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ABSTRACT. Apolipoprotein(a) [apo(a)] is a component of atherogenic lipoprotein(a) [Lp(a)]. Differences

in the extent of endoplasmic reticulum (ER) associated degradation (ERAD) of apo(a) allelic variants
contribute to the>1000-fold variation in plasma Lp(a) levels. Using human apo(a) transgenic mouse
hepatocytes, we analyzed the role of the ER chaperones calnexin (CNX) and calreticulin (CRT), and ER
mannosidase | in apo(a) intracellular targeting. Co-immunoprecipitation andjuliase analyses revealed
similar kinetics of apo(a) interaction with CNX and CRT, peaking-89 min after apo(a) synthesis.
Trapping of apo(a) N-linked glycans in their monoglucosylated form, by posttranslational inhibition of
ER glucosidase activity with castanospermine (CST), enhanced a@&/CRT interaction and prevented

both apo(a) secretion and ERAD. Delay of CST addition until 20 or 30 min after apo(a) synthesis [when
no apo(a) had yet undergone degradation or Golgi-specific carbohydrate modification] allowed a portion
of apo(a) to be secreted or degraded. These results are consistent with a transiertGINE(ERT
association and suggest that events downstream of CNX/CRT interaction determine apo(a) intracellular
targeting. Inhibition of ER mannosidase | with deoxymannojirimycin or kifunensine had no effect on
apo(a) secretion, but inhibited proteasome-mediated apo(a) ERAD even under conditions where apo(a)
CNX/CRT interaction was prevented. These results suggest a role for an additional, mannose-specific,
ER lectin in targeting secretory proteins to the proteasome for destruction.

Lipoprotein(a) [Lp(a)} is an unusual lipoproteirLf found the extent of apo(a) ER-associated degradation (ERAD) have
in only humans, Old World primateg), and the hedgehog a major impact on the plasma levels of Lp(&b(16. More
(3). Lp(a) essentially consists of low-density lipoprotein than 30 size isoforms of apo(a) are found in human plasma
(LDL) in which apolipoprotein (apo) B100, the sole protein (17—19) due to variation in the number (from12 to 51)
component of LDL, is attached to an additional glycoprotein, of plasminogen kringle 4 (K4)-like domains encoded in the
apo(a), by a disulfide bondl). Apo(a) is synthesized by apo(a) gene20). Each K4 domain in apo(a) is posttransla-
the liver @—6). Most (7—10), although not all 11, 12, tionally modified in the ER, forming three disulfide bonds
studies support that the association of apo(a) with apoB to and acquiring an N-linked glycan. Apo(a) folding requires
form Lp(a) occurs after apo(a) has been secreted by thea comparatively extended time period {380 min) 1), and
hepatocyte. Inheritance at the highly polymorphic apo(a) geneapo(a) interacts with multiple ER chaperone proteibd).(
locus determines a greater than 1000-fold interindividual Large apo(a) proteins have longer ER residence times and
variation in plasma levels of Lp(all®). High Lp(a) levels tend to be subject to more ERAD than small apo(a) isoforms
(>30 mg/dL) are associated with an increased incidence of (15, 16, 22, accounting for the inverse correlation between
cardiovascular diseasé4). apo(a) size and plasma Lp(a) levels( 18§. Other amino

We are interested in defining the molecular determinants acid sequence variations can also influence the extent of
of apo(a) intracellular targeting, since allelic differences in apo(a) ER retention and degradatiatb( 21, 23. These

unique properties make apo(a) a valuable tool with which
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the ER chaperone calnexin (CNX), which primarily recog- (40) (kindly provided by Dr. Helen Hobbs) were hemizygous
nizes substrates containing monoglucosylated N-linked gly- for a human apo(a) cDNA encoding 17K4 domains, and
cans 6), is essential for targeting to ERAD2T, 29. either homozygous or hemizygous for a yeast artificial
Conversely, in other instances, CNX interaction protects chromosome encoding full-length human apoB. Throughout
proteins from ERAD 29—31). Apo(a) falls into the latter  the manuscript, these mice are referred to as Lp(a) transgenic
category; conditions that prevent formation of monogluco- mice. All experiments were performed with cells that had
sylated N-linked glycans on apo(a) prevent ape@NX been in culture for 4872h.

interaction yet do not inhibit apo(a) ERAD. Conversely, Radiolabeling, Immunoprecipitation, and SBBAGE.To
trapping apo(a) in its monoglucosylated form enhances the examine the association of apo(a) with CNX and CRT, cells
interaction with CNX, prevents both apo(a) secretion and were preincubated fdl h in methionine- and cysteine-free
ERAD, and sequesters apo(a) in the ER lumEs, 4. In SFM, labeled for 15 min with the same medium supple-
addition, while the Sec61 translocon has been implicated in mented with 125Ci/mL Expre®®S**S label, and then chased
mediating the retrotranslocation of ERAD substrat2s),( for between 0 and 120 min in complete SFM. The cells were
targeting of apo(a), and perhaps a subset of other proteinsthen placed on ice and washed twice with ice-cold PBS
to the proteasome may involve a transport step out of the containing 20 mMN-ethylmaleimide (NEM) to preserve
ER; Brefeldin A, which prevents ER to Golgi transp@g), apo(a) in its variously folded form21). The cells were then
inhibits apo(a) degradatiorl®). Apo(a) that accumulates lysed in ice-cold extraction buffer (EB: 0.3% CHAPS, 200
intracellularly in the presence of proteasome inhibitors, mM NacCl, 50 mM Hepes, pH 7.4) and incubated with protein
however, remains sensitive to endoglycosidase H digestion,A Sepharose and antibodies to the chaperone proteins for 3
suggesting that degradation occurs prior to the medial Golgi h at 4°C. The protein A pellets were washed 3 times for 5
(16). The ER-Golgi intermediate compartment (ERGIC) has min with EB at 4°C with shaking. Coprecipitated proteins
been implicated in the proteasome-mediated degradation ofwere eluted in EB containing 10 mM EDTA and 1% Triton
misfolded MHC class | molecule$3). X-100 for 30 min at 37C, and then diluted 20-fold in buffer

ER mannosidase processing of N-linked glycans also playscontaining 1% Triton X-100, 0.3% CHAPS, 100 mM NacCl,
a role in targeting proteins to ERA®8, 34-37). In the 50 mM Tris, pH 9.0. Apo(a) was immunoprecipitated from
case of mutant forms @f,AT, trimming by ER mannosidase  the coprecipitates and the supernatants saved from each
| is thought to promote degradation by enhancing the sample, and analyzed or-40% SDS-polyacrylamide gels,
interaction ofo, AT with CNX (28). However, itis notclear ~ as described previously’), except that a rabbit anti-Lp(a)
that this represents a general model since, in yeast, manantibody was used.
nosidase processing enhances ERAD independently of the Analysis of Apo(a) Degradatiospo(a) degradation under
presence of CNX35). In addition, the role of ER manno-  Various culture conditions was analyzed as described previ-
sidase in ERAD of proteins such as apo(a), whose degrada-Ously (L6, 39. Briefly, cells were labeled for 15 min as above
tion is independent of CNX interaction, is unclear. then chased for between 30 minda h inunlabeled media.
We have recently characterized Lp(a) production in qu(a) in the ceII_s .anq media at each time poin'; was analyzed
primary cultures of hepatocytes derived from mice transgenic PY immunoprecipitation and SDSAGE. Various com-
for a 17 K4 human apo(a) isoform and for human ap88)( pounds were added as detailed for mdmdual experiments.
This model system provides the opportunity to analyze The amount of apo(a) present at 30 min of chase was taken

human apo(a) secretion and Lp(a) formation in a primary &S @n estimate of apo(a) synthesis [peak incorporation of
hepatocyte background. The characteristics of apo(a) Syn_counts into the apo(a) precursor is observed at this tlmg point;
thesis, secretion, and assembly with apoB to form Lp(a) in "€fS 16, 38]. The total amount of apo(a) (cells media)
mouse hepatocyte cultures are similar to those described fof€maining &6 h ofchase was then used to estimate the extent
endogenous apo(a) in baboon hepatocysds 88, 39. In of apo(a) degradatlon_. The long chase time point is required
the current study, we utilized Lp(a) transgenic hepatocytes dU€ to the long half-life of the apo(a) precursag)

to further investigate the precise roles of CNX, the related Quantitation of Apo(a)Autoradiographs were scanned

ER chaperone, calreticulin (CRT), and N-linked glycan with an Arcus Il or Duoscan T1200 desktop scanner (Agfa),
processing in apo(a) intracellular targeting. and bands were quantified using Scanalytics ONE-Dscan

software. Analysis of serially diluted samples demonstrated
EXPERIMENTAL PROCEDURES that this method was quantitative over at least a 16-fold range
(data not shown).
Materials Expre®S®S label was from DuPont NEN.
Protein A agarose was from Repligen Corp. (Cambridge, RESULTS
MA). Rabbit anti-human Lp(a) was from Cortex Biochem  All experiments were performed using primary hepatocytes
(San Leandro, CA). Rabbit anti-calnexin and anti-calreticulin jsolated from mice transgenic for human apoB and a 17K4
antibodies were from StressGen Biotechnologies Corp. form of human apo(a) [Lp(a) transgenic mice; see Experi-
(Victoria, BC, Canada). Castanospermine (CST) and deoXy- mental Procedures].
mannnojirimycin (dMNM) were from Roche Molecular  Kinetics of Apo(a) Interaction with Calnexin and Calreti-
Biochemicals. Kifunensine and swainsonine were kindly culin. Previous studies demonstrated that apo(a) binds to both
provided by Dr. Mark Lehrman. All other reagents were of CNX and CRT in the ER6, 24. To further examine the
analytical grade. role of CNX and CRT in apo(a) intracellular targeting, we
Hepatocyte Isolation and Cultur&ouse hepatocytes were  determined the kinetics of apo(a) interaction with the
isolated and cultured in a serum-free medium (SFM) chaperones by co-immunoprecipitation in putshbase ex-
formulation exactly as described previousdg). Donor mice periments (Figure 1).
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Ficure 1: Kinetics of interaction of apo(a) with calnexin and Celle ;- — mt apofa)
calreticulin. Lp(a) transgenic hepatocytes were labeled for 15 min | )  prapota
with [3°S]Met and f°S]Cys, and chased for between 0 and 120
min in unlabeled medium. Cell lysates were immunoprecipitated — mtapofa)

with preimmune rabbit serum (ns) or with antibodies against Hecta e e - — X

calnexin or calreticulin. Coprecipitated proteins were eluted, and
apo(a) in the coprecipitates (co-IP) and that remaining in the c
supernatants of the ns samples (ns supernatant) was analyzed by
immunoprecipitation and 410% reducing SDSPAGE. All
techniques were performed as described under Experimental
Procedures. The positions of the precursor (pr) and mature (mt) .
forms of apo(a) and of the 200 kDa molecular mass standard are .
indicated. Approximately 2-fold longer autoradiographic exposures ’-L‘

are presented for the co-IP samples than for the supernatant samples.
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Cells were labeled for 15 min and chased for periods of D cells media
up to 2 h (Figure 1). No apo(a) was coprecipitated from the o 05 1 2 4 8Tes 1z 4
cell lysates when preimmune serum was substituted for CNX B S s —F
and CRT antibodies at any time point analyzed (Figure 1; 20—

ns co-IP). In the supernatants of these samples, however, E \

the apo(a) precursor was clearly present at the early chase g,

times (0, 15, and 30 min), while at 60 and 120 min of chase S w

the higher molecular weight, mature form of the protein was g

also apparent (Figure 1; ns supernantant). The increase in 5

molecular weight of apo(a) on maturation is due to the s

addition of O-linked glycans and Golgi-specific modification bl :

of N-linked glycans after exit of the precursor from the ER Chase time (h)

(7). FicUre 2: Effect of posttranslational addition of CST on apo(a)

The apo(a) precursor, but not mature apo(a), copreci itatedERAD. (A) Schematic representation of N-linked carbohydrate
po(@) p po(a), coprecip processing in the ER. GSD, glucosidase; CST, castanospermine;

with both QNX an_d CRT at all chase times analyzeq. In each GT, UDP-glucose:glycoprotein glucosyltransferase; MSD, man-
case, the mtgractlor_] peaked between 15 ar_1d 30 min of chasggsidase; dMNM, deoxymannojirimycin; KF, kifunensine. (B)
and by 60 min declined to a lower level (Figure 1; 2.4-fold Hepatocytes were labeled for 15 min and chased for the indicated
reduction in the extent of association with each chaperonetlhmes- ?ST (1 mM)d\{Va? %lthsf n(ot)addee_l)(or added at '\t/at”c()ju?
: ; chase times, as indicated. Apo(a) was immunoprecipitated from
ggtweéagoﬁ {an? (?col(rjmr}tof fhas]e). Atpo(e_l) tre?#weEstletWeenthe cells and media and analyzed by SEFAGE. The positions
an min 1o Told after translocation into the Umen of the precursor (pr) and mature (mt) forms of apo(a) and of a

(21). The kinetics of apo(a) interaction with CNX and CRT  protein nonspecifically precipitated from the culture media (&) (

are thus consistent with a role for these chaperones inare indicated. (C) Hepatocytes were analyzed as in (B). The extent
apo(a) folding. of apo(a) degradationt@® h of chase under each condition was

determined as described under Experimental Procedures. Results
Apo(a) Is Targeted to ERAD after Release from CNX/CRT 4o resented as meanSE; n = at least 4 in each case, except

Results in Figure 1 also suggested that the interaction of thefor the 120 and 240 min samples where= 1. *, p < 0.01 vs
apo(a) precursor with CNX and CRT was transient, since control (—) cells. **, p < 0.05 versus CST added at time 0. (D)
the extent of association markedly declined by 60 min of Control cells (no inhibitors added) were labeled for 15 min and

Y : . chased for between 0.5 and 6 h. Apo(a) was immunoprecipitated
chase, yet the majority of apo(a) remained in its precursor and analyzed by SDSPAGE, as described under Experimental

form at this time point with only a small portion having  procedures. (E) Cells were analyzed as in (D). The extent of
undergone Golgi-specific modification (Figure 1) or degrada- apo(a) degradation at each time point was determined as described
tion (Figure 1 and Figure 2E). This implies that targeting of under Experimental Procedures. Results are presented asdmean
apo(a) to either ERAD or maturation and secretion may occur SE for 2 experiments.
after release of apo(a) from CNX/CRT. this approach is illustrated in Figure 2A, which depicts the
To examine this issue, we determined the effect of the processing of N-linked glycans in the ER. CNX and CRT
ER glucosidase inhibitor castanospermine (CST) on apo(a)interact only with apo(a) possessing monoglucosylated
secretion and intracellular degradation when added at variousN-linked glycans (see below and reff§, 24). Monoglucos-
chase times in pulsechase experiments. The rationale for ylated glycans can be produced through the co-translational
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removal of the outer two glucose residues from the nascent - 6AHA +BAHA

glycan chain by ER glucosidases | and Il, or as part of a csT V- - o200 |- - 0102030
reglucosylation/deglucosylation cycle involving cyclic ad- chase(h) 0.5 6 6 6 6 6 056 6 6 6 6

dition of a single glucose by UDP-glucose:glycoprotein . kil 4 dald bl =Mt apola)

glucosyltransferase to the fully deglucosylated side chain and
the subsequent removal of this residue by ER glucosidase Il i —mtapo(a)
(Figure 2A). When CST is added posttranslationally (i.e., to media i W fomsi = X

the chase only in a pulsechase experiment), it can trap 200 -

radiolabeled apo(a) in its monoglucosylated form by prevent- Ficure 3: Effect of posttranslational addition of CST on apo(a)
ing the ER glucosidase Il-mediated deglucosylation of Secretion. Hepatocytes were labeled for 15 min and chased for 0.5

i or 6 h. CST (1 mM) was either not added)( or added at 0, 10,
monoglucosylated glycansl§). Under these conditions, 20, or 30 min of chase, as indicated. 6AHA (200 mM) was present

interaction of apo(a) with CNX and CRT is enhanced, and i, the chase media where indicated. Apo(a) in the cells and media
both apo(a) secretion and degradation are inhibited (seewas analyzed by immunoprecipitation and SEFAGE. The
below and refsl6, 24). We reasoned that if the interaction positions of the precursor (pr) and mature (mt) forms of apo(a),
of apo(a) with CNX and CRT, and hence its association with the 200 kDa molecular mass standard, and of a protein non-
the deglucosylation/reglucosylation cycle, was transient, thenisnpdeigg'tg?j"y immunoprecipitated from the culture media (R)4re

the ability of CST to inhibit apo(a) secretion and degradation '

should depend on the time of its addition after apo(a) e to the small amount of apo(a) that underwent maturation

synthesis. _ even in untreated cells (Figure 2B). To explore the influence
To examine the effect of CST on apo(a) degradation, cells ot csT on apo(a) secretion, we examined its effect in the
were labeled for 15 min and then chased@ch with CST  jasence of the lysine analogue 6-aminohexanoic acid

agded at 0, 10, 20, 30, 60, 120, or 240 _min of phase. Para!IeI(GAHA)_ 6AHA acts as a chemical chaperone for apo(a),
dishes of cells were harveste_d at each time point to determl_negre(,jmy increasing its efficiency of secretion and decreasing
the extent of apo(a) maturation and degradation at the point

. . apo(a) ERAD 89). However, 6AHA is unable to overcome
of CST addition (Figure 2B). The amount of apo(a) present y,o ER retention of apo(a) induced by posttranslational

in control cells at 30 min of chase was used as a measure ofygition of CST 89). 6AHA was therefore used as a tool to
apo(a) synthesis. The total amount of apo(a) remaining (Cells 5. cenyate differences in apo(a) secretion under the different
+ media) 4 6 h was used to determine the extent of . 1 re conditions.

degradation (see Experimental Procedures). . . . .
Under control conditions (no CST added), 83 15% ConS|stent_W|th previous result89), 6AHA increased
(mean+ SD, n = 7) of apo(a) synthesized during the 15 apo(a) secretion from control cells 13.6-fold® h of chase,
' but was unable to overcome the block in secretion induced

min pulse was degradedyl® h of chase (Figure 2B,C). o . :
: : ; : by addition of CST to the cells at the 0 chase time (Figure
Consistent with previous observatiori6( 39, when CST 3). However, when CST addition was delayed until 20 or

was added immediately after the pulse (O chase time), only30 min of chase, a portion of apo(a) was secreteé b in

19 + 15% of apo(a) was degradeg 6 h (Figure 2B,C). )
When addition of CST was delayed until 10, 20, or 30 min 6AHA-treated cells (Figure 3) [when CST was added at 30
in, 2.4-fold more apo(a) was secreted in the presence of

of chase, an intermediate amount of apo(a) degradation wag!" . .
observed (37 18%, 37+ 21%, and 58+ 30%, respec- 6AHA than from control cells with neither CST nor 6AHA

tively; Figure 2B,C). For the 30 min sample, significantly added]. Addition of CST to the chase also caused partial
more apo(a) was degraded than in cells treated with CST at|nh|b|t|on of apo(g) degradation in this experiment, as
0 min of chase. Apo(a) that accumulated in the presence OfeV|dgn9ed_ by the increased amoqnt of the gpo(a) precursor
CST was in its intracellular, precursor form (Figure 28). remaining in the cellstéb h of chase in comparison to control

When CST addition was delayed until 60 min of chase or cultures (Figure 3). The differences in secretion could not

. ; be explained by differences in the rate of movement of
Itztignrgfof?g;gcﬁgts %féi(grsgda(p;iéi)rg engrzgj)atlon compared apo(a) out of the ER between control and 6AHA-treated

Consistent with previous studie$f), in control cells (no cultures, since even in the presence .Of the Iysin(_a analogue
CST added at any time) only10% of apo(a) had undergone no apo(a) had yet undergone maturation by 30 min of chase
degradation by 60 min of chase (Figure 2D,E), and by 2 h (Figure 3). These results are again consistent with a transient
less than 40% of apo(a) was degraded (Figl;re,ZD,E). Thus’association of apo(a) with the deglucosylation/reglucosylation

although we cannot be certain of the time required for CST cycle. o ) ]
to inhibit ER glucosidase activity after addition to the cells  The results in Figures-13 suggest that the interaction of
(the related inhibitoN-butyldeoxynojirimycin requires less ~ the apo(a) precursor with CNX and CRT is transient, and
than 5 min to inhibit ER glucosidase activity in CHO cells; that once released from these chaperones apo(a) can be
ref 41), degradation of apo(a) prior to CST action cannot targeted to either secretion or degradation. Thus, a quality
explain the differential effect of CST on apo(a) ERAD when control mechanism downstream of CNX/CRT interaction is
added at different chase times. These results therefore supporfivolved in intracellular retention of apo(a) and in regulating
a transient association of apo(a) with CNX and CRT and apo(a) targeting in the secretory pathway.
suggest that apo(a) is targeted to ERAD after release from ER Mannosidase Acity Enhances Apo(a) ERADIo
CNX/CRT. examine the potential role of ER mannosidase processing in
Apo(a) Released from CNX/CRT Can Also Be Targeted apo(a) intracellular targeting, we determined the effect of
to SecretionThe effect of delayed CST addition on apo(a) the ER mannosidase inhibitor deoxymannojirimycin (dMNM)
secretion was difficult to assess in the above experimentson apo(a) interaction with CNX and CRT (Figure 4A) and

200 -
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Ficure 5: Role of ER mannosidase in apo(a) ERAD is independent
of apo(a)-CNX/CRT interaction. (A) Hepatocytes were labeled
for 15 min and chased for 0.5 or 6 h, as described under
Experimental Procedures. Where indicated, CST (1 mM) and/or
dMNM (2 mM) were added before (for 1 h), during, and after
labeling. (B) Hepatocytes were labeled for 15 min and chased for
0.5 or 6 h. Where indicated, CST (1 mM) was added before during
and after labeling, or 1@M lactacystin (lact.) was added to the
chase only. Apo(a) was immunoprecipitated from the cells and
media and analyzed by SB®AGE. The positions of the precursor
(pr) and mature (mt) forms of apo(a) and of a protein nonspecifically
precipitated from medium samples (X) are indicated.

only to the chase to trap apo(a) in its monoglucosylated form
(Figure 2A), a large increase in apof@NX/CRT inter-
action was observed (Figure 4A). Under these conditions,
apo(a) degradation was largely prevented (Figure 4B).
Inhibition of ER mannosidase activity with dMNM had no
discernible effect on apo(a) interaction with CNX or CRT
(Figure 4A). However, a significant decrease in apo(a)

Ficure 4: Role of ER mannosidase activity in apo(a) ERAD. (A) degradation was observed [3012% of apo(a) degraded at

Hepatocytes were labeled for 15 min and chased for 30 min in the
absence of added inhibitors (contr.), with 1 mM CST added to the

preincubation (1 h), labeling, and chase media (GZF), with 1
mM CST added to the chase only (CST/+), or with 2 mM
dMNM added to all incubations. Association of apo(a) with CNX

6 h versus 84t 10% in control cellsp < 0.00001] (Figure
4B). This was reflected in an increase in the amount of
apo(a) precursor remaining in the cells at 6 h, and no increase
in apo(a) secretion was observed (Figure 4C and data not

and CRT in each sample was analyzed as in Figure 1. Results areshown). Thus, as documented for a number of other ERAD

presented as the relative extent of association of apo(a) with CNX
and CRT, with the amount in control cells taken as 100%. (B)

Hepatocytes were labeled for 15 min and chased6fd with

inhibitors added as in (A). The extent of apo(a) degradation under

substratesa8, 34—37), ER mannosidase activity appears to
enhance apo(a) degradation.
Experiments in which both dMNM and the proteasome

each condition was determined as described under Experimentalinhibitor lactacystin were added to cells confirmed that

Procedures. *p = 4 x 10710 versus control cells; *p = 2 x

10-8 versus control cells. (C) Hepatocytes were labeled for 15 min

and then chased for 30 mim 6 h under control conditions, in the
presence of 1uM lactacystin (lact.), 2 mM dMNM, or both

dMNM inhibited proteasome-mediated degradation of
apo(a), as the effects of dMNM and lactacystin on apo(a)
degradation were not additive [Figure 4C; % apo(a) degraded

lactacystin and dMNM. Apo(a) in the cells and media was analyzed in control cells, cells treated with lactacystin alone, dMNM

by immunoprecipitation and SDSAGE. The positions of the

precursor (pr) and mature (mt) forms of apo(a) and a protein
nonspecifically immunoprecipitated from the culture media (X) are
indicated. Inhibition of mannosidase activity resulted in a small

decrease in the molecular weight of mature apo(a).

alone, or both lactacystin and dMNM 93, 61, 37, and 35,
respectively].

ER Mannosidase Enhances Apo(a) ERAD Independently
of CNX Interaction Results in Figure 4A,B suggested that
dMNM inhibited apo(a) degradation independently of any

on apo(a) intracellular degradation (Figure 4B). In each case,effect on apo(ayCNX association. To confirm this, we

CST-treated cells were examined as controls.

As previously observedlg), when CST was added both
before and after labeling in pulsehase experiments to trap
radiolabeled apo(a) in its triglucosylated form (Figure 2A),

analyzed the effect of dAMNM on apo(a) degradation in cells
that had been treated with CST to accumulate apo(a) in its
triglucosylated form and prevent interaction with CNX and
CRT (Figure 5A). Under control conditions (no inhibitors

interaction of apo(a) with both CNX and CRT was prevented added), 85% of apo(a) was degradedradté hchase (Figure
(Figure 4A). Apo(a) degradation was unaffected under these5A). When CST was added to prevent removal of the three
conditions (Figure 4B). Conversely, when CST was added glucose residues from apo(a) N-linked glycans, 71% of
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'056 6 66 6 6 6 Ribosome Proteasome
cells " A & 1 - mtapol(a Cytoplasm ' Sect1p? v _}-.: e
S —— e s st ol —— —— DI apo(a
i
— mt apo(a
media po(a)

S e e W el i — X

Ficure 6: ER mannosidase | promotes apo(a) ERAD. Hepatocytes
were labeled for 15 min and chased for 0/560h asindicated,
under control conditions (contr.) or with 2 mM dMNM, (dg/mL
kifunensine (KF), or 2«g/mL swainsonine (SW) added to the chase
media only. Apo(a) in the cells and media was analyzed by
immunoprecipitation and SDSPAGE, as described under Experi-
mental Procedures. The positions of the precursor (pr) and mature
(mt) forms of apo(a) and of a protein nonspecifically precipitated t apo(a) protease domain
from medium samples (X) are indicated. FIGURE 7: Schematic representation of apo(a) processing in the
ER. Apo(a) is co-translationally translocated into the ER lumen,

apo(a) was degraded by 6 h, and apo(a) maturation ang@fter which it passes through a series of folding intermediates (step

. : . 1). CNX and CRT play an important role in the folding process.
secretion was almost entirely prevented (Figure 5A). dMNM ({6 vever. the interaction of apo(a) with CNX and CRT is transient,

inhibited apo(a) degradation in both control and CST-treated and the decision to target apo(a) to ERAD (step 2) or secretion
cells [15% and 5%, respectively, of apo(a) degraded by 6 h; (step 3) occurs after release from CNX and CRT. Other chaperones,
Figure 5A]. In CST-treated cultures, the molecular weight such as PDI, GRP94, and BiP, presumably play a role in completion
of the apo(a) precursor was increased slightly, confirming of apo(a) folding and targeting to steps 2 and 3. A role for advlan

. ) . specific ER lectin in targeting apo(a) for retrotranslocation across
retention of the glucose residues (Figure 5A). Thus, dMNM ;6 ER membrane is also indicated. The mechanism of apo(a)

inhibited apo(a) degradation under conditions in which apo- retrotranslocation and whether this involves the Sec61 protein
(a)—CNX interaction was prevented. Furthermore, we con- channel or transport to a post-ER compartment (not indicated) are
firmed that degradation of triglucosylated apo(a) was me- uncertain. Previous studies have demonstrated that a deletion in
diated by the proteasome, as lactaycstin also inhibited apo(a)ﬁzfeg{%tﬁzsn%dég:g‘ :ff :p&g‘ﬂs ;g'ff'c'em to cause complete ER
degradation in CST-treated cells (Figure 5B). _ _p T ) _

ER Mannosidase | Actity Enhances Apo(a) Degradation degradation (step 2 Figure 7) or secretion (step 3 Figure 7)

; fter release from the chaperones. Other chaperones
The above results suggest that the role of ER mannosidasé’CCUrs & . o R
in apo(a) ERAD is distinct from that in;AT degradation. such as GRP94, PDI, or BiP, each of which interacts with

o éalpo(a) (6), may be required to complete the apo(a) folding
been documented in the ER, both of which are inhibited by pa_\thway and allow secretion to oceur, or to ultimately target
dMNM (42, 43. ER mannosidase | is responsible for mlsfo_lded apo_(a_) to the d_egradatlon pathwgy. A role for an
enhancinguAT degradation 28). To determine which ER additional lectin in apo(a) intracellular targeting is sugges_ted
mannosidase was involved in apo(a) degradation, we utilized by the dependenge of apq(a) degradat_lon on ER mannosidase
the inhibitors kifunensine (KF) and swainsonine (SW) I processing. Th|_s effect is observed mdepend_e.ntly of apo-
(Figure 6). KF selectively inhibits ER mannosidaset2)( (a)—-CNX interaction, and may represent an activity required
whereas SW inhibits Golgi mannosidase 4B), to target apo(a) for retrotranslocation across the ER mem-

Both dMNM and kifunensine inhibited apo(a) degradation brane. The mechanism of apo(a) retrotranslocation and
(for the experiment shown in Figure 6, 23 and 26% whether this involves the Sec61 protein channel or transport

. : to a post-ER compartmerit®) (not indicated) are uncertain.
degradatlon 6 hin thepresence of dMNM and.27 and Athough CNX and CRT can bind to misfolded proteins
22% in the presence of KF, compared to 75% in control .

L : . independently of the presence of carbohydrdte 45, we
cells), resulting in accumulation of the apo(a) precursor in . ) .
: : h found that apo(a) interaction with both CNX and CRT was
cell lysates (Figure 6). In contrast, swainsonine had no effect

on apo(a) degradation (81% degraded by 6 h; Figure 6). Al dependent upon the presence of monoglucosylated N-linked

three mannosidase inhibitors clearly affected apo(a) carbo—glyg(aa r;sin?gr:(g?cgﬁ)véirtiffﬁézci\:ngroF;%lericAcr:)ﬁrl—ge?:apﬁ?r?\li(nm
hydrate processing, however, since each produced an obsen2P P

able decrease in the molecular weight of mature apo(a) after apo(a) synthesis (Figure 1). These kinetics and the fact
(Figure 6) 9 P that apo(a) secretion is inhibited when its interaction with

CNX and CRT is prevented (ref$6, 24 and Figure 4)
DISCUSSION suggested an important role for these chaperones in apo(a)
folding. Using a gel-based folding ass&1), however, we
In the current study, we analyzed the roles of CNX, CRT, were unable to demonstrate any effect on apo(a) folding
and ER mannosidase | in apo(a) intracellular targeting. Our when apo(a) interaction with CNX and CRT was either
results suggest the following model, as summarized in Figure enhanced or prevented by the co- or post-translational
7. CNX and/or CRT appear to play an important role in inhibition of glucosidase Il (reR1, and data not shown).
apo(a) folding (step 1 in Figure 7) as conditions that prevent This may reflect an inability of the folding assay to detect
interaction with the chaperones largely prevent apo(a) disulfide bond-independent changes in conformation, or
secretion. However, the interaction of apo(a) with CNX/CRT differences restricted to one or a few domains in apd{a) (
is transient, and the ultimate decision to target apo(a) to 23, 39). More sensitive assays will be required to determine

Secretion

ﬁ apo(a) K domain
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the precise role of CNX and CRT in the apo(a) folding that ER mannosidase | enhanced proteasome-mediated
pathway. Due to the similar characteristics of apo(a) as- degradation of apo(a) even under conditions where apo(a)
sociation with CNX and CRT, we were unable to distinguish CNX interaction was prevented by treatment with CST
the individual roles of these chaperones in apo(a) intracellular (Figure 5). While this paper was in preparation, it was
targeting. reported that ERAD of CD1b proteins in human cell lines
The kinetics of apo(a) interaction with CNX and CRT and of mutant,-plasmin inhibitor in CHO cells is inhibited
(Figure 1) and the time-dependent effect of posttranslational by dMNM in the presence of CSB0, 54. Consistent with
addition of CST on apo(a) ER retention (Figures 2 and 3) observations by Chung et ab4), these findings suggest that
suggested that the interaction of the apo(a) precursor withER mannosidase | is able to cleave SansGIcNAc, to
both CNX and CRT was transient. Furthermore, the results GlcsMangGIcNAC,. Although, to our knowledge, this activity
suggested that once released from CNX/CRT apo(a) couldhas not been directly demonstrated for the mammalian
be targeted to either degradation (Figure 2) or secretionenzyme, the orthologous yeast ER,2-mannosidase does
(Figure 3). Since apo(a) can be retained in a pre-medial Golgipossess this activitys(, 52.
compartment and targeted to proteasome-mediated degrada-

tion in the absence of CNX/CRT interaction (121 and Similar to our findings, the role of yeast ERL1,2-

) mannosidase in ERAD is independent of the presence of the
Figure 5), these results suggest that CNX and CRT are notyeast CNX homologuess). In addition, the presence of a

required for targeting apo(a) to ERAD, or for intracellular single glucose residue on N-linked glycans was found to

retentlpn of apo(a), and that these chaperones do not makeretard ERAD of mutant carboxypeptidase Y in yeast, a
the ultimate decision to allow apo(a) secretion to occur. It

is possible that the dissociation of apo(a) from CNX and protein whose degradation is also enhanced by trimmi_ng of
CRT reflects transport of apo(a) to a post-ER pre-medial glycans to the Magnform (37). Other very recent studies

Golgi compartment. Misfolded vesicular stomatitis virus G also sqggest that the role Of_ ER mannoydase activity in
protein has been shown to cycle between the ER and ERGICERAD is independent of CNX m;eracnoﬁ:ﬁ, 59. Togeth_er

in association with BiP, but not CNX, which remains in the with our res_;ults "’?”d those of Liu et aIZEQ, the;e studies
ER (46). In addition, BFA inhibits apo(a) degradation, yet ;uggest Pleiotropic rolg_s for ER mann93|dase n ERADland
apo(a) that accumulates in the presence of lactacystin remainganly arole for_an additional E_R lectin in targeting prot_elns
endoH-sensitive1). This may suggest a role for the ERGIC to the degradation pathway. Since both secreted prote|n§ and
in apo(a) degradation, as has been demonstrated for mis—those targeted f_or ERAD a_re_proc_:essed by ER mannosidase
folded MHC class | molecules®). Alternatively, dissocia- ! Such a lectin must distinguish between folded and
tion of apo(a) from CNX/CRT may reflect a conformational Misfolded/unassembled proteins. As for the GT enzys8g (
change in the apo(a) molecule such that it is no longer this could represgnt an addltlongl property of the lectin |_tself,
recognized by the ER glucosyl transferase enzyme (GT) or©" could be furnished by associated chaperone proteins.
perhaps by the chaperones themselw®$, @45. Further The formal possibility exists that dMNM and KF inhibit
studies will be required to address this issue. Apo(a) interactsapo(a) ERAD by competition for lectin binding rather than
with a number of other ER chaperones (e.g., protein disulfide through their inhibition of ER mannosidase I. In addition, it
isomerase, GRP94, and BiP; 1H) that may play arole in  is possible that the carbohydrate trimming events that target
apo(a) intracellular retention and targeting to degradation. apo(a) for degradation occur during cycling of apo(a)
BiP in particular has been implicated in targeting proteins between the cis-Golgi and the ER, since the Golgi mannosi-
for ERAD, retrotranslocation of ERAD substrates across the dase | enzymes are also inhibited by dMNM and KF. Studies
ER membrane, and retaining misfolded proteins in the ER in yeast that demonstrate a direct role for MaltNag
(47—49). Preliminary studies suggest that the kinetics of apo- isomer B in ERAD 87) argue against these possibilities.
(a) interaction with BiP and PDI are distinct from those of However, direct analysis of the N-linked glycans on apo(a)
its interaction with CNX/CRT, with a constant proportion that accumulates when its degradation is prevented by
of the precursor coprecipitated with antibodies against theseproteasome inhibitors will be required to address these
chaperones over time (data not shown). Studies are currentlycontingencies.

underway to address the role of these chaperones in apo(a) |, conclusion, our studies further define the roles of CNX

intracellular targeting. . and CRT in apo(a) intracellular targeting, and provide
A numberi of recent StUd'?S have qemonstrated arole foradditional insights into the roles of these chaperones in ER
ER mannosidase | in targeting proteins to ERAIB,(34- quality control processes. Our studies also support a pleio-
37). It has been sugges_ted that f[h's enzyme may act as a\ropic role for ER mannosidase | in targeting proteins to
molecul_ar clock, _regulatlng the disposal of misfolded gly- ERAD, and suggest that all the molecular components of
coproteins £8). Liu et al. 8) recently proposed that ER the ERAD system have yet to be identified. Future studies

mglri]ar\]r?iledliisss Ieiﬂg?]réicnestr?eﬁﬁtzrg:;tirgUtagﬁ-\r/viltlp] QSI)T(] will be designed to further delineate the precise molecular
y 9 oq ’ events regulating the intracellular targeting of atherogenic

which is required for targeting ai,AT to ERAD. This is apo(a)

because glucosidase Il shows reduced activity against the '

Mang-containing glycans produced by ER mannosidase |,

thus enhancing retention of monoglucosylated glycans on ACKNOWLEDGMENT

o AT and increasing CNX interaction. Similarly, we found

that inhibition of ER mannosidase | inhibited apo(a) ERAD  We are grateful to Jennifer Boedeker for excellent techni-
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