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ABSTRACT: Brush border hydrolases of the differentiated intestinal cell line Caco-2 are transported to the 
microvillar membrane a t  different rates. This asynchronism is due to a t  least two rate-limiting events, a 
pre- and an intra-Golgi step. The retardation of sucrase-isomaltase, a slowly migrating hydrolase, versus 
dipeptidylpeptidase IV, a rapidly transported enzyme, is neither due to differential trimming of N-linked 
carbohydrates nor due to oligomerization. In this study, the conformational maturation of biosynthetically 
labeled sucrase-isomaltase and dipeptidylpeptidase IV was probed by conformation-specific antibodies and 
protcascs. These assays enabled us to correlate the conformational maturation of the two enzymes with 
their rates of transport. Furthermore, two naturally occurring mutants of sucrase-isomaltase with impaired 
intracellular transport displayed an immature conformation. It is proposed that differential kinetics of folding 
might be the underlying cause for both the pre- and the intra-Golgi steps of asynchronous intracellular 
transport. Furthermore, a proper tertiary structure might be a prerequisite for sucrase-isomaltase to leave 
the Golgi apparatus. 

b t u d i e s  of the maturation behavior of viral spike glyco- 
proteins have led to the hypothesis that proper folding and 
oligomerization are critical for the export of membrane pro- 
teins from the endoplasmic reticulum (ER)' (Copeland et al., 
1986; Doms et al., 1988; Gething et al., 1986; Hurtley et al., 
1989; Krcis & Lodish, 1986; Lodish, 1989). Oligomerization 
alone does not appear to be sufficient for this transport step 
(Doms et al., 1988) nor does a successful exit from the ER 
garantcc an efficient transport to the cell surface (Guan et al., 
1984; Hardwick et al., 1986; Hauri et al., 1985a; Machamer 
et al., 1985; Naim et al., 1988; Zilberstein et al., 1980). 

We are interested in mechanisms underlying the intracel- 
lular transport of brush border enzymes in intestinal epithelial 
cells. Digestive hydrolases are the major membrane glyco- 
proteins of the apical microvillar membrane of intestinal ep- 
ithelial cells (Kenny & Maroux, 1982; Semenza, 1986; Hauri, 
1988). Using Caco-2 cells as a model system, we previously 
reported on the biosynthesis of sucrase-isomaltase (SIM) and 
dipeptidylpeptidase IV (DPPIV) (Hauri et al., 1985b). In 
these cells, DPPIV is synthesized as a high-mannose protein 
doublet ( 1  IO and 114 kDa) which is converted to a mature 
complex glycosylated 124-kDa protein. SIM is synthesized 
as a 210-kDa high-mannose protein which is processed to a 
2 17-kDa complex glycosylated form. In Caco-2 cells, SIM 
appears and stays as a single polypeptide in the brush border, 
while in the intestine in vivo the enzyme is cleaved into a 
sucrase and an isomaltase subunit in the brush border by 
pancreatic proteases (Hauri, 1988). Despite cleavage, the two 
subunits remain attached to each other by noncovalent in- 
teractions. Transport to the site of complex glycosylation is 
slow for SIM and fast for DPPIV. This asynchronism is due 
to at least two rate-limiting steps, a pre- and an intra-Golgi 
event (Stieger et al., 1988), which are neither related to dif- 
ferential trimming of N-linked carbohydrates (Matter et al., 
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1989) nor to oligomerization (Jascur et al., 1991). 
In this study, conformation-specific antibodies and protease 

assays were used to monitor the conformational maturation 
of SIM and DPPIV. We present evidence that the kinetics 
of conformational maturation of the two proteins correlate with 
the kinetics of their intracellular transport. Furthermore, the 
SIM of two patients with congenital sucrase-isomaltase de- 
ficiency (CSID) having a transport block of SIM in the Golgi 
apparatus (Naim et al., 1988) displayed a conformation dif- 
ferent from wild-type SIM. 

MATERIALS AND METHODS 
Cell Culture, Transport Block, and Inhibition of N-Linked 

Oligosaccharide Processing. Caco-2 cells were grown as de- 
scribed (Hauri et al., 1985b). Metabolic labeling with 
[35S]methi~nine was carried out with cells grown on nitro- 
cellulose filters (Stieger et al., 1988). Treatment with I -  
deoxymannojirimycin (Boehringer Mannheim, Germany) was 
performed as previously described (Matter et al., 1989). 
Protein exit from the ER was blocked by a chase in a N2 
atmosphere using N,-pregassed cell culture medium (Merisko 
et al., 1986). 

Antibodies. Four different monoclonal antibodies against 
SIM were used: HBB 2/614, HBB 3/705, HBB 1/691, and 
HBB 2/219 (Hauri et al., 1985b). The first two mAbs were 
used for immunoprecipitation of SDS-denatured SIM and the 
latter two for purifying the native enzyme. It is important to 
note that HBB 2/219 and HBB 1/691 are unable to recognize 
the SDS-denatured antigen. Native DPPIV was immuno- 
precipitated with HBB 3/775 (Hauri et al., 1985b) and HBB 
3/456 (Matter et al., 1990). The two mAbs do not recognize 
the SDS-denatured antigen. A polyclonal antibody against 
denatured DPPIV (a-den-DPPIV) was produced as follows. 
DPPIV was immunoprecipitated from Caco-2 membranes 
using mAb HBB 3/775, and the immunoprecipitate was 
subjected to SDS-PAGE. The DPPIV band was cut out, 

' Abbreviations: DPPIV, dipeptidylpeptidase IV; SIM, sucrase-iso- 
maltase; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel elec- 
trophoresis; CSID, congenital sucrase-isomaltase deficiency; DMN, 1 - 
deoxymannojirimycin; ER, endoplasmic reticulum. 
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min chase homogenized, and mixed with complete Freund's adjuvant. 
The resulting emulsion was subcutaneously injected into a New 
Zealand Whitc rabbit. Booster injections with antigen in 
incompletc Freund's adjuvant were given 1 and 6 months later 
by the same route. One week after the second booster, the 
rabbit was sacrified, and the serum was harvested. This serum 
was specific for the SDS-denatured DPPIV but unable to 
recognize the Triton X- 100 solubilized native enzyme. 

Cell Extraction, Immunoprecipitation, and S DS- PA G E .  
Metabolically labeled cells were rinsed twice with and har- 
vested in PBS. Each sample was split into appropriate aliquots, 
and the cells were pelleted in a microfuge. The supernatant 
was discarded, and the cells were homogenized either in 1 mL 
of 100 mM Na2HP04 (pH 8.0) containing 1% Triton X-100 
and 40 pg/mL PMSF or in 200 pL of 30 mM triethanolamine 
(pH 8.0) containing 5 mM Na,EDTA, 100 mM NaCI, and 
40 pg/mL PMSF (buffer A). To the latter homogenate was 
addcd 50 pL of 10% SDS, and the sample was immediately 
boiled for 15 min. After the sample was cooled on ice, 750 
pL of buffcr A containing 2.5% Triton X-100 (buffer B) was 
addcd. Both samples were left on ice for 45 min and cen- 
trifuged at 104000g for 45 min. SIM and DPPIV were im- 
munoprecipitated from the Triton X- 100 extracts as described 
(Hauri et al., 1985b). The immunopurification of the two 
enzymes from SDS extracts was essentially as described by 
Mostov and Blobel ( I  983). The mouse mAbs were adsorbed 
to protein A-Sepharose (Pharmacia) via a polyclonal rabbit 
anti-mouse linker antibody (Nordic). The polyclonal cu-den- 
DPPIV serum was bound directly to protein A-Sepharose. 
The beads wcrc incubated with SDS extract for at least 1.5 
h at 4 "C on an end-over-end shaker and washed 6 times with 
buffer A supplemented with detergents to a final concentration 
of 1% Triton X-100 and 0.2% SDS (buffer C). In  some 
experiments, the sample was denatured by adding 50 pL of 
10% SDS to 500 pL of a Triton X-100 extract. After being 
boiled for 15 min, the extract was chilled to 4 "C, diluted with 
750 pL of buffer B, and used for immunoprecipitation as 
described above. Immunoprecipitates were analyzed by 
SDS-PAGE (Laemmli, 1970), and labeled proteins were 
visualized by fluorography. Fluorographs were quantified as 
previously described (Stieger et ai., 1988). Whenever ratios 
of native prccipitated to denatured precipitated enzymes were 
calculated, thc two samples originated from the same [35S]- 
methioninc-labeled filter culture. 

Protease Assays. [ 35S] Methionine-labeled cells were ex- 
tracted with Triton X- 100 as described above but omitting 
PMSF. Thc extracts were incubated at 37 OC, and after 10 
min, proteases in PBS were added. Added volume, one tenth 
of the sample volume. Final concentrations of proteases: 
DPPIV, 0.1-1 000 pg/mL trypsin (Worthington); SIM, 6 
pg/mL trypsin, 3 pg/mL proteinase K (Serva) or 23 pg/mL 
elastase (Serva). The digestion was stopped after 30 min by 
transferring the samples to 0 "C and adding 5 pL of 40 pg/mL 
PMSF. After 30 min at 0 OC, the digests were either brought 
to 1 mL with the Triton X-100-phosphate buffer or denatured 
with SDS and subjected to immunoprecipitation. 

Analysis of S I M  from CSID Patients. Biopsy tissue of 
CSID paticnts 2 and 6 of Naim et al. (1 988) was homogenized 
in a glass-Teflon potter. An aliquot of each homogenate (1.4 
mg of protcin) was adjusted to a volume of 300 pL with 
distilled water and solubilized by the addition of 200 pL of 
0.5 M K2HP04 (pH 7.4) containing 2% Triton X-100. After 
45 min on ice, the samples were centrifuged at 104000g for 
1 h; 400 p L  of solubilized membranes was radioiodinated by 
adding 10 p L  of Na'251 (1 mCi) and 20 pL of 20 mg/mL 
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FIGURE 1 : Immunoprecipitation of native and denatured antigens. 
Caco-2 cells were labeled with [35S]methionine for 15 min and sub- 
sequently chased for the indicated intervals of time. The cells were 
harvested in PBS, and aliquots were then extracted either with Triton 
X-100 (A, C, E) or with SDS (B and D). These extracts were further 
subdivided into aliquots for immunoprecipitation. SIM and DPPIV 
were immunoprecipitated by using the following antibodies: (A) HBB 
1/691 and HBB 2/219; (B) HBB 2/614 and HBB 3/705; ( C )  HBB 
3/775 and HBB 3/456; (D) a-den-DPPIV serum; (E) HBB 3/705. 
Immunoprecipitates were analyzed by SDS-PAGE and fluorography. 
Note that this figure represents a single pulse-chase experiment; i.e., 
a given chase time represents one and the same culture in all the panels. 
h, high-mannose form; c, complex form; SI, SIM. 

chloramine T. After 2 min at room temperature, the reaction 
was stopped with 20 pL of 20 mg/mL Na2S205. Protein- 
bound iodine was seperated from free iodine by SephadexG25 
column chromatography using 100 mM Na2HP04 (pH 8.0) 
containing 1% Triton X-100 and 40 pg/mL PMSF as an 
elution buffer. Immunoprecipitation of native and denatured 
SIM was as described above. 

RESULTS 
Early Biosynthetic Forms of SIM and DPPIV Are Less 

Tightly Folded than Mature Hydrolases. Antibody and 
protease assays were established to probe for different con- 
formations of early and late biosynthetic forms of SIM and 
DPPIV. The antibody assay is based on observations made 
in pulse-chase experiments. When Caco-2 cells were pulse- 
labeled with [35S]methionine, chased for different intervals 
of time, and then solubilized with Triton X-100, the amount 
of SIM and DPPIV immunoprecipitable with antibodies 
specific for the native proteins increased with increasing times 
of chase (Figure lA,C). When the cells were extracted by 
boiling in SDS and the two hydrolases were immunoprecipi- 
tated with antibodies against the denatured proteins, the 
amount of immunoprecipitated SIM and DPPIV remained 
constant (Figure 1 B,D; Table I). Although immunopreci- 
pitation under denaturing conditions was not 100% efficient, 
this constancy clearly indicated that the amount of immuno- 
precipitated denatured antigens is directly proportional to the 
total incorporation of [35S] methionine into the two proteins. 
The results were the same irrespective of whether Triton X-1 00 
extracts were boiled in SDS prior to immunoprecipitation or 
intact cells were directly extracted with SDS. This excludes 
the possibility that the increasing amount of immunopreci- 
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FIGURE 2: Protcasc scnsitivity of SIM.  Cells were metabolically labeled as in Figure 1 .  The Triton X-100 extracts were treated with the 
indicated proteases and subsequently denatured by boiling in the presence of SDS. SIM was immunoprecipitated by using mAbs HBB 3/705 
and H B B  2/614 and analyzed by SDS-PAGE (7.5% gel). The arrow indicates the position of the main proteolytic fragment. The appearance 
of this fragment was monitored quantitatively in Figure 5A. 

Table I :  Immunoprecipitation of Denatured Antigen9 
min chase SIM (x f 1 SD) DPPIV (x f 1 SD) 

0 
30 
60 

180 
ON 

0.96 f 0.29 (n = 5) 
1.02 f 0.13 (n = 4) 
1 .OO f 0.25 (n = 5) 
0.93 f 0.28 (n = 5) 
1.03 f 0.20 (n = 5) 

0.93 f 0.28 (n = 4) 
1.07 f 0.20 (n = 4) 
1 .OO f 0.1 5 (n = 4) 
0.91 f 0.25 (n = 4) 
1.09 f 0.21 (n = 3) 

"Caco-2 cclls wcrc labeled, chased, and boiled in SDS, and SIM and 
DPPIV wcrc immunoprccipitated as described in Figure 1 .  I n  order to 
be ablc to compare diffcrcnt experiments, the value of a given chase 
time was first divided by the mean of all values obtained from a single 
experiment. These ratios derived from independent experiments (n) 
werc uscd for calculating thc abovc shown means (x) and the corre- 
sponding standard deviations. 

pitable hydrolases is due to differential extraction properties 
of early and late biosynthetic forms as reported for influenza 
virus hemagglutinin (Skibbens et al., 1989). Figure 1 repre- 
senting a single pulse-chase experiment shows some variation 
in band intensities. This is due to unequal [35S]methionine 
incorporation of individual filter cultures which is inavoidable 
but does not affect the results because we directly compared 
the band intensities obtained with aliquots of the same hom- 
ogenate after native and denaturing conditions of immuno- 
precipitation (see densitometric quantification below). Since 
both native SIM and DPPIV were immunopurified with two 
antibodies (either together or individually) which do not 
compete with each other (Hauri et al., 1985b; Matter et al., 
1990), we conclude that at least two epitopes in both hydrolases 
undergo con formational changes. 

Previously we have characterized mAb HBB 3/705 which 
recognizes high-mannose and complex glycosylated SIM under 
denaturing conditions. Surprisingly, under nondenaturing 
conditions of immunoprecipitation, only an early high-mannose 
form of this enzyme is bound by the antibody while later 
high-mannose and complex forms are no longer reactive (Hauri 
et al., 1985; also see Figure 1 E). This suggests to us that at 
least one epitopc of newly synthesized SIM has not acquired 
a mature conformation. We do not think that the loss of 
reactivity toward mAb HBB3/705 with time is due to post- 
translational modifications since repeated freezing and thawing 
of mature SI M (having all the posttranslational modifications) 
already restore binding ( K .  Matter and H. P. Hauri, unpub- 
lished observation). 

An alternative way to probe for the degree of folding of a 
protein is to test its sensitivity toward proteases. Newly 
synthesized high-mannose SIM was found to be highly sen- 
sitive to trypsin, proteinase K, and elastase (Figure 2, lanes 
1-4) whereas complex glycosylated SIM was much more re- 
sistant to these proteases at the used concentrations (Figure 
2, lanes 17-20). To our surprise, there was no direct rapid 
conversion from high to low sensitivity. Maximal resistance 
was acquired via a phase of intermediate sensitivity and oc- 
curred prior to complex glycosylation (Figure 2, lanes 9-1 2). 
Protease treatment of the intermediately sensitive high- 
mannose SIM (60 min of chase) resulted in a major fragment 
of about 120 kDa, whereas after 150 min of chase the high- 
mannose form showed maximal protease resistance (Figure 
2, lanes 13-1 6). These results indicate that SIM undergoes 
a second conformational change before complex glycosylation. 

The results with DPPIV were similar in one respect. 
Whereas the newly synthesized high-mannose enzyme was 
entirely degraded at intermediate and high trypsin concen- 
trations, the complex glycosylated, mature protein was highly 
(albeit not completely) resistant to even high protease con- 
centrations (Figure 3). In contrast to SIM, however, we never 
observed any fragments with DPPIV. It is well-known that 
less tightly folded proteins display increased protease sensitivity 
[e.g., see Eilers et al. (1988) and Vestweber and Schatz 
(1 9SS)] . Overall these qualitative data suggest, therefore, that 
early biosynthetic forms of the two enzymes are less tightly 
folded than their mature forms. 

Maturation to the Native Conformation Is Asynchronous. 
The aim of this study was to establish if there is a correlation 
between conformational maturation and efficiency of intra- 
cellular transport of brush border hydrolases to the site of 
complex glycosylation. For this purpose, the conformational 
changes of SIM and DPPIV were quantified by densitometric 
scanning of fluorographs and compared to the transport ki- 
netics we previously established by subcellular fractionation 
(Stieger et al., 1988). 

Figure 4 shows the folding kinetics of SIM (A) and DPPIV 
(B) as monitored by the antibody approach. DPPIV matures 
with similar kinetics to the conversion of high-mannose to 
complex oligosaccharide side chains. By use of the protease 
approach, the conformational maturation was inseparable from 
complex glycosylation (Figure 5B). This implicates that the 
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FIGURE 3:  Trypsin sensitivity of DPPIV. Cells were labeled with 
[3SS]methionine for I5 min, chased as indicated, and extracted with 
Triton X-100. To 500 pL of extract was added the indicated amount 
of trypsin and incubated as described. Thereafter the digest was 
denaturcd by boiling in the presence of SDS. DPPIV was immu- 
noprccipitated (a-den-DPPIV serum) and analyzed by SDS-PAGE 
(10% gel). h,  high-mannose form; c, complex form. 
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FIGURE 5: Conformational maturation monitored by differential 
protease sensitivity. Cells were labeled and extracted as described 
in Figures 2 and 3. SIM (A) was digested with proteinase K (3 
pg/mL) and DPPIV (B) with trypsin (100 pg/mL). The denatured 
brush border enzymes were immunoprecipitated and analyzed by 
SDS-PAGE, and the resulting fluorographs were quantified. The 
following ratios were calculated: ( I )  the amount of intact antigen 
derived from digested divided by the amount derived from undigested 
samples (X); (2) the amount of SIM fragment (indicated by the arrow 
in Figure 2) divided by the amount of totally immunoprecipitated 
SIM from control samples (A); (3) percent of complex glycosylation 
of denatured immunoprecipitated antigen (0). All values are given 
as percent of the corresponding maximal value. 

1989; Jascur et al., 1991). In these papers, the antigens were 
precipitated under nondenaturing conditions which slightly 
underestimates the early high-mannose forms while in im- 
munoprecipitations under denaturing conditions, as used in 
the present study, the high-mannose and the complex glyco- 
sylated forms are recognized with the same efficiency. 

A surprising finding is the observation that more complex 
glycosylated DPPIV was immunoprecipitable from protease- 
treated Triton X-100 extracts as compared to control samples 
(Figure 6A). Since this phenomenon is transient in nature 
(Figure 6B) and no proteolysis of DPPIV was detectable, it 
may reflect a transient association of DPPIV with another 
protein. Unfortunately, we were unable to directly demon- 
strate such an association. This finding explains, however, why 
the two curves in Figure 4B cross each other and the amount 
of immunoprecipitable native DPPIV still increases after 1 h 
of chase when complex glycosylation and conversion to pro- 
tease resistance are already completed. 

In contrast to DPPIV, the antibody (Figure 4A) as well as 
the protease approach (Figure 5A) revealed at least two 
maturation steps during the intracellular transport of SIM. 
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FIGURE 6: Immunoprecipitation of native DPPIV from digested 
extracts. The experiment was performed as in Figure 5B, but instead 
of denaturing the digests native DPPIV was immunoprecipitated with 
the mAbs HBB 3 / 7 7 5  and HBB 3/456. (A) Extracts were digested 
with either 10 pg/mL (a) or 100 pg/mL trypsin (b). h, high-mannose 
form; c, complex form. (B) The following ratios were calculated: the 
amount of immunoprecipitated DPPlV from digested (10 pg/mL 
trypsin) divided by the amount obtained from undigested samples (X) 
and the percent of complex glycosylated protein (0). All values are 
given as percent of the maximal value. 

SI M is synthesized as an extremely protease-sensitive protein 
which is efficiently precipitated by antibody HBB 3/705 but 
inefficiently by antibodies against the native enzyme. In a first 
step, SIM is converted into a protein that is only weakly 
recognized by mAb HBB 3/705 but increasingly well with 
anti-native SIM antibodies. Remarkably, the latter process 
starts immediately after synthesis whereas the former has a 
lag time of 30 min. At 30 min of chase, proteolytic fragments 
beging to appear after protease treatment, suggesting that at 
least one domain is already tightly folded. In  a second step, 
S I M  is converted from an intermediate to a low protease- 
sensitive protein that is efficiently precipitable by anti-native 
SIM mAbs but not at all by HBB 3/705. Both steps of 
maturation precede the conversion to the complex glycosylated 
form. 

Previous subcellular fractionation studies (Stieger et al., 
1988) revealed that the high-mannose form of SIM in the 
Golgi apparatus reaches maximal levels at 75 min of chase 
exactly when the levels of the proteolytic fragment are maximal 
as shown in the present study. This suggests that the second 
step of conformational maturation might occur in the Golgi 
apparatus. 

Protease Resistance I s  Not Due to Processing of N-Linked 
Carbohydrates. It was previously shown that the Golgi 
mannosidase 1 inhibitor 1 -deoxymannojirimycin (DMN) in- 
hibits the conversion of high-mannose SIM and DPPIV to the 
endoglycosidasc H resistant forms (Matter et al., 1989). To 
test whether the processing of N-linked carbohydrates confers 
protease resistance in the Golgi apparatus, we analyzed the 
conformation of SIM and DPPIV in cells that were pretreated 
with and chased in the presence of DMN. DMN was found 
to have no significant effect on the conformational maturation 
as assessed with anti-native mAbs (Figure 7A). The protease 
assay led to similar results (Figure 7B). The reduction in band 

A -1 
DM N + +  

1; SI 

-' DPPIq --h 

1 2 3  4 5 6  

8 

SI ;> 
:: DPPlp 

1 2  3 4  5 6 7 8 9 10 

FIGURE 7: Effect of N-linked carbohydrate trimming on maturation. 
Cells preincubated in the presence or absence of DMN were labeled 
with [35S]methionine for 15 min and chased for 5 h. (A) The cells 
were extracted either with Triton X-100 or with SDS. S I M  and 
DPPIV were immunoprecipitated with antibodies specific for the 
denatured (lanes 1-4; SIM and DPPIV were precipitated individually) 
or native (lanes 5 and 6; SIM and DPPIV were precipitated together) 
antigens. (B) Triton X-100 extracts were digested with proteases 
(DPPIV with trypsin: a, 10 pg/mL; b, 100 pg/mL) and immuno- 
precipitated after denaturing the antigens by SDS and heat. h, 
high-mannose form; c, complex form; SI, SIM. 

intensity after protease treatment is in the same range irre- 
spective of the presence or absence of DMN (compare the 
reduction from lane 5 to lane 7 with that from lane 8 to lane 
10, or the reduction from lane 5 to lane 6 with that of lane 
8 to lane 9). In this particular experiment, the reduction of 
the SIM band after protease treatment was somewhat higher 
in the presence of DMN than in its absence, but it is clear that 
SIM is not completely sensitive to protease when complex 
glycosylation is inhibited by DMN nor does the major frag- 
ment appear. 

We conclude, therefore, that protease resistance is not due 
to complex glycosylation and that the conformational matu- 
ration of STM and DPPIV does not appear to be induced by 
the processing of N-linked oligosaccharides. Since the earliest 
forms of both hydrolases are already deglucosylated (Matter 
et al., 1989), it was not necessary to perform these experiments 
also with a glucosidase inhibitor. 

It cannot be excluded, however, that another posttransla- 
tional modification is involved in brush border enzyme ma- 
turation. For example, it is known that in Caco-2 cells SIM 
and DPPIV also carry 0-linked carbohydrates (Matter et al., 
1989). SIM harbors its sites for 0-linked glycosylation mainly 
in the membrane stalk (Hunziker et al., 1986; Green et al., 
1987). This renders it less likely that 0-glycosylation is the 
underlying cause of the two-step maturation to protease-re- 
sistant SIM. Another potential modification is sulfation. 
Danielsen ( I  987) has indeed shown that some brush border 
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FIGURE 8: Inhibition of protein exit from the ER. Caco-2 cells were 
pulse-labeled for 5 min with [35S]methionine and chased for 1 h in  
a C 0 2 / 0 2  atmosphere (hatched bars) or in a N2 atmosphere (open 
bars) or directly extracted with detergent (black bars). Thereafter 
the experiment was continued as in Figure 1 (A) or as in Figures 2 
and 3 (B). nat.. native antigen; den., denatured antigen; P, proteinase 
K; T, trypsin: h. high-mannose form; c, complex form; SI, SIM. The 
arrow in (B)  indicates the position of the proteolytic fragment of SIM. 
The values represent the mean of two experiments. 

hydrolases are sulfatcd at tyrosine residues. Tyrosine sulfation, 
however, is a trans-Golgi event (Baeuerle & Huttner, 1987) 
and thercforc cannot account for the apparent conformational 
changes revealed by antibodies and proteases. 

Maturation of SIM and DPPIV in the Endoplasmic Re- 
ticulum. A comparison of the kinetics of the conformational 
maturation steps with the known transport kinetics to and 
through the Golgi apparatus suggests that some maturation 
steps may occur at a post-ER stage. In order to determine 
more precisely which events occur in the ER, we blocked 
protein exit from this organelle by chasing the pulse-labeled 
cells in a N, atmosphere for 1 h. Under these conditions, 
DPPIV rcmaincd in the high-mannose form and did not ac- 
quire protease resistance. DPPIV of control cells was con- 
verted to the complex glycosylated, protease-resistant protein 
within 1 h (Figurc 8B, lower panel). A similar result was 
obtained when DPPIV of N2-treated cells was probed with 
conformation-specific antibodies (Figure 8A).  The ratio of 
native to denatured immunoprecipitable DPPIV was higher 
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FIGURE 9: Immunoprecipitation of native and denatured SIM from 
biopsies of CSID patients. Homogenized biopsies derived from case 
2 (B), from case 6 ( C ) ,  or from a control subject (A) were solubilized 
with Triton X-100, and the extracts were radioiodinated. The ra- 
diolabeled SI M was immunoprecipitated under native conditions with 
mAbs HBB 1/691 and HBB 2/219 or first denatured with SDS and 
heat prior to immunoprecipitation with mAbs HBB 2/614 and HBB 
3/705. Immunoprecipitates were analyzed by SDS-PAGE and au- 
toradiography. Shown are only those regions of gels which contain 
pro-SIM. n, native; d, denatured; c, complex form; h, high-mannose 
form; SI, SIM. 

in control cells chased for 1 h in C02/air than in cells which 
were not chased, or chased for 1 h in a N2 atmosphere. After 
a chase under N,, the antibodies specific for the native protein 
precipitated somewhat more DPPIV than in cells not chased 
at all. This may reflect a very early stage of maturation, but 
other interpretations cannot been ruled out at present. Nev- 
ertheless, this experiment indicates that DPPIV arrested in 
the ER exhibits conformational properties similar to the newly 
synthesized protein. 

For SIM, the results were somewhat different. After a chase 
in a N, atmosphere, less SIM was immunoprecipitable with 
anti-native SIM mAbs as compared to the C02/air controls, 
but it was more than from nonchased cells. On the other hand, 
HBB 3/705 precipitated SIM from N2-treated and from 
nonchased cells with equal efficiency. When SIM was blocked 
in the ER by N,, it was not able to acquire the partially 
protease-resistant conformation (Figure 8B, upper panel). 
These data suggest that HBB 3/705 is specific for SIM as long 
as the enzyme remains in the ER, but the first conformational 
changes of SIM already occur in the ER as revealed by the 
anti-native SIM mAbs. This is in line with the results of 
Figure 4A which showed increasing binding of the anti-native 
SIM mAbs before the recognition by HBB 3/705 drops. 
Furthermore, partial protease resistance is a post-ER event 
since it is prevented in N,-treated cells. The conversion to 
partial protease resistance was also prevented by CCCP, a 
well-known inhibitor of protein exit from the ER, or by a chase 
at 15 OC, which leads to a transport block in a post-ER pre- 
Golgi compartment (Saraste & Kuismanen, 1984) (not 
shown). We conclude therefore that the conformational 
change leading to partial protease resistance occurs in the 
cis-Golgi. 

Overall we can differentiate between four conformational 
SIM variants: ( 1 )  the newly synthesized ER form which is 
protease sensitive and efficiently recognized by HBB 3/705 
but inefficiently by anti-native SIM mAbs; (2) a second, more 
mature ER form which is still completely protease sensitive 
and efficiently recognizable by HBB 3/705 but has an in- 
creased affinity for anti-native SIM mAbs; (3) an early im- 
mature Golgi form that displays intermediate protease re- 
sistance as revealed by the appearance of a proteolytic frag- 
ment; and (4) a later mature Golgi form with increased re- 
sistance to proteases, that is efficiently precipitable with 
anti-native SIM mAbs, is not recognized by HBB 3/705, but 
has not yet undergone complex glycosylation. 

Transport-Deficient Mutants of S I M  Do Not Attain Ma- 
ture Conformation in Congenital Sucrase-Isomaltase Defi- 
ciency. I f  conformational changes are indeed important for 
intracellular protein transport, one would predict that trans- 
port-deficient mutant proteins must be conformationally im- 
mature. Recently, several naturally occurring SIM mutants 



1922 

have been found in biopsy tissue from patients suffering from 
congenital sucrase-isomaltase deficiency (CSID) (Hauri et 
al., 1985a; Lloyd & Olsen, 1987; Naim et al., 1988). In some 
of these cases, SIM is unable to migrate to the brush border 
membrane. Unfortunately, it was not possible to reinvestigate 
all of these cases, but we have analyzed two of them [cases 
2 and 6 of Naim et al. (1988)l. In both cases, electropho- 
retically normal SIM is synthesized but arrested in the Golgi 
apparatus and does not undergo complex glycosylation. 

Homogenized biopsies were solubilized with Triton X- 100, 
and the extracts were radioiodinated. The radiolabeled ex- 
tracts were immunoprecipitated with mAbs against the native 
protein or denatured by boiling in the presence of SDS followed 
by immunoprecipitation with antibodies against the denatured 
protein. I n  both cases, the ratio of native to denatured im- 
munoprecipitated antigen was reduced as compared to the 
control (Figure 9), suggesting that SIM was unable to adopt 
a mature conformation. Due to the low amount of material 
at our disposition, it was not possible to also analyze the 
protease sensitivity. Naim et al. (1988) have reported that 
mAbs HBB 1/691 and HBB 2/219 are unable to recognize 
SIM of case 2 while we now find some reduced reactivity with 
these antibodies. This discrepancy is probably due to a higher 
specific radiolabeling achieved in the present study. That the 
mutant forms of SIM do not accumulate in the Golgi may be 
due to degradation of the improperly folded and arrested 
proteins. The immature conformation of SIM in  the two 
patients is in  line with the hypothesis that a proper tertiary 
structure is required for efficient passage through the Golgi 
apparatus and to exit this organelle. 

DISCUSS ION 

In  this paper, we provide evidence that the newly synthesized 
brush border enzymes SIM and DPPIV undergo conforma- 
tional changes at various steps of the exocytic pathway as 
probed by conformation-specific antibodies and proteases. 

The antibody approach is based on the observation that the 
affinity of the two enzymes for antibodies against the native 
conformation increases with time of chase whereas the amount 
of enzyme precipitated under denaturing conditions remains 
constant. Therefore, the ratio of antigen precipitated with 
anti-native antibodies to antigen precipitated with anti-dena- 
tured antibodies indicates the degree of conformational ma- 
turation. To circumvent the problem of unequal [35S]- 
methionine incorporation, this ratio was always calculated from 
samples of the same homogenate. The second approach was 
the measurment of changes in protease sensitivity. Trypsin 
was found most suitable for DPPIV, and three different pro- 
teases revealed three SIM variants. It has recently been shown 
that incompletely folded and mature proteins can be distin- 
guished on the basis of protease sensitivity (Geering et al., 
1987; Williams et al., 1988). 

Collectively our results led to a complex picture of matu- 
ration for SIM. The conformational maturation of SIM occurs 
slowly. SIM is synthesized as a highly protease-sensitive 
protein that is very inefficiently recognized by antibodies 
against the native conformation. Within 30 min of chase, the 
binding efficiency increases from 5% to 30% maximal re- 
activity. This increase is the first recognizable sign of a 
conformational change. However, as long as SIM remains 
in the 'ER, it keeps its original conformation in respect to two 
parameters: its binding efficiency to mAb HBB 3/705 and 
its protease sensitivity. Under conditions allowing SIM to exit 
from the ER, a third SIM form appears with intermediate 
protease sensitivity (i.e,, proteolytic fragments appear) and 
increased affinity for anti-native antibodies (i.e., about 70% 
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of mature SIM). On the other hand, this SIM form only 
poorly reacts with mAb HBB 3/705. The third SIM form 
was not observed when protein exit from the ER was blocked 
by anoxia or CCCP. Since certain conformational changes 
are energy dependent (Doms et al., 1987), one might argue 
that ATP depletion rather than blocked protein exit may in- 
hibit this maturation step. This is unlikely since the cells 
chased at 15 OC, which leads to protein accumulation in a 
post-ER compartment (Saraste & Kuismanen, 1984), the 
maturation to the third SIM form did not occur. Strikingly, 
the time of maximal accumulation of the proteolytic fragments 
coincides with that of maximal accumulation of high-mannose 
SIM in a fraction enriched in Golgi membranes [75 min of 
chase; see Stieger et al. (1988)], suggesting that the third SIM 
form is localized in the cis-Golgi. Moreover, the appearance 
of proteolytic fragments suggests that some domains of SIM 
are already tightly folded in the cis-Golgi. It is possible that 
these fragments represent sucrase and isomaltase subunits. 
The relationship between folding and protease sensitivity has 
elegantly been documented for mitochondrial proteins (Eilers 
et al., 1988; Vestweber & Schatz, 1988). Finally, SIM is 
converted to a mature form in respect to antibody binding and 
protease sensitivity. It is important to note that this maturation 
step precedes complex glycosylation. We believe that it occurs 
in  the medial Golgi. 

DPPIV exhibits a much simpler maturation behavior. Only 
two structural variants were found, an early completely 
trypsin-insensitive form and a mature form with high trypsin 
resistance. The latter form is more efficiently precipitated by 
anti-native mAbs than the former. The conversion to protease 
resistance was contemporaneous with complex glycosylation 
and did not take place in ATP-depleted cells. These results 
are strong evidence that the observed event occurs in the Golgi 
apparatus. Interestingly, this conformational maturation 
preceded dimerization which occurs immediately after complex 
glycosylation (Jascur et al., 1991). This sequence of events 
is plausible since one would expect a protein to acquire a proper 
tertiary structure before oligomerization. Because DPPIV is 
transported much more rapidly to and through the Golgi ap- 
paratus, it is possible that the resolution of the used techniques 
is insufficient to reveal a stepwise maturation as found for 
SIM. Indeed, the fact that DPPIV in cells chased under 
anoxia has a slightly higher affinity for the anti-native mAbs 
than in cells which were pulse-labeled for only 5 min may 
indicate such subtle changes. 

An unexpected finding was that in a certain time window 
of chase the native DPPIV was more efficiently immunopre- 
cipitated from trypsin-digested than from undigested Triton 
X- 100 extracts. Since the electrophoretic behavior was not 
altered by the protease treatment, the most likely interpretation 
is that DPPIV is temporarily associated with another protein 
which interfers with the antibody recognition. This event 
occurs at a time when DPPIV is expected to leave the Golgi 
apparatus on the basis of subcellular fractionation. We were 
not able, however, to provide direct experimental evidence for 
such an interaction. 

It is interesting to discuss the described conformational 
maturation in respect to the asynchronous transport of SIM 
and DPPIV to and through the Golgi complex (Stieger et al., 
1988) and in context of the importance of proper folding for 
the intracellular transport of viral proteins [Copeland et al., 
1986, 1988; Doms et al., 1988; Gething et al., 1986; Hardwick 
et al., 1986; Schuy et al., 1986; for a review, see Hurtley and 
Helenius (1989)]. An attractive hypothesis is that SIM does 
not leave the ER efficiently since its folding to an exit-com- 
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petent conformation (the second conformational variant) oc- 
curs slowly. On the other hand, this process may be fast for 
DPPIV, leading to the observed rapid transport to the Golgi 
apparatus. The finding that SIM does not oligomerize at  all 
and DPPIV only in a late Golgi compartment (Jascur et al., 
199 1) points to the possibility that conformational maturation 
of the tertiary structure rather than oligomerization is essential 
for the exit of SIM and DPPIV from the ER. Thus, brush 
border hydrolases are different from enveloped viral glyco- 
proteins which oligomerize in the ER (Copeland et al., 1986; 
Gething et al., 1986; Hardwick et al., 1986; Kreis & Lodish, 
1986; Schuy et al., 1986). Differential folding in the ER might 
explain the first rate-limiting step in the intracellular transport 
of brush border hydrolases (Stieger et al., 1988). Our finding 
of continuing conformational maturation in the Golgi appa- 
ratus may offer an explanation why exit from the ER does not 
guarantee successful transport all the way to the cell surface 
(Guan et al., 1986; Hardwick et al., 1986; Hauri et al., 1985a; 
Naim et al., 1988; Zilberstein et al., 1980). Furthermore, it 
is tempting to speculate that the second rate-limiting step for 
the transport of S I M  to the trans-Golgi is related to a slow 
conversion from the intermediate to the high protease-resistant 
conformation. 

I f  the hypothesis that protein folding and intracellular 
transport arc causally related is correct, one would predict that 
transport-arrested brush border enzymes in naturally occurring 
mutant phenotypes are conformationally immature. CSID in 
humans is the only brush border disease in which this pre- 
diction can be tested at the present time. It has been shown 
that in several cases of CSID SIM is synthesized as a protein 
with an electrophoretically normal molecular weight but is 
unable to reach the cell surface (Hauri et al., 1985a; Lloyd 
& Olsen, 1987; Naim et al., 1988). In one of these patients, 
SIM accumulated as an enzymatically barely active high- 
mannose molecule that was efficiently recognized by mAb 
HBB 3/705, and it was suggested that this abnormal SIM was 
arrested in the ER. The preservation of the HBB 3/705 
immunoreactivity in Caco-2 cells by manipulations that prevent 
protein exit from the ER supports this suggestion. Unfortu- 
nately, i t  was not possible to reinvestigate this patient. 
However, we have analyzed the conformation of SIM in two 
other CSID patients with impaired transport at the level of 
the Golgi apparatus. In  both patients, no SIM was transported 
to the brush border, and no complex glycosylated SIM forms 
were found (Naim et al., 1988). Here we showed that the 
transport-defective SIM of these mutants was not properly 
folded on the basis of its reduced affinity to anti-native mAbs. 
This result is in line with the notion that proper folding might 
be a prerequisite for SIM to undergo complex glycosylation 
and efficient transport to the brush border membrane. 

While all our data fit with our proposal that conformational 
changes are related to the efficiency of intracellular protein 
transport, a direct causal relationship awaits further experi- 
mental proof. The precise function of protein folding for the 
transport of SIM and DPPIV may be revealed more clearly 
by extending the analysis of transport-deficient mutant phe- 
not y pes. 
Ac  K N O  w LEDG MENTS 

and Urs A. Meyer for his continuous support. 

REFERENCES 
Baeuerle, P. A., & Huttner, W. B. (1987) J .  Cell Biol. 105, 

We thank Kaethy Bucher for excellent technical assistance 

Registry No. DPPIV, 54249-88-6; hydrolase, 9027-41 -2. 

2655-2664. 

Biochemistry, Vol. 30, No. 7, 1991 1923 

Copeland, C. S., Doms, R. W., Bolzau, E. M., Webster, R. 
G., & Helenius, A. (1986) J .  Cell Biol. 103, 1179-1 191. 

Copeland, C. S., Zimmer, K. P., Wagner, K. R., Healey, G. 
A., Mellman, I., & Helenius, A. (1988) Cell 53, 197-209. 

Danielsen, E. M. (1987) EMBO J .  6 , 2891-2896. 
Doms, R. W., Keller, D. S., Helenius, A., & Balch, W. E. 

(1987) J .  Cell Biol. 105, 1957-1969. 
Doms, R. W., Ruusala, A., Machamer, C., Helenius, J., 

Helenius, A., & Rose, J. K.  (1 988) J .  Cell Biol. 107, 89-99. 
Eilers, M., Hwang, S., & Schatz, G. (1988) EMBO J .  7, 

Geering, K., Kraehenbuehl, J.-P., & Rossier, B. C. (1 987) J .  

Gething, M.-J., McCammon, K., & Sambrook, J. (1986) Cell 

Green, F., Edwards, Y., Hauri, H.-P., Povey, S., Wan Ho, M., 
Pinto, M., & Swallow, D. (1987) Gene 57, 101-1 10. 

Guan, J.-L., & Rose, J. K.  (1984) Cell 37, 779-787. 
Hardwick, J. M., Shaw, K. E. S., Wills, J. W., & Hunter, E. 

Hauri, H.-P. (1988) Subcell. Biochem. 12, 155-219. 
Hauri, H.-P., Roth, J., Sterchi, E. E., & Lentze, M. J. (1985a) 

Hauri, H.-P., Sterchi, E. E., Bienz, D., Fransen, J. A. M., & 

Hunziker, W., Spiess, M., Semenza, G., & Lodish, H. F. 

Hurtley, S. M., & Helenius, A. (1 989) Annu. Rev. Cell Biol. 

Hurtley, S. M., Bole, D. G., Hoover-Litty, H., Helenius, A., 
& Copeland, C. S. (1989) J .  Cell Biol. 108, 21 17-2126. 

Jascur, T., Matter, K., & Hauri, H.-P. (1991) Biochemistry 
(preceding paper in this issue). 

Kenny, A. J., & Maroux, S. (1982) Physiol. Rev. 62,91-128. 
Kreis, T. E., & Lodish, H. F. (1986) Cell 46, 929-937. 
Laemmli, U. K. (1970) Nature 227, 680-685. 
Lloyd, M. L., & Olsen, W. A. (1987) N .  Engl. J .  Med. 316, 

Lodish, H. F. (1988) J .  Biol. Chem. 263, 2107-2110. 
Machamer, C. E., Florkiewicz, R. Z., & Rose, J. K.  ( 1  985) 

Mol. Cell. Biol. 5 ,  3074-3083. 
Matter, K., McDowell, W., Schwarz, R. T., & Hauri, H.-P. 

(1989) J .  Biol. Chem. 264, 13131-13139. 
Matter, K., Stieger, B., Klumperman, J., Ginsel, L. A., & 

Hauri, H.-P. (1990) J .  Biol. Chem. 265, 3503-3512. 
Merisko, E. M., Fletcher, M., & Palade, G. E. (1986) Pan- 

creas 1, 95-109. 
Mostov, K .  E., & Blobel, G. (1983) Methods Enzymol. 98, 

Naim, H. Y., Roth, J., Sterchi, E. E., Lentze, M. J., Milla, 
P., Schmitz, J., & Hauri, H.-P. (1988) J .  Clin. Invest. 82, 

1139-1 145. 

Cell. Biol. 105, 2613-2619. 

46, 939-950. 

(1986) J. Cell Biol. 103, 829-838. 

Proc. Natl. Acad. Sci. U.S.A. 82, 4423-4427. 

Marxer, A. (1985b) J .  Cell Biol. 101, 838-851. 

( 1  986) Cell 46, 227-234. 

5,  277-307. 

438-442. 

458-466. 

667-679. 
Saraste, J., & Kuismanen, E. (1984) Cell 38, 535-549. 
Schuy, W., Will, C., Kuroda, K., Scholtissek, C., Garten, W., 

Semenza, G. (1986) Annu. Reu. Cell. Biol. 2, 255-313. 
Skibbens, J. E., Roth, M. G., & Matlin, K. S. (1989) J .  Cell 

Stieger, B., Matter, K., Baur, B., Bucher, K., Hoechli, M., & 

Vestweber, D., & Schatz, G. (1988) EMBO J. 7, 1 147-1 15 1. 
Williams, D. B., Boriello, F., Zeff, R. A., & Nathenson, S .  

Zilberstein, A., Snider, M. D., Porter, M., & Lodish, H. F. 

& Klenk, H. D. (1 986) EMBO J. 5, 283 1-2836. 

Biol. 108, 821-832. 

Hauri, H.-P. (1988) J .  Cell Biol. 106, 1853-1861. 

G. (1988) J .  Biol. Chem. 263, 4549-4560. 

(1980) Cell 21, 417-427. 


