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Dipeptidylpeptidase IV Occurs in the Golgi Apparatus? 
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ABSTRACT: It was postulated that newly synthesized membrane proteins need to be assembled into oligomers 
in the endoplasmic reticulum in order to be transported to the Golgi apparatus. By use of the differentiated 
human adenocarcinoma cell line Caco-2, the general validity of this proposal was studied for small intestinal 
brush border enzymes which are dimers in most mammalian species. Chemical cross-linking experiments 
and sucrose gradient rate-zonal centrifugation revealed that dipeptidylpeptidase IV is present as a dimer 
in the brush border membrane of Caco-2 cells whereas the disaccharidase sucrase-isomaltase appears to 
be a monomer. Dipeptidylpeptidase IV was found to dimerize immediately after complex glycosylation, 
an event associated with the Golgi apparatus. Dimerization of this enzyme was inhibited by CCCP but 
did not depend on complex glycosylation of N-linked carbohydrates as assessed by the use of the trimming 
inhibitor 1 -deoxymannojirimycin. It is concluded that dimerization of dipeptidylpeptidase IV occurs in a 
late Golgi compartment and therefore cannot be a prerequisite for its export from the endoplasmic reticulum. 

T h e  quaternary structure of integral plasma membrane 
proteins has become of central interest in the study of protein 
transport to the cell surface. From work with viral envelope 
proteins, the concept has emerged that assembly of these 
proteins into oligomers takes place in the endoplasmic reti- 
culum (ER) and may be a prerequisite for their export from 
the ER and subsequent transport to the Golgi apparatus 
(Copeland et al., 1986, 1988; Gething et al., 1986; Kreis & 
Lodish, 1986; Doms et al., 1987, 1988; Boulay et al., 1988). 
Similar results have been obtained for endogenous membrane 
proteins of complex heterooligomeric structure [for a review, 
see Hurtlcy and Helenius (1989)]. However, one study is at 
variance with these general conclusions (Yewdell et al., 1988). 

The biosynthesis of small intestinal brush border enzymes 
has been thc subject of numerous investigations over the past 
years (Kenny & Maroux, 1982; Semenza, 1986; Hauri, 1988). 
These proteins are major constituents of the intestinal mi- 
crovillus membrane and are involved in the terminal digestion 
of dietary carbohydrates and peptides. Some of them, in- 
cluding dipeptidylpeptidase IV (DPPIV)’ and sucrase-iso- 
maltase (SI M),  are expressed in the differentiated human 
intestinal cpithelial cell line Caco-2 (Pinto et al., 1983; Hauri 
et al., 1985). The enzymes are cotranslationally N- 
glycosylated to give the high-mannose precursors of 1 I O  and 
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114 kDa for DPPIV, and 210 kDa for SIM. In the Golgi 
apparatus, they are processed to the complex glycosylated 
forms of 124 and 217 kDa, respectively. The intracellular 
transport of newly synthesized DPPIV and SIM in Caco-2 cells 
has been extensively studied. DPPIV is transported to the 
brush border membrane considerably faster than SIM, two 
rate-limiting steps being export from the ER and transit 
through the Golgi (Stieger et al., 1988). 

Most brush border enzymes of rabbit, rat, and pig are known 
to exist as noncovalently linked homodimers in the microvillus 
membrane (Kenny & Maroux, 1982), but the intracellular site 
of their assembly into dimers is unknown. Therefore, the 
Caco-2 cell line expressing a number of human brush border 
hydrolases should provide a valuable system to assess the role 
of oligomerization for the intracellular transport of these en- 
dogenous plasma membrane proteins. 

In the present paper, we provide evidence that in Caco-2 
cells DPPIV is assembled into dimers in a late Golgi com- 
partment and that transport through the Golgi apparatus, but 
not complex glycosylation, is required for dimerization of 
DPPIV. SIM, however, was found to be a monomer 
throughout its transport from the ER to the brush border 

’ Abbreviations: ApN, aminopeptidase N; DPPIV, dipeptidyl- 
peptidase IV; SIM, sucrase-isomaltase; SDS-PAGE, sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis; DMN, I-deoxymanno- 
jirimycin; CCCP, carbonyl cyanide m-chlorophenylhydrazone; DSS, su- 
beric acid bis(N-hydroxysuccinimide ester); DSP, 3,3’-dithiobis(propionic 
acid N-hydroxysuccinimide ester); EGS, ethylene glycol bis(succinimidy1 
succininate); MBS, m-maleimidobenzoic acid N-hydroxysuccinimide 
ester; DMS, dimethyl suberimidate. 
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membrane. We conclude that oligomerization is not a general 
prerequisitc for export of membrane proteins from the ER. 

MATERIALS A N D  METHODS 
Cell Culture, Metabolic Labeling, Immunoprecipitation, 

and SDS-PAGE. Caco-2 cell culture and labeling with 
[35S]methionine were as described by Hauri et al. (1985) and 
Stieger ct al. ( 1  988). Immunoprecipitation of native antigens 
(Hauri et al., 1985) and of denatured antigens (Matter & 
Hauri, 199 1 ) was described previously. For the analysis of 
native antigens, we used mAb HBB 3/775 against DPPIV, 
mAbs HBB 2/614, HBB 3/705, HBB 2/691, and HBB 2/219 
against SIM, and HBB 3/153 specific for aminopeptidase N 
(ApN). Immunoprecipitates were analyzed by SDS-PAGE 
(Laemmli, 1970) and fluorography. Fluorographs were 
quantified as described (Stieger et al., 1988). 

Chemical Cross-Linking. Proteins in membrane vesicles 
were cross-linked in I O  mM Na2HP04-300 mM NaCI, pH 
7.0, by adding either DSS or DSP (Sigma) to a final con- 
centration of 0.875 mM. After 20 min at room temperature, 
the reaction was stopped with ethanolamine (45 mM final 
concentration). Triton X-100 extracts of Caco-2 cells were 
treated in thc same way but in 100 mM Na2HP04, 1% Triton 
X-100, and 40 pL/mL PMSF, pH 7.0. Cross-linking of 
DPPIV in intact cells was performed at 4 "C and achieved 
as follows. Labeled filter-grown cells were washed twice in 
PBS, and the chambers were disassembled. Thereafter the 
filters were transferred to a six-well plate containing Dulbecco's 
PBS, and thc plate was placed on a horizontal shaker for 15 
min. This rinsing step was repeated once with fresh Dulbecco's 
PBS. Then the cells were washed once with a triethanolamine 
buffcr (10 mM triethanolamine, pH 7.4, 250 mM sucrose, and 
2 mM CaCI,) and transferred to fresh wells containing the 
cross-linker dissolved in the same buffer (DSS, 0.875 mM; 
DMS, 1 mM). After 30 min, the cells were washed twice for 
15 min with the triethanolamine buffer containing additionally 
50 mM ethanolamine. Thereafter the cells were harvested and 
solubilized with SDS. DPPIV was immunoprecipitated with 
a polyclonal antibody specific for the denatured antigen 
(Matter & Hauri, 1991). 

In our search for SIM oligomers and high-mannose dimers 
of DPPIV, different conditions of solubilization and a number 
of diffcrcnt bifunctional reagents were tested. We do not 
report these experiments under Results since none of them 
modified the results obtained with the cross-linkers described 
above. For most of these experiments, a 10 mM triethanol- 
amine-acetic acid buffer (pH 6.5-8.0) was used containing 
20-300 mM NaCl and 1 %  detergent (Triton X-100, Nonidet 
P-40, octyl glucoside, C12E8, or CHAPS). In other experi- 
ments, Hepes, Tris, or phosphate buffers with different salt 
concentrations (NaCI or KCI; 20-400 mM) were used in  
conjunction wi th  the different detergents. Yet in other ex- 
periments, the influence of divalent cations (Mg2+ and Ca2+) 
and chelators (EDTA and EGTA) was studied. All these 
conditions (with the exception of the Tris and Hepes buffers) 
were combincd with the cross-linking approach, and some were 
also tested by sucrose gradient centrifugation. Besides DSP 
and DSS, the following cross-linkers were used: dimethyl 
suberimidate, dimethyl 3,3'-dithiobis(propionimidate), 2-im- 
inothiolane, bis(sulfosuccinimidy1 suberate), 3,3'-dithiobis- 
(sulfosuccinimidyl propionate), ethylene glycol bis(succinimidy1 
succinate), 1,5-difluoro-2,4-dinitrobenzene, m-maleimido- 
benzoyl-N-hydroxysulfosuccinimide ester, and 1,4-bis(ma- 
1eimido)benzene. These cross-linkers vary in length from 3 
to 16 A and react with amino and sulfhydryl groups. De- 
pending on their water solubility, these bifunctional agents 

were used at concentrations of 0.5-5 mM. None of these 
experiments gave an indication for the presence of oligomers 
other than those reported under Results. 

Sucrose Gradient Rate-Zonal Centrifugations. C a m 2  cells 
grown on Millipore filters (Stieger et al., 1988) were labeled 
with 200 pCi of [35S]methianine for various time periods and 
solubilized in 400 pL of 100 mM Na2HP04, 1% Triton X- 100, 
and 40 pg/mL PMSF, pH 7.0, for 1 h. After a 105000g,, I-h 
spin, 350 pL of the supernatant was loaded onto 11.5-mL 
gradients [ 100 mM Na,HPO, 1% Triton X-100, 40 pL of 
PMSF, and 5-20% (w/v) sucrose, pH 7.01 which had been 
formed with an LKB 11300 Ultrograd gradient mixer. The 
gradients were centrifuged in a Kontron 41.14 swingout rotor 
at 40000 rpm (205000g,,) for 18 h at 8 "C. Each gradient 
was split into 18 fractions which were diluted with 0.5 mL of 
100 mM Na2HP04, 1% Triton X-100, and 40 pL/mL PMSF, 
pH 8.0, and analyzed by immunoprecipitation followed by 

Alternatively, sucrose gradients were run as follows. La- 
beled Caco-2 cells were harvested in solubilization buffer (10 
mM triethanolamine, pH 7.2, 150 mM NaC1, 40 pg/mL 
phenylmethanesulfonyl fluoride, and 1 % detergent). The 
experiment shown in this paper was performed with 1% 
Nonidet P-40. After 30 min on ice, the samples were spun 
in a Eppendorf centrifuge for 15 min, and the supernatants 
were loaded on continuous sucrose gradients (5-20% sucrose 
in I O  mM triethanolamine, pH 7.2, and 150 mM NaCI). The 
gradients were centrifuged in an SW56-Rotor (Beckman) at 
45000 rpm (198000g,,) for 6 h at 4 "C. Thereafter the 
gradients were divided into 12 equal fractions. These samples 
were boiled with SDS, and DPPIV was immunoprecipitated 
with a polyclonal antibody (Matter & Hauri, 1991). 

Other Methods. The use of 1 -deoxymannojirimycin (DMN) 
was as in Matter et al. (1989), the preparation of a crude 
membrane fraction was as described (Hauri et al., 1985), and 
Golgi membranes of Caco-2 cells were prepared according to 
Stieger et al. (1988). To inhibit intracellular protein transport, 
the Caco-2 cells were labeled with [35S]methi~nine at 37 "C 
for 5 min, washed twice with ice-cold Dulbecco's PBS, and 
transferred to fresh Dulbecco's PBS containing 300 pM 
CCCP. After 10 min on ice, the cells were chased for 1 h at 
37 "C (chase medium: Dulbecco's PBS-300 pM CCCP). 

RESULTS 
The quaternary structure of DPPIV was probed by chemical 

cross-linking. A crude membrane fraction was prepared from 
Caco-2 cells after overnight labeling with [35S]methionine. 
The membranes were cross-linked with the homobifunctional 
lysine-specific reagents disuccinimidyl suberate (DSS) or 
dithiobis(succinimidy1 propionate) (DSP). DSP is an analogue 
of DSS which can be cleaved by reducing agents such as DTT. 
After cross-linking, the membranes were solubilized with 
Triton X-100, and DPPIV was immunoprecipitated and an- 
alyzed by SDS-PAGE in the presence or absence of DTT 
(Figure IA). Cross-linking with DSS resulted in the ap- 
pearance of a high-molecular weight band of about 210K. 
Cross-linking with DSP gave the same result as with DSS 
when analyzed under nonreducing conditions. When the 
samples were cross-linked with DSP and reduced with DTT 
after immunoprecipitation, all DPPIV-containing complexes 
were cleaved. Under these conditions, the only visible band 
was the DPPIV monomer, suggesting that the high molecular 
weight band represented the dimer of DPPIV. The complex 
is not due to disulfide bonds since DPPIV of control samples 
which were denatured without DTT migrated as a monomer 
on SDS gels (Figure IA). These experiments suggest that 

SDS-PAGE. 
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F I G U R E  I : Chcmicnl cross-linking of DPPlV (A), aminopeptidase 
N (ApN, B), and S I M  (B) (fluorogram). After labeling of Caco-2 
cells with [35S]mcthionine for 4 h (SIM) or overnight (DPPIV and 
aminopcptidasc N), a crudc mcmbranc fraction was prepared and 
cross-linkcd with DSS or DSP as indicated. The enzymes were 
immunoprccipitatcd with mAbs and analyzed by SDS-PAGE (4-1096 
gradient gels) under reducing (+DTT) and nonreducing (-DTT) 
conditions (A) or after reducing conditions only (B). The position 
of cross-linked DPPlV dimers is indicated by an arrow. Numbers 
at the margins of the gels indicate the molecular mass in kilodaltons. 
SI, S I M .  

DPPIV is present (at least in part) as a dimer in the brush 
border membrane of Caco-2 cells. 

Similarly, another peptidase, aminopeptidase N (ApN), was 
cross-linkable with DSS (Figure 1 B). When SIM was sub- 
jected to thc cross-linking procedure, no bands larger than the 
monomer wcre dctectable on gels (Figure 1 B). Other cross- 
linkers including m-maleimidobenzoic acid N-hydroxy- 
succinimidc cster (MBS) and ethylene glycol bis(succinimidy1 
succinate) (EGS) while effective for DPPIV also failed to 
cross-link S I M .  Mosimann et al. (1973) have reported that 
the quaternary structure of papain-solubilized rabbit SIM 
depends on the ionic strength. However, we tested a wide 
range of salt concentrations, detergents, and cross-linkers (see 
Materials and Mcthods for details) but were not able to find 
any dimers of human SIM.  

In order to determine the intracellular site of the dimeri- 
zation of DPPIV, the cross-linking approach was combined 
with pulse-chasc labcling. The time course of dimerization 

D P P E  

FIGURE 2: Time-dependent cross-linking of DPPIV. (A) Caco-2 cells 
were pulsed for 15 min with [35S]methionine without (=O-min chase) 
or with a subsequent chase of 60 min. The total membrane fraction 
was cross-linked as indicated, DPPlV was immunoprecipitated, and 
the immunoprecipitates were analyzed by SDS-PAGE under reducing 
conditions followed by fluorography. The arrow indicates the position 
of DPPlV dimers. (B) Kinetics of complex glycosylation (X)  and 
appearance of DSS-cross-linked dimers (0) of DPPIV. The ordinate 
indicates the percent of complex glycosylation or the percent of 
maximal cross-linking as determined by densitometric scanning of 
fluorograms. Longer chase periods did not increase the efficiency 
of cross-linking. Pulse-chase experiments were analogous to those 
of (A). 

allows one to draw conclusions on the intracellular location 
of dimer assembly since the kinetics of transport of newly 
synthesized DPPIV to the cell surface are known (Stieger et 
al., 1988). Figure 2A shows that complex glycosylated DPPIV 
but not its high-mannose precursor can be cross-linked into 
dimers. A faint band above the high-mannose monomer was 
consistently observed after cross-linking (lane 2). This band 
is most likely due to intramolecular rather than intermolecular 
cross-linking since it comigrated with the monomer on sucrose 
gradients (see Figure 6). Some radioactivity was observed 
which did not enter the separating gel after cross-linking. After 
DSP cross-linking followed by SDS-PAGE under reducing 
conditions, this band broke down at early and late chase times, 
and its absence from gels run with sucrose gradient fractions 
of non-cross-linked samples (see Figure 4) in contrast to 
cross-linked samples (see Figure 6) suggests an aggregate 
artifactually induced by the cross-linking procedure. 

The appearance of cross-linkable dimers of DPPIV was 
studied by pulse-chase experiments and densitometric scanning 
of fluorograms (Figure 2B). We found that dimerization 
followed soon after complex glycosylation, half-maximal di- 
merization trailing half-maximal complex glycosylation by 
approximately 6 min. Throughout the chase period, a high- 
mannose dimer never became apparent. When the samples 
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FIGURE 3: In  situ cross-linking of DPPIV. Caco-2 cells were met- 
abolically labeled for 30 min with [35S]methi~nine and chased for 
0, I ,  or 20 h. Thereafter intact cells were cross-linked with either 
DSS or DMS. After cross-linking, the cells were harvested and boiled 
in SDS, and DPPIV was immunoprecipitated by using an anti-DPPIV 
polyclonal antibody. The immunoprecipitates were analyzed by 
SDS-PAGE (4-1 0% gradient gel) and fluorography. The arrow 
indicatcs the position of dimers. h, high-mannose form; c, complex 
form. 

were cross-linked with DSP and the cross-linking reagent was 
cleaved with DTT after immunoprecipitation, no other proteins 
were found to coprecipitate at any time point. 

SIM was present as a monomer at any time after its syn- 
thesis (not shown). This renders it unlikely that a putative 
SI M dimer dissociates after its export from the endoplasmic 
reticulum and thereby escapes detection at longer chase times. 
Doms et al. (1986) have shown, however, that influenza 
hemagglutinin forms labile trimers first in the endoplasmic 
reticulum, which arc later stabilized within or after passage 
through the Golgi complex. Therefore, we tested a wide range 
of cross-linking conditions using different detergents at dif- 
ferent ionic strength as described under Materials and 
Methods. All these conditions were tested with water-soluble 
and watcr-nonsoluble homo- and heterobifunctional agents of 
different Icngth. None of these conditions led to the detection 
of high-mannose dimers of DPPIV. 

In a final attempt to find high-mannose dimers, intact cells 
were cross-linked with the membrane-permeable bifunctional 
agents DSS and DMS. Cells labeled for 30 min with [35S]- 
methionine were directly cross-linked or first chased for 1 or 
20 h. Again, no high-mannose dimers of DPPIV were found 
(Figure 3). Cross-linking with whole cells was somewhat less 
efficient than with homogenates or detergent extracts. Nev- 
ertheless, a high-mannose dimer would clearly be visible, if 
present, because the high-mannose form runs as a sharp band 
in contrast to the complex glycosylated form (see Figure 8). 

A possible reason for the failure to detect high-mannose 
dimers may be that the mAb fails to recognize high-mannose 
dimers since it precipitates the monomeric high-mannose form 
less efficicntly than the complex protein. To circumvent this 
problem, immunoprecipitations were also performed under 
denaturing conditions with the same result (e.g., Figure 3, and 
above described experiments). By this procedure, different 
biosynthetic forms of DPPIV can be immunoprecipitated with 
the same efficiency (Matter & Hauri, 1991). Overall, these 
data led us to conclude that the high-mannose form of DPPIV 
does not form dimers. 

Chemical cross-linking has two major disadvantages. First, 
it is not a quantitative approach. Therefore, we do not know 

- h  SI 
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b 
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- h D P P E  

I L 3 4 3 b I u Y IU 1 1  IL Fraction 
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FIGURE 4: Rate-zonal centrifugation anal sis of DPPIV and SIM. 

for 15 (a), 25 (b), or 120 min (c) with unlabeled methionine in excess. 
Triton X- 100 extracts were subjected to sucrose gradient rate-zonal 
centrifugation. Each gradient was split into I8 equal-volume fractions, 
and DPPIV and SI were immunoprecipitated and analyzed by 
SDS-PAGE (6% gels) and fluorography. Shown are the 12 top 
fractions. The remainder six fractions were empty and are not shown. 
h, high-mannose form; c, complex form; SI, SIM. 

whether all complex-type DPPIV molecules are dimerized. 
Second, nonspecific cross-linking has to be considered as 
discussed above. Because of these limitations, we chose sucrose 
gradient rate-zonal centrifugation as an alternative approach 
to elucidate the oligomeric state of DPPTV and SIM. Caco-2 
cells were pulse-labeled and then chased for various times. 
Triton X- 100 extracts were subjected to sucrose gradient 
centrifugation, and the gradients were then fractionated into 
18 equal aliquots, fraction 1 representing the top of the gra- 
dient. From each fraction, DPPIV and SIM were quantita- 
tively immunoprecipitated and analyzed by SDS-PAGE 
(Figure 4). After 15 min of chase, DPPIV was present in 
a high-mannose form, mainly in fraction 6. After a 25-min 
chase, a second peak appeared in the position of fractions 9 
and 10 which contained only complex glycosylated DPPIV. 
However, fraction 6 by that time point contained both high- 
mannose and complex glycosylated DPPTV. Finally, after 2 
h of chase, all DPPIV was found in fractions 9 and 10. SIM 
was coimmunoprecipitated as a reference since it did not un- 
dergo a shift in the gradient. Even after overnight labeling 
the complex form of SIM comigrated with high-mannose SIM 
on the gradient (not shown), suggesting that SIM did not form 
oligomers under the conditions used. 

The used type of sucrose gradients can be considered to be 
isokinetic (Martin & Ames, 1961; Burgi & Hershey, 1963). 
Therefore, it was possible to calculate the sedimentation 
constant for SIM, which was found to be 9.5 S. This value 
is in good agreement with the finding of Mosimann et al. 
(1  973), who reported an s20w, value of 9.6 S for monomeric 
rabbit SIM, confirming the monomeric nature of SIM in 

Caco-2 cells were labeled for 15 min with [3 Y Slmethionine and chased 
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FIGURE 5: Rate-zonal centrifugation analysis of DPPIV. Caco-2 cells 
were labeled for 30 min with [3SS]methionine and chased for 0 min 
(a), 45 min (b), or 20 h (c). Cells were extracted with Nonidet P-40, 
and thc cxtracts wcrc analyzed on detergent-free sucrose gradients. 
Each gradicnt was split into 12 equal-volume fractions, and DPPIV 
was immunoprccipitatcd with a polyclonal antibody after boiling in 
SDS. The immunoprecipitates were analyzed by SDS-PAGE and 
fluorography. h,  high-mannose form; c, complex form. 

Caco-2 cells. Because no specific bands larger than the mo- 
nomcr wcrc detectable even at 0-min chase, it is unlikely that 
we have misscd an early oligomerization step. Furthermore, 
assuming that a dimer has the same density and a similar 
shape as thc monomer, it can be calculated that a dimer should 
migratc 1.59 times faster through an isokinetic gradient than 
a monomer. This is consistant with DPPIV monomer ap- 
pearing in fraction 6 and a dimer peak between fractions 9 
and I O  (calculated ratio of migration I .63). This interpretation 
is confirnicd by the fact that the proposed dimer of DPPIV 
(with a molecular weight of 248 K) cosedimented with SIM 
(M, 21 7K). Therefore, we conclude that the slowly and the 
rapidly sedimenting DPPIV peaks represent the monomeric 
and thc dimcric enzyme forms, respectively. 

Since thc “monomer” fractions comprised both high- 
mannose and complex glycosylated DPPIV whereas the 
“dimer” fractions contained only complex glycosylated DPPIV, 
these expcrimcnts are in line with the cross-linking experiments 
in which dimerization took place only after complex glyco- 
sylation. As in the cross-linking experiments, we never ob- 
served high-mannose dimers on the sucrose gradients even at 
shorter chase times (see Figure 5). It is important to note 
that the kinetics of dimerization of DPPIV were identical 
irrespectivc of whether determined by cross-linking or by su- 
crose gradicnt centrifugation. As illustrated in Figure 4, after 
25 min of chase, 41% of the total DPPIV was complex gly- 
cosylated and 32% was dimers; in another experiment, after 
35 min of chase, 72% was complex glycosylated and 55% was 
dimers. Both results are in agreement with the time course 
of dimcrization obtained by cross-linking (Figure 2B). 
Futherniore, the sucrose gradient experiments showed that 
after 2 h of chasc, when the cross-linking efficiency of DPPIV 
reached its maximum, all DPPIV was present as dimers on 
sucrose gradients. As with cross-linking, different detergent 
conditions wcrc also tested for the sucrose gradient centrifu- 
gation. Figure 5 shows an example in which labeled cells were 
solubilized with Nonidet P-40 and the state of dimerization 
was analyzed by detergent-free gradients. High-mannose 
DPPIV behaved always as a monomer (Figure 5; complex and 
high-mannosc forms do not cofractionate). Interestingly, under 

FIGURE 6: Correlation of cross-linking and sedimentation properties 
of DPPIV. The pulse-chase protocol was as in Figure 3 with the 
exception that the Triton X-100 extracts were cross-linked with DSS 
before rate-zonal centrifugation. Shown is the fluorogram of a 6% 
gel. The arrow indicates the position of DPPIV dimers. 

no conditions did we detect higher aggregates of high-mannose 
DPPIV (which would be found at the bottom of the gradients). 
This suggests that the higher aggregates found with the 
cross-linking approach are artificial. Since the fractions were 
immunoprecipitated with a polyclonal mAb after denaturing 
with SDS, all existing molecular forms of DPPIV can be 
assumed to be recognized with the same efficiency. Experi- 
ments with other detergents such as octyl glucoside or C12E8 
gave identical results (not shown). 

To test if there exists a direct correlation between cross- 
linking behavior and sedimentation properties, we combined 
both methods. Detergent extracts of pulse-chase-labeled cells 
were cross-linked with DSS and then analyzed by sucrose 
gradient centrifugation. Figure 6 shows that after a short 
chase DPPIV was not cross-linked and was therefore found 
in the monomer peak. After 2 h of chase, DPPIV showed the 
typical cross-linking pattern and appeared in the dimer peak. 
Interestingly, in these experiments, we obtained high molecular 
weight aggregates at the bottom of the gradients which did 
not enter the gel. This strongly supports the above conclusion 
that the high molecular weight aggregates seen by PAGE were 
cross-linking artifacts. Additional bands appeared with a 
somewhat higher molecular weight than the DPPIV dimer on 
the gel run with the 2-h chase sample. Since the bands had 
the same sedimentation properties as the dimer, they are most 
likely not due to oligomers larger than dimers but to differ- 
entially cross-linked dimers (e.g., intramolecular cross-links, 
different number of cross-links, different number of reacted 
amino groups). 

Collectively, the results obtained by two different methods 
are in agreement and argue that in Caco-2 cells DPPIV di- 
merizes about 6 min after complex glycosylation. By this time, 
most DPPIV is in the Golgi apparatus which suggests that the 
Golgi may be the intracellular compartment in which di- 
merization occurs. In order to establish the site of dimerization 
more precisely, we applied the cross-linking approach to a 
subcellular fraction of Caco-2 cells that was highly enriched 
in Golgi membranes (Stieger et al., 1988). Our finding that 
in this Golgi fraction DPPIV was cross-linkable to dimers in 
a similar way as in the cell homogenate established the Golgi 
apparatus as the site of dimerization of DPPIV (Figure 7). 

On the basis of the observation that assembly into dimers 
occurred soon after complex glycosylation, we wondered if 
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FIGURE 7: Cross-linking of DPPIV in a Golgi (G) and homogenate 
(H) fraction (fluorogram). Caco-2 cells were labeled with [35S]- 
methionine overnight. and detergent-solubilized DPPIV was cross- 
linked, immunoprecipitated, and analyzed by SDS-PAGE (6% gel). 
The arrow indicates the dimer position. 
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c 

FIGURE 8: Effect of the trimming inhibitor 1 -deoxymannojirimycin 
(DMN) on dimerization of DPPIV (fluorogram). The arrow indicates 
the position of the "high-mannose" (i.e., endo H sensitive) dimer of 
DPPIV. 

terminal glycosylation of N-linked carbohydrates was required 
for dimerization of DPPIV. Trimming inhibitors like 1- 
deoxymannojirimycin (DMN), an inhibitor of Golgi-a- 
mannosidase 1, provide convenient tools for blocking complex 
glycosylation without affecting other cellular processes 
(Fuhrmann et al., 1984). DMN blocks terminal N- 
glycosylation but does not interfere with transport of DPPIV 
to the cell surface (Matter et al., 1989). Cells were prein- 
cubated for 3 h with 2 mM DMN, pulse-labeled for 15 min 
with [35S]mcthionine, and chased for 15 or 120 min. The 
quaternary structure of DPPIV was then analyzed by cross- 
linking a Triton X-1 00 extract of whole cells. Figure 8 shows 
that DMN completely inhibited complex glycosylation. After 
2 h of chase in the presence of DMN, the DPPIV still dis- 
played the typical high-mannose doublet band. However, at 

4 
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FIGURE 9: Effect of CCCP on dimerization of DPPIV. Cells were 
pulse-labeled for 5 min with [35S]methionine and then incubated for 
10 min in ice-cold Dulbecco's PBS either with or without 300 pM 
CCCP. Chase was for the indicated time intervals in the presence 
or absence of 300 pM CCCP. After solubilization and cross-linking 
with DSS, the DPPIV was immunoprecipitated and analyzed by 
SDS-PAGE (fluorogram of a 6% gel). 

that time, DPPIV was cross-linkable to a dimer in the high- 
mannose form, suggesting that complex glycosylation is not 
required for dimerization. 

Is transport to the Golgi apparatus a prerequisite for di- 
merization of DPPIV? Exit of newly synthesized proteins from 
the ER requires energy in the form of ATP and can be blocked 
by CCCP, an uncoupler of oxidative phosphorylation (Tar- 
takoff & Vasalli, 1977; Fries & Rothman, 1980). Cells were 
pulse-labeled with [35S]methi~nine for 5 min at 37 "C followed 
by a 10-min incubation on ice in the presence of CCCP and 
a chase at 37 "C in the presence of CCCP. The oligomeric 
state of DPPIV was determined by cross-linking as in the 
previous experiments. Figure 9 shows that after 60 min of 
chase the maturation of DPPIV to the complex glycosylated 
form was inhibited by CCCP. No dimers were formed under 
these conditions, suggesting that transport to the Golgi ap- 
paratus may be a requirement for dimerization. 

DISCUSSION 

The results of the cross-linking experiments performed in 
the present study suggest that DPPIV and also ApN are di- 
mers in the brush border membrane of Caco-2 cells. Cleavage 
of DSP-cross-linked DPPIV did not reveal any other proteins 
associated with the high molecular weight form of DPPIV. 
Furthermore, the time course of cross-linking demonstrated 
that dimerization of DPPIV was almost concomitant with 
complex glycosylation. Half-maximal dimerization followed 
half-maximal complex glycosylation after =6 min, indicating 
that assembly of DPPIV dimers might occur within the Golgi 
apparatus. 

Sucrose gradient centrifugation fully confirmed the results 
obtained by cross-linking. These experiments showed that 
monomeric high-mannose DPPIV was converted to monomeric 
complex glycosylated DPPIV prior to dimerization while SIM 
remained a monomer throughout the entire chase. Since the 
absence of high-mannose DPPIV and SIM oligomers may be 
due to inappropriate assay conditions, we tested a variety of 
buffers at different ionic strengths and a number of different 
detergents in the density gradient assay as well as in the 
cross-linking experiments (using bifunctional agents different 
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in size and chemical properties). However, all the conditions 
tested gave identical results in respect to oligomerization. The 
results of SIM are at variance with previous studies in which 
it was rcportcd that pig and rabbit SI are dimers (Mosimann 
et al., 1973; Cowell et al., 1986). I t  is possible that this 
discrepancy is due to species differences as already known for 
aminopeptidase N (Kenny & Maroux, 1982). While the 
present paper was in preparation, Beaulieu et al. (1989) re- 
ported that all biosynthetic forms of Caco-2 SIM had similar 
sedimentation rates on sucrose gradients which is in accordance 
with the observations of the present study. 

The intracellular site of DPPIV dimerization is most likely 
the Golgi apparatus as DPPIV of a Golgi-enriched fraction 
was cross-linkable to dimers in a similar way as in the total 
cell homogenate. The Golgi apparatus as a central modifying 
organelle offers several processes to be the trigger of dimer- 
ization at the molecular level. For example, complex glyco- 
sylation of N-linked carbohydrates would appear to be an 
attractive covalent modification that might lead to dimerization 
of DPPIV. Inhibition of complex glycosylation by DMN 
revealed that the high-mannose form of DPPIV has a potential 
to form stable dimers, but only after its passage through the 
Golgi apparatus. This shows that complex glycosylation is not 
a prerequisite for dimerization of DPPIV. Dimerization might 
be related to other covalent modifications, such as 0-linked 
glycosylation or tyrosine sulfation (Huttner, 1987; Danielsen, 
1987), or might require a characteristic environment (Griffiths 
et al., 1983; Mellman et al., 1986). It seems unlikely that a 
prolonged stay in the ER would lead to dimer assembly since 
we were unable to detect high-mannose dimers after cross- 
linking when protein export from the ER was inhibited by 
CCCP. 

Trimerization of viral envelope proteins was postulated to 
be essential for their export from the ER (Copeland et al., 
1986, 1988; Gething et al., 1986; Kreis & Lodish, 1986; Doms 
et al., 1987, 1988; Boulay et al., 1988; Hurtley et al., 1989). 
It was observed that trimerization preceded export from the 
ER and that mutant proteins which remained in  the ER, in  
some cases, stayed as monomers. Therefore, it was concluded 
that trimerization is a prerequisite but not sufficient for exit 
from the ER (Doms et al., 1988). On the other hand, Yedell 
et al. ( 1  988) rcported that trimerization of influenza hem- 
agglutinin occurred at a later step during intracellular 
transport, probably in the Golgi apparatus. The reason for 
this discrepancy is unknown. 

I n  general, plasma membrane glycoproteins tend to be ol- 
igomers, and i t  is assumed that they oligomerize in the ER 
(Hurtley & Helenius, 1989). Examples for endogenous plasma 
membrane proteins that may oligomerize in the ER are the 
insulin receptor (Bischoff et al., 1988), the acetylcholine re- 
ceptor (Smith et al., 1986), the T cell receptor (Clevers et al., 
1988), (Na+,K+)-ATPase (Tamkun & Fambrough, 1986), 
MHC class I and class I 1  antigens [for a review, see Carlin 
and Merle (1986)], and membrane-bound IgM (Hombach et 
al., 1988). While the data concerning the subcellular site of 
assembly of these proteins are consistent with assembly in the 
ER, post-ER assembly sites such as the post-ER pre-Golgi 
compartment or cis-Golgi have not been ruled out formally. 
On the other hand, it is clear that these proteins oligomerize 
before thcy reach the trans-Golgi. 

Although our data are ful ly  compatible with dimerization 
of DPPIV occurring in the Golgi apparatus, the possibility has 
to be considered that dimerization may already occur in a 
post-ER prc-Golgi intermediate compartment, also designated 
exosomcs (Saraste & Kuismanen, 1984), salvage compartment 
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(Warren, 1987), or p53 compartment (Schweizer et al., 1990). 
If one assumes that exit from the ER is the rate-limiting step 
and that movement of DPPIV from the intermediate com- 
partment to the cis-Golgi and subsequently to the trans-Golgi 
are comparatively rapid processes, only a minor fraction of 
high-mannose DPPIV dimer could have been present at any 
time, and not been easily detected. Although such a possibility 
cannot entirely be excluded, it appears unlikely to us because 
high-mannose DPPIV was easily visible in an isolated Golgi 
fraction (Stieger et al., 1988). 

We believe that our methods would have been sensitive 
enough to visualize oligomerization of high-mannose SIM and 
DPPIV if it existed. Therefore, we conclude that oligomer- 
ization is unlikely to be of general importance for protein exit 
from the ER. In light of our results, we believe that it is 
premature to propose that membrane proteins generally oli- 
gomerize in the ER and that oligomerization is a prerequisite 
for their exit from the ER. It rather appears that, depending 
on the protein, oligomerization may occur in the ER (e.g., VSV 
G protein), in the Golgi apparatus (e.g., DPPIV), or not at  
all (e.g., SIM). Moreover, even for proteins that assemble in 
the ER, direct evidence for the necessity of oligomerization 
for transport is lacking. Very recently Danielsen (1990) has 
provided cross-linking evidence that both the transient and the 
mature forms of pig aminopeptidase N can form dimers. Most 
notably, dimerization of the transient form did not begin until 
5-10 min after synthesis, and its rate was similar to the rate 
of transport of peptidases to the Golgi (Stieger et al., 1988). 
Pig lactase, on the other hand, was only cross-linkable in its 
mature form. These data are in line with our observation that 
at least some brush border enzymes dimerize beyond the ER. 

Is the different oligomerization behavior of DPPIV and SIM 
in any way related to their asynchronous intracellular transport 
(Hauri et al., 1985)? It has previously been shown that this 
asynchronism is due to at  least two rate-limiting steps, i.e., 
exit from the ER and the conversion of the high-mannose to 
the complex forms in the Golgi apparatus (Stieger et al., 1988). 
Collectively, our data argue against oligomerization as the 
underlying cause of the asynchronous transport of DPPIV and 
SIM, since oligomerization occurs after the asynchronous 
transport steps in the case of DPPIV, the rapidly transported 
hydrolase. 

That human SIM does not form oligomers at  any time of 
its life cycle might be related to its primary structure. SIM 
is composed of two highly homologous peptide segments, the 
isomaltase and the sucrase domain, and it has been postulated 
that this enzyme has evolved by gene duplication of an an- 
cestral isomaltase (Hunziker et al., 1986). This means that 
SIM could be considered a "pseudo-dimer". Therefore, it will 
be interesting to assess the maturation of the tertiary structure 
of this enzyme. 
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