchange  chromatography on QAE Sephadex 
(Table I). The percent  associated with the latter in RMA  and 
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FIGURE 2. HPLC size analysis of neutral  oligosaccharides on an 
amine-bonded AX-5 HPLC chromatography  column. The neutral 
NLOs released from  H-2 D" molecules  were  analyzed  with or without 
digestion  by  a-mannosidase  or @hexosaminidase as described previ- 
ously (54). The position of elution of authentic  oligosaccharide stan- 
dards are indicated: A, ClcNAc; B, Man,GlcNAc,; C, Man,ClcNAc,; 
and 17, ManPl-4GlcNAc2 (a-mannosidase-digested Man,GlcNAc,). 

R M N S  cells (80 and  32%,  respectively) may  not be a completely 
accurate  measure of actual  amounts,  because neutral and  anionic 
chains  may  have different specific  activities.  After  uptake, 
['HJGlcNH, is first converted  to UDP-['H]GlcNAc, which  can  be 
used either  directly or indirectly (see  below) as a GlcNAc  donor in 
oligosaccharide  biosynthesis (45,58). Alternatively, it can be epimer- 
ized to UDP-['HIGalNAc (incorporated primarily into 0-linked oli- 
gosaccharides) or converted to ['HIManNAc, the precursor to CMP- 
["Hlsialic acids.  Anionic  oligosaccharides  should  have higher specific 
activities than  neutral chains  for  three  reasons. First,  they simply 
have  more  monosaccharides that can  be  radiolabeled.  Second, 
the ['H]GlcNAc on the external  antennae  comes  directly from 
UDP-['HIGlcNAc, whereas  that in the chitobiose  core  comes  from 
the  lipid-linked oligosaccharide Gl~,Man,[~H]GlcNAc,-pyro- 
phosphate-dolichol.  The ['HIGlcNAc in the  latter may  be of lower 
specific activity because i t  must pass through additional  biosyn- 
thetic  intermediates.  Finally,  Endo-H-sensitive  oligosaccharides 
have  only  one or no N-acetyl-lactosamine  antennae,  whereas  sia- 
lylated  complex  type  oligosaccharides  have  two or more  such an- 
tennae  (with  higher  specific activity  ['HIGlcNAc  residues). Thus, 
the percent of  radioactivity associated with anionic  chains repre- 
sents  an  upper limit  of  the  percent of total oligosaccharides that are 
anionic.  Regardless  of  the precise  ratios,  it is  clear that class I 
molecules  from  RMA  cells  have a much  higher proportion of an- 
ionic  chains than those  from  RMA/S  cells.  This fits previous 
knowledge that a larger  proportion of the latter are retained in an 
early  compartment of  the secretory  pathway. 

Analysis of neutral oligosaccharides 

The neutral oligosaccharides  were  analyzed by amine-adsorption 
HPLC,  wherein  separation  occurs on the  basis of  size,  with smaller 
molecules  eluting first.  Neutral oligosaccharides  from both RMA 
and R M N S  were  resolved  into  two  major  species,  eluting in PO- 
sitions  expected  for Man,GlcNAc, and Man,GlcNAc, (Fig. 2).  
However, early intermediates  such  as  Glc,Man,GlcNAc,  could 
comigrate with  the Man,GlcNAc, standard,  and the minor  peaks 
eluting  ahead  could  represent  later  processing  intermediates  such 
as  GlcNAc,Man,GlcNAc,.  The possibility of terminal GlcNAc 
residues  was ruled out easily by treatment with P-hexosaminidase, 
which gave no release of ['HIGlcNAc, that  would  elute very early 
(Fig. 2). Thus, all of the [3H]GlcNAc residues  are in the chitobiose 
core of these  oligosaccharides,  inaccessible to the enzyme. Partic- 
ularly because of the  recent  interest in the  role of glucose units in 
calnexin  binding (29-32),  it was  important to know  whether  such 
residues  were present in a terminal position. If unprocessed  glu- 
cose residues were present in the form of Glc,Man,GlcNAc,  (see 
scheme  below) or Glc,Man,GlcNAc,, such  oligosaccharides 
should  be partially  resistant to digestion with  the exoglycosidase 
Jack Bean a-mannosidase (a well  characterized  enzyme that is free 
of  any a-glucosidase activity). 

Manal-2Manal  6 

Manal-2Mana1-3 6 
Mana l  

Manpl,4[3H]GlcNAcpI.4[2H]GlcNAc 
Glcal-2Manal-2Manal-2Manal-3 

In fact,  a-mannosidase  treatment  caused  most of the  radio- 
activity to collapse to a species  that  co-migrated  with  the 
Man,GlcNAc, (the  last mannose  residue is 8-linked and resistant 
to this  enzyme). A small  amount of  radioactivity eluting  immedi- 
ately after the major  peak is likely due  to  incomplete  digestion, 
because  this  was  also  seen  after  treatment of a Man,GlcNAc, stan- 
dard (data  not shown).  The  smallest  possible  size of a glucose- 
containing  a-mannosidase resistant species  is  expected to be 
Glc,Man,GlcNAc,, which  should  elute very close to  the standard 
Man,GlcNAc, ( B  in Fig. 2) .  However, only  a  very small fraction 
of the  total  radioactivity migrated in this  area after a-mannosidase 
treatment  (-3%  with  the RMA  sample,  and -6% with  the R M N S  
sample).  Thus, if any  glucose  residues  are  remaining, they are 
present only on a very small fraction of the total oligosaccharides. 
The structure of the major neutral oligosaccharides (Man,GlcNAc, 
and Man,GlcNAc,) indicates that the  class I molecules  are re- 
tained in compartments  lacking  Golgi  a-mannosidase I, which nor- 
mally removes  further  mannose residues  (the  ER,  the intermediate 
compartment, or possibly  the most  proximal  elements of the Golgi 
complex).  The  presence of Man,GlcNAc, is consistent with  the 
removal of a single  mannose  residue  from Man,GlcNAc, by the 
a-mannosidase(s) located in the ER (59). 

Analysis of the anionic oligosaccharides 

The most common  anionic  substituent on the oligosaccharides of 
class I molecules  is  expected to be sialic  acid.  The  anionic  oligo- 
saccharides  from the Db  molecules of RMA  and R M N S  cells  were 
compared to determine  whether the degree of sialylation  was  dif- 
ferent.  Analysis  by DEAE HPLC  chromatography (Fig. 3) showed 
that  the majority of oligosaccharides  had  one or two negative 
charges, with a small fraction  having  three  negative  charges.  Treat- 
ment with A. ureufuciens sialidase  converted most of the oligo- 
saccharides  into neutral species,  although 13% of the  radiolabel 
retained a single  negative charge. The distribution  of  radiolabel in 
the  different anionic  species of oligosaccharide  from Dh from 
RMA  and R M N S  cells  are  virtually identical (Table 11). The  13% 
of radiolabel that remained  anionic after sialidase digestion could 
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FIGURE 3. DEAE-HPLC analysis of anionic oligosaccharides. An- 
ionic  oligosaccharides released and  purified  from H-2 D" molecules 
were  analyzed  by  anion exchange chromatography  with  and  without 
sialidase treatment as described  previously  (54). The elution  position 
of  oligosaccharide standards is indicated: 1) monosialylated Kacetyl- 
lactosamine; 2) disialylated  biantennary NLO; 3) trisialylated  trianten- 
nary NLO; and 4 )  tetrasialylated tetra-antennary NLO. 

Table II. Distribution of negative charge on ['H]CLcNH,-labeled 
oligosaccharides from H-2 D" molecules.' 

Net  Negative Charge 

Cell  Line Sialidase Treatment 0 - 1  -2 - 3  

and  analyzed by DEAE-HPLC before and atter sialidase digestion, as described in 
.'Anionic  l'HlClcNH,-labeled  oligosaccharides  from  H-2 D" were isolated 

Malerid5 m d  Methods. 

be  due to incomplete  release of sialic  acids by the sialidase, to the 
presence of anionic  moieties  other than sialic acid, or to the con- 
version of ['HIGlcNH, to ['HISia. To distinguish  these possibil- 
ities, anionic  oligosaccharides  from  RMA-derived D" were treated 
with A. urrufucien.~ sialidase  and the products  were  analyzed by 
gel  permeation  chromatography on Biogel P-4. The intact anionic 
oligosaccharide  eluted  quantitatively with the  void  volume of  the 
column  and,  after  sialidase treatment, 13% of the radiolabel  eluted 
in the  included volume  where ('HISia is  expected to run (Fig. 4). 
Thus, the 13% of  radiolabel  that retains a single  negative  charge 
after  sialidase  digestion  can be accounted for  completely by the 
conversion of [3H]GlcNH, to ["HISia. These results also confirm 
that  the sole  anionic  constituent on the  oligosaccharides  from  Class 
I MHC is sialic acid. 

Affinity chromatography with Con A Sepharose  was used  to 
analyze  further the structure of the anionic  oligosaccharides.  Tri- 
and tetra-antennary oligosaccharides  are  unretained by this col- 
umn,  and  digalactosylated  biantennary  molecules  and  some  mo- 
nogalactosylated  biantennary  chains  are eluted with 10 mM 

1 0  3 0  

FRACTION NUMBER 

FIGURE 4. Gel  permeation Chromatography of sialidase-digested 
anionic oligosaccharides. The anionic oligosaccharides released and 
purified  from H-2 D" molecules of RMA  cells was dlgested with  siali- 
dase and  analyzed by gel permeation  chromatography  on BioGel P-4 
as described in Materials and Methods. The label co-migrating with 
authentic  NeuAc after sialidase digestion represented 1 3 %  of the ap- 
plied  radioactivity. 

Table 1 1 1 .  Con A Sepharose analysis of anionic ['HIClcNH,. 
labeled  oligosaccharides from H-2 LY mo/ecu/es" 

Cell  Line  Unretained 10 m M  aMe-Glc-eluted 100 mM aMe-Man-eluted 

RMA 17%  80% 3 
RMNS 35% 62% 3 ?A" 

and analyzed, as descrlhed in Malerrdis and Methods. 
"Anionic ['HlGlcNH,-labeled  oligosaccharides from H-2 D" were isolated 

a-methyl  glucopyranoside,  whereas hybrid chains  and the remain- 
ing monogalactosylated  biantennary  oligosaccharides are eluted 
with 100 mM  a-methyl  mannopyranoside (56). As  shown in Table 
111, very little radioactivity eluted with 100 mM a-methyl  man- 
nopyranoside;  this  is  consistent  with  previous  steady-state  analyses 
of the  related class I molecules  Kk  and Dk derived  from the mouse 
B  cell lymphoma cell line AKTB-lb (43). Comparison of Tables 
I1 and 111 reveals that the percentage of tri- and tetra-antennary 
anionic  oligosaccharides  (unretained by Con A) from D" derived 
from  either  RMA or R M N S  cells  is  greater than  the percentage of 
anionic  oligosaccharides with three sialic  acids.  Thus,  these  oligo- 
saccharides must be sialylated only  partially. Likewise, a lower 
percentage of radiolabel  than  was  associated  with  monosialy- 
lated  oligosaccharides  eluted  from  Con A Sepharose  with 10 
mM  a-methyl  mannopyranoside,  indicating  that  some of the 
biantennary  chains  from  either  cell  line  are  also  partially  sia- 
lylated.  Interestingly, a greater  percentage of RMA/S-  than 
RMA-derived  anionic  oligosaccharides  are  unretained  by Con 
A,  indicating  that a greater  percentage of D" molecules  that  do 
manage  to  pass  through  the  Golgi  complex  in  RMAiS  cells 
acquire tri- or tetra-antennary  oligosaccharides. 

Discussion 
In most  previous  studies of MHC  class I biosynthesis,  the struc- 
tures of the NLOs  were inferred  indirectly on the  basis of endo- or 
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RMA 1% 15% 69% 1 4% 

RMAIS 3% 61 % 21 % 1 1 % 

I A= Glucose 0 = Mannose = N-acetylglucosamine Galactose = Slallc  acid I 
FIGURE 5. Distribution of radioactivity in N-linked oligosaccharide structures from H-2 Dh molecules of RMA and RMNS cells after a 3-h chase. 
Key steps in the well established pathway for processing for NLOs (34) are shown, without specification of linkages. The asterisks indicate the steps 
of deglucosylation and reglucosylation (39-42) that are suggested by others to determine calnexin binding (29, 30, 32). The identification of the 
monoglucosylated molecules is indirectly based on a-mannosidase resistance and I S  a maximum estimate. The percentages shown are  the results 
from the representative experiments presented in this paper. The totals add up to slightly less than 100% because of the small amount of 
unidentified neutral oligosaccharides (see Fig. 2). 

exoglycosidase  digestions,  monitoring  shifts in mobility  on SDS- 
PAGE, or isoelectric  focusing  (15,  16).  Although  such  approaches 
are  extremely  valuable, they do not define  precisely  the structure of 
the oligosaccharides in question. On the other  hand, fine structural 
analyses are performed rarely  on immunoprecipitates of metabol- 
ically  labeled glycoproteins  (43, 44, 60),  because of  the small 
quantities of  material available  and the  potential for  contamination 
by other  glycoproteins.  Here  we  have  optimized  several  technol- 
ogies  to  determine directly  the structure of N-linked chains of class 
1 molecules radiolabeled in a  relatively  brief pulse-chase  experi- 
ment,  thus  avoiding late changes in the oligosaccharide  caused by 
terminal  degradation. 

Final  studies  were  performed  on Dh molecules  isolated after  a 
20-min pulse  label and a 3-h  chase  period.  This  time period was 
chosen  because  previous  work  (28) indicated  that most  molecules 
in RMA  cells  should  have been delivered to the cell  surface, 
whereas most from the RMAiS cell line  should  be  awaiting  peptide 
loading, tethered by TAPl (and/or  calnexin) in an  early compart- 
ment. We  found that  a majority of oligosaccharides  from  RMA/S 
cells were  of the  neutral high mannose type, whereas most of those 
from  RMA  cells  were of the  sialylated  complex  type.  Structural 
analysis of these  oligosaccharides  indicates that  neutral and 
charged  species  represent,  respectively, the endo-H-sensitive  and 
-resistant  species  described in previous  reports (16, 17). The  small 
amount of precursor  forms  persisting  even in RMA  cells  after 3 h 
is not surprising and fits previous  descriptions that it is difficult to 
completely "chase" these  molecules  out of  the early  compartment 
(24).  Likewise, the small  fraction of sialylated  oligosaccharides 
found in the mutant cells is expected,  because a substantial  mi- 
nority of the class I molecules in these  cells  do  pass  through the 
Golgi  apparatus  over the 3-h  chase period, although they  rapidly 
denature upon reaching the plasma  membrane  (16,  22,  24). 

Williams  and  colleagues reported that in RMA/S  cells,  Db  mol- 
ecules with endo-H-sensitive  oligosaccharides  remained  associ- 
ated with calnexin  for at least  4  h after  synthesis  (24,36).  Although 
only a fraction of Dh was  detected in chemically  cross-linked  com- 
plexes  with  calnexin, the  efficiency of cross-linking  was  thought  to 
be  low,  and it was  concluded that  a  high percentage of  retained D" 

is complexed to calnexin. This  conclusion  conflicts with findings 
that human class I heavy chains  associate with calnexin  only  for a 
very short period before  being transferred to TAP  (13,  14,  32). 
Moreover, the conclusion  that a majority of class 1 molecules in 
R M N S  cells  remains  associated with calnexin in anticipation of 
peptide  binding  can  be reconciled  with more recent findings of 
TAPl association  only if it is  assumed that TAP,  calnexin,  and 
class I molecules  comprise a supercomplex. To our knowledge, 
there  is no direct  evidence  for  such a complex. 

In any  event,  given  the possibility  that class I molecules  are 
bound by both TAP and  calnexin in R M N S  cells, it is important 
to relate our present findings to the  emerging  information  about  the 
lectin-like  specificity of calnexin. Ou et al. first showed that the 
association of newly  synthesized  glycoproteins with calnexin  was 
dependent upon  N-linked glycosylation (29). Hammond  et al. (30) 
then  reported  that treatment of cells with inhibitors of ER-gluco- 
sidases blocked  the association of vesicular  stomatitis  virus G pro- 
tein and influenza virus  hemagglutinin  (HA) with  calnexin.  Based 
on partial mobility  shifts of ["S]methionine pulse-labeled HA  ob- 
served in SDS-PAGE  after  Jack Bean a-mannosidase digestion  of 
calnexin-associated  HA, they concluded that many of the  oligo- 
saccharides  were  monoglucosylated.  This  would  be  consistent  with 
a previous report that  oligosaccharides  associated with VSV G 
protein retained in the ER (and presumably  bound to calnexin) 
were  predominantly  monoglucosylated (61).  Based  on  the more 
rapid turnover of  radiolabeled glucose than glucosylated  oligosac- 
charides, it was proposed that glucose  residues  were regenerated 
continuously through  the opposing  actions of  ER glucosidase I1 
and UDP-g1ucose:glycoprotein transferase.  The latter enzyme  was 
discovered by Parodi and  colleagues,  who  demonstrated its  pres- 
ence in the ER and,  appropriately, that it demonstrates a marked 
preference  for  oligosaccharides  present  on  denatured  glycoproteins 
(37-42). More recently, further  evidence  for this hypothesis  has 
appeared (33), including the direct  demonstration of  a specific 
lectin-like recognition of Glc,Man,,GlcNAc, by calnexin  (32). 
Our  own  preliminary  studies  suggest that at least some  class 
I-associated  oligosaccharides in R M N S  cells remain glucosylated 
for a  period  of  time, because after  pulse radiolabeling with 
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[ 1-’Hlgalactose (which  can be converted to [I-”H]glucose), a por- 
tion of the Dl’-associated label is sensitive to endo-H digestion 
(J. Yewdell, unpublished observations).  However, the data in Fig- 
ure 2 indicate that such  glucosylated  oligosaccharides must repre- 
sent  a very small fraction of the neutral chains associated with D” 
molecules, even in the RMA/S  cells.  Assuming that each  molecule 
has two  glycosylation  sites, 12% or less of the Dh molecules  from 
RMA/S  cells  carry even one glucosylated  oligosaccharide at a time 
point when most of the molecules  should be associated with cal- 
nexin (24). This indicates that either  possession of monoglucosy- 
lated oligosaccharides  is not a  requirement for continued Dh bind- 
ing to calnexin or that only the 12% or less of glucosylated D” 
molecules are bound to calnexin. The former possibility is consis- 
tent with the recent demonstration that the lectin-like  activity of 
calnexin is needed to initiate, but not to perpetuate, its interactions 
with glycoproteins (32). 

Whatever the precise  mechanism that accounts for retention of 
D”, our findings  directly  demonstrate that H-2 Dh molecules are 
retained in a  compartment of the secretory pathway that lacks the 
Golgi-processing enzyme  a-mannosidase I (See  Fig.  5). A simpli- 
fied model of the Golgi apparatus has been proposed (62)  in which 
it  is  divided  into  three  general  compartments; the cis-Golgi net- 
work (CGN), the medial  Golgi, and the trans-Golgi network 
(TGN). In this  model, the CGN is  comprised of the ci.c.-most com- 
partment of the Golgi that is  selectively stained with osmium 
tetraoxide and includes  the  ERiGolgi  transitional  elements referred 
to  as  the  salvage  compartment or the intermediate  compartment 
(63); the medial Golgi  is the site  where most of glycosylation 
reactions  occur and may be comprised of several distinct  cisternae; 
and the TGN is the  site of protein sorting and  may also be involved 
in terminal glycosylation.  Although Golgi mannosidase I is present 
in  this medial Golgi  complex, it is not completely  absent from the 
CGN.  This  suggests that D” molecules await peptide  loading in the 
ER, the early part of the  CGN, or in both of these  compartments. 
TAP has been localized to both of these compartments by immu- 
noelectron  microscopy,  although the specificity of staining of the 
cis-Golgi  complex  was not as  clear as the specificity of ER staining 
(10). More recently, we found that TAP expressed via recombinant 
vaccinia  viruses  extensively  co-localizes with BiP, a  molecular 
chaperone  often used as  a marker of the ER (Russ et al., unpub- 
lished  data).  Moreover,  we have shown that a  fluorescein-tagged 
class I-binding  peptide specifically binds  class I molecules in the 
ER of fixed and  permeabilized  cells  (22).  Taken  together, the pre- 
ponderance of the  evidence  suggests that much, if not most, of 
peptide  binding occurs in the ER. 

Our results also indicate that after the final removal of glucose 
residues from Winked glycoproteins, they are not transported im- 
mediately to the location of Golgi a-mannosidase I action, but can 
be retained in an earlier  compartment. This is particularly relevant 
to the recent demonstration by Arar et al. that ERGIC-53,  a  mem- 
brane protein of the ER-Golgi  intermediate  compartment, is iden- 
tical to a  previously  recognized  intracellular  mannose-specific lec- 
tin (64). This type I integral  membrane protein is  known to recycle 
between the Golgi apparatus and ER (64). Thus, this mannose- 
binding protein could be interacting with the Man,GlcNAc, and 
Man,GlcNAc, intermediates  found on early class L molecules, aid- 
ing in their retention and/or  recycling between the ER and the early 
part of Golgi  apparatus.  Another  fact that must be reconciled even- 
tually with these  models  is the finding that complete inhibition of 
glucose  trimming by castanospermine  results in rapid degradation 
of unassembled MHC class I molecules (65),  as well as other 
newly synthesized  glycoproteins (66). In this  situation,  one can 
hypothesize that prevention of exposure of the inner  glucose res- 

idue  abrogates the initial recognition by calnexin,  marking the pro- 
tein for destruction. 
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