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Maturation of human intestinal lactase-phlorizin hydrolase (LPH) requires that a precursor (pro-LPH) be proteolytically processed to the mature 
microvillus membrane enzyme (m-LPH). Tlxe subeellular site of  this processing is unknown. Using low.temperature experiments and brefeldin A 
(BFA), intmcellular transport was blocked in intestinal epithelial cells. In Caco-2 cells incubated at 180C, pro-LPH was complex-glycosylated but 
not cleaved, while at 20°C small amounts of proteolytically processed LPH were observed. These data exclude a pre-Golgi proteolytic event. BFA 
completely blocked proteolytie maturation of LP H and lead to an aberrant form of pro-LPH in both Caco*2 cells and intestinal explants. Therefore, 
proteolytic processing of LPH is a postoGolgi event, oceuring either in the trans.Golgi network, transport vesicles, or after insertion of pro-LPH 

into the microvillus membrane, 

Lactase-phlorizin hydrolase; Human; Enterecyte; Maturation; Proteolytic processing; Brefeldin A; Cacoo2 cell 

1. INTRODUCTION 

Lactase°phlorizin hydrolase (LPH) (EC 3.2.1.23/62) 
is an integral glycoprotein of  the microvillus membrane 
of small intestinal epithelial cells. With some notable 
exceptions, LPH is present in all mammals and is re- 
sponsible for the hydrolysis of lactose, the major carbo- 
hydrate in milk, to its monosaccharide constituents 
prior to their absorption. The mature enzyme has two 
enzymic activities: fl-D-galactoside galaetohydrolase 
(EC 3.2.1.23), responsible for the hydrolysis of lactose, 
and the phlorizin hydrolase (glycosyl°N-acyl-sphingo° 
sine glucohydrolase) (EC 3.2.1.62) [1,2]. LPH is synthe- 
sized as a single-chain precursor, pro-LPH (Mr = 215- 
245 kDa) which undergoes proteolytic processing to 
yield the mature microvillus membrane form, m-LPH 
(M~ = 160 kDa) [3-6]. The complete primary structure 
of rabbit and human pro-LPH has been deduced from 
eDNA cloning [7]. The cellular site of proteolytic proc- 
essing has not been identified so far. According to the 
glyeosylation status of the different LPH forms, prote- 
olytie cleavage of the pro-LPH has been suggested to 
occur before the trans-Golgi [6]° after the Golgi [8], or 
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after insertion into the microvillus membrane [5]. Two 
independent studies of tile biosynthesis and processing 
of LPH in human subjects has indicated that proteolytic 
processing is delayed in adults having lactase restriction 
(lactase deficiency) [9,10]. It is conceivable, therefore, 
that thi~ processtng has a role in the regulation of  sur- 
face expression of mature LPH on the enterocytes. The 
idea o f t  possible role of post-translational events in the 
regulation of lactase expression has been strengthened 
also by the finding of high LPH-specific m R N A  in adult 
rabbits with low enzymatic LPH activity [11]. 

Further investigations reported in this paper using 
cultures of Caco-2 cells and intestinal explants incu- 
bated either at low temperature or with brefeldin A 
(BFA) to inhibit intracellular transport show that prote- 
olytic processing of  pro-LPH occurs after the precursor 
has passed the Golgi complex. 

2. MATERIALS AND METHODS 

2.1. Rectgents and materials 
L-[-~S]Methionine ( > 1,000 Ci/mmol) was obtained from Amers- 

ham, England; BFA, phenylmethanesulphonyl fluoride (PMSF), pep- 
stalin, aprotonin, leupeptin, benzamidine, and molecular weight 
markers for SDS-PAGE were from Sigma Chemical Co.; SDSoPAGE 
purity reagents were from Bio-Rad. Cell and organ culture dishes were 
from Falcon; penicillin, streptomycin, fetal calf serum (FCS) and cell 
culture medium (IMDM) were from Gibco, Basel; organ culture me- 
,alum (RPMi) was from Amimed, Basel or Gibco, Basel Endo-,B-N- 
acetylglucosaminidase H (endo H) was from New England Nuclear; 
protein A-Sepharose was from Pharmacia Fine Chemicals. 
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2.2. Biological materiah" 
Human small intestinal biopsies (5-10 me) were obtained during 

routine diagnostic procedures with a Watson suction capsule. Ex. 
plants F:;om surgical specimens of  small intestine were provided by 
Prof. M. Frey, Universitatsspital Zurich: a 3 cm segment of mid. 
jejunum was obtained by surgical resection from each of 4 patients 
during the course of surgical reconstrucion of the larynx. 

to ¢legtrophoresis on 6% acrylamide gels according to Laemmli [14]. 
The gels were stained with Coomassie blue R250, d~tained with 40% 
methanol/10% acetic acid, treated with sodium salyeilat¢, and expo" ,aed 
to Kodak X-OMAT AR films at -80°C. 

3. RESULTS 

2.3. Dnmunological reagents 
Monoclonal antibodies to LPH and sucrase-isomaltase (SI) were 

produced in our laboratory as described earlier [8]; monoclonai anti- 
bodies to ~z-l-antitrypsin (X-I-AT)were from Beckman, Zurich. 

2.4. Biosynthetic labeling 
Caco-2 cells (passage #37-70) were cultured in lseove's modified 

Dulbecco's medium (IMDM) containing 25 mM glucose, 44 mM 
NaHCO~, 0.2 mM k-methionin¢, ~upplementcd with 10% FCS, 1% 
nonoessential amino acids (Gibco), 50 U/ml penicillin, 50/zg/ml strep- 
tomycin, and 2.5/ag/ml amphotericin, pH 7.2, in an atmosphere of 5% 
CO= in air at a constant humidity. 9-15 days post-confluent cells (in 
60 mm culture dishes) were used for the labeling experiments. Cells 
were first cultured in I ml methionine-free medium for I h before being 
labelled with 150/aCi of k-[3~S]metkionine. Cells were either continu- 
ously labelled (different pulse times were used as indicated in the 
appropriate sections of  the text), or pulse-labelled first, followed by 
a chase tbr different lengths of time in medium containing 10 mM 
non-radioactive k-methionine. Mucosal explants were cultured and 
labelled as previously described [6,9]. Continuous labeling was per- 
formed for 1 h or 5 h. After that time the explants were immediately 
processed as indicated in section 2.5, or were washed once with RPMI 
1640 medium containing 2.5 mM unlabelled naethlonine and incu- 
bated for 5 h with the same medium. When used, BFA was added to 
cultures at a final concentration of 1-25/zg/ml. 

2,5. ltnmunoprecipitation 
Labelled Caco-2 cells were washed twice with 2 ml ice-cold PBS and 

lysed by adding 1 ml of lysis buffer (25 mM Tris-HCl, pH 8.0, 50 mM 
NaCl supplemented with 1% NP40, 1% DOC, ll)0,ug/ml PMSF, 10 
/zg/ml leupeptin, 2 ,ttg/ml pepstatin, 34.8/as/m1 benzamidine, and 2 
/~Wml aprotonin). The lysates were filtered through 0.45/am filters 
prior to immunoprecipitafion. Labelled mueosa explants were proc- 
essed for immunoprecipitation as described earlier [6,9]. Solubilized 
membrane proteinz were precleared once with protein A-Sepharose 
beads and transferred to tubes with 80/21 of antibody-protein A- 
$epharose (containing 4/al of ascites fluid). After an incubation period 
of 1.5 h at room temperature, the beads were washed three times with 
1 ml PB$ containing 0.5% NP.40, 0.05% DOC and 0.05% SDS and 
then three times with 125 mM Tris-HCl (pH 8.2), 500 mM NaCI, 1 
mM EDTA, 0.5% NP-40. 

2.6. Endo H-treatment 
Digestion of immunoprecipitatcs with endo H was perforaae.d essen- 

tially by the method of  Owen [13]. In brief, immunoprecipitated pro- 
teins were eluted from $epharose beads by boiling in 0.1 M Tris-HCl 
(pH 7.5), 1% SDS, 1% 2-mereaptoethanol for 4 rain. This solution was 
diluted with 9 vols. of0.15 M sodium citrate buffer (pH 5.5) containing 
4 mM PMSF and 4 mU of endo H and incubated for 16 h at 370C. 
Proteins were recovered by precipitation with an equal volume of 30% 
(w/v) trichloroacetic acid and the pellet was washed twice with acetone 
and kept at -20°C.  

2.7. SDS-PAGE 
Immunoprecipitates and proteins subjected to endo H treatment 

were solubilized with 50/.tl of 2-fold conceatrated dectrophoresis 
sample buffer containing 4% $DS, 10% glycerol, 5% 2-mereaptoetha- 
nol or  10 ~1 of  0.1 M M-dithiothmitol, boiled for 4 rain and submitted 

As at-l-AT is strongly expressed and secreted in Coco- 
2 cells, we were able to use this protein as a reporter 
protein for the secretory pathway. By lowering incuba- 
tion temperatures or adding BFA, the inhibitory effects 
on the secretory transport could thus be monitored in- 
dependently from the processing of  LPH. 

3.1. Processing of  LPH and at-l-A T in Coco.2 ceils at 
reduced incubation temperatures and in the presence 
of  BFA 

Reduction of  the incubation temperature in pulse- 
chase experiments has the effect o f  slowing down intra- 
cellular transport. The use of  different temperatures was 
employed to "dissect' the transport of LPH. To assess 
proteolytic maturation o f  LPH, cells were labelled with 
[~SS]methionine for 2 h at 370 15, 180 or 20°(20 and 
subsequTntly chased for up to 21 h at the appropriate 
temperature. In some experiments~ the initially low tem- 
peratures were raised to 37°(2 to show the reversibility 
of  the temperature effects. After culture the cells were 
homogenized, and LPH and 0t-l-AT were immunopre- 
cipirated and analyzed by SDS-PAGE. 

3.1.1. At 15°C pro-LPH is not proteolytically cleaved, 
and secretion of at-l-AT into the culture medium 
is strongly retarded 

Processing of  LPH at various temperatures is shown 
in Fig. IA. At 37°C the first molecular species observed 
was of  Mr = 210 kDa, corresponding to the high-man- 
nose form of pro-LPH [6,9] (as demonstrated by endo 
H sensitivity; data not shown). At 4 h of  chase the 
complex-glycosylated form of  pro-LPH was clearly vis- 
ible (Mr = 220 kDa) and, in addition, the mature form 
of  the protein appeared (M, = 150 kDa). At 21 h virtu- 
all), all of  the LPH protein was in the mature form. 
Incubation at 15°C prevented the formation of  eom- 
plex-glycosylated prooLPH and of  the proteolytieally 
processed mature form, evidence that cleavage of pro- 
LPH is not a pre-Golgi event. Changing the incubation 
temperature back to 37~C lead to a delayed but essen- 
tially normal processing of  LPH. at-l-AT was complex- 
glycosylated within 30 min and secreted i flto the me- 
dium after 1 h at 370C. In comparison, a). 15°C glyco- 
sylation and secretion of  0t-l-AT into the culture me- 
dium was essentially blocked (Fig. IB). However, after 
prolonged chase periods (21 h) compiex-giycosyiated 
or° I-AT could be immunoprecipitated from the medium, 
showing that the temperature effect was not absolute. 
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Fig. 1. Biosynthesis and post-transhltional processing of LPH and ct. I-AT in Caco-2 cells at 37°C and 15°C. The cells were pulse-labelled lbr 2 
h at 37°C or 15°C with 150 #Ci/ml [3~S]methionine and subsequently chased for the indicated time points at the appropriate temperature with 2.5 
mM tmlabelled L-melhionine, Following incubation, cells were processed, LPH and ~-i.AT were isolat,'d by immtmopreeipitatJon and analyzed 
by SDS-PAGE and fluorography. (A) LPH. Tile molecular species of LPH obtained at 37°C {left) and 15°C (middle) ~lre shown. The three lanes 
to the right show the LPH signals obtained from ceils chased initially at 15°C for 2 h and then switched to the higher temperature of 37°C for 
further chasing. Mr 210 kDa = pro-LPH, (high.mannose form); M¢ 220 = pro-LPH~ (complex-glycosylated form); M~ 150 = mature LPH (complex- 
glyeosylated). Exposure time for fluorography was 10 days. (B) g-I-AT. The molecular species of g-I-AT obtained in cell extracts and in c~dtur¢ 
medium at 37°C (left) and 15°C (right) are shown. 3/, 54 kDa = high-manaos~ lbrm of 0:rAT; M~ 58 kDa = complea-81ycosylated form of~-l-AT. 

Exposure time of the film was 7 h (for the 37=C samples) and 3 days (for the 15°C samples), 

3.1.2. At 18°C pro-LPH is ¢omplea-glycosylated but 
not proteolytically processed; at 20°C some pro- 
teolytic processing occurs 

Fig. 2 shows glycosylation and proteolytic processing 
at 18 and 20°C. At both these temperatures complex 
glyeosylation of pro-LPH occurred, although at a much 
slower rate than at 37°C (see Fig. 1A). Traces of proc- 

of chase. When pulse-labeling at 18°C was followed by 
chase at 37°C accumulated endo H-sensitive pro-LPH 
was first detected, which was subsequently complex- 

glycosylated and then proteolytically processed (data 
not shown). These data clearly showed that proteolytic 
processing was preceded by complex- glycosylation of 
pro-LPH in Caco-2 cells. Secretion of a-l-AT into the 
culture medium was delayed about 5 h at 18°C and 1 
h at 20°C (results not shown). 

3.!.3. BFA leads to aberrant g!ycosy!ation and an ar- 
rest of proteolytic processing of pro-LPH 

As shown in Fig. 3A, in the presence of BFA, chase 
periods up to 12 h did not lead to the formation of 
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Fig. 2. Biosynthesis and post-translational processing of LPFI in Cute-2 cells at 20°C and 18°C. The cells were pulse.labelled for I h at 20°C or 
l 8"C followed by a chase at the appropriate temperature for the times indicated. Immune-isolated LPH was farther analyzed by SDS-PAG£ and 
fluoro$raphy. M, 210 kDa = pro-LPH~, (hi~h.mannose form); M~ 220 = pro-LPH, (complex.glyeosylated form); M~ 150 = mature LPH fcomplex- 

~lyeosylated). Exposure time of the film for flaorography was 21 days (20°C samples) and 29 days (18°C ~amples). 

mature LPH. When BFA was removed from the culture 
medium, this effect was reversed, i.e. m-LPH appeared 
5 h later. The pro-LPH was incompletely glycosylated, 
as assessed by its electrophoretic mobility and its partial 
rcsistence to endo H treatment (data not shown). 0t-l- 
AT was prevented from being secreted into the medium 
by BFA (Fig. 3B). These results indicated that prote- 
olytic processing of pro-LPH occurred after the precur- 
sor of LPH had passed the trans-Golgi complex. 

3.2. Processing of LPH in cultured human small intesti- 
nal explants at reduced temperature and in the pres- 
ence o f  BFA 

In order to assess the relevance of the above data in 
Caco-2 cells to normal human intestinal epithelial cells, 
we investigated the effect of  low incubation tempera- 
tures and BFA on the processing of LPH in organ- 
cultured human small intestinal explants. Parts of small 
intestinal explants taken fi-om diagnostic biopsies or 
from surgical tissue were incubated in organ culture 
dishes as previously described [6,9]. The tissue proteins 
were labelled with [35S]methionine, either continuously 
for 5 h or pulsed for 1 h and chased for 5 h at normal 
(37°C) or at reduced (18°C) temperature or in the pres- 
ence of BFA. Fig. 4 shows the result of  a pulse-chase 
experiment at 37°C in the absence and presence of BFA, 
and at the reduced incubation temperature of  18°C. In 
contrast to Caeo-2 cells, only one form of pro-LPH was 
detected in the control explants after 1 h of pulse and 
5 h of chase (Fig. 4, lanes 1 and 2), with most of  the 
labelled LPH being in the form of mature protein after 
the 5 h chase period. In the presence of BFA, by con- 
trust, no mature LPH was detectable (Fig. 4, lanes 3 and 
4). Culture at lg~C also blocked the appearance of 
mature LPH (Fig. 4, lane 5). Fig. 5a shows the molecu- 
lar species of LPH and their glycosylation status in the 
absence and presence of  BFA. In the control explants, 
m-LPH was partially sensitive to endo-H, and pro-LPH 

was totally sensitive, verifying oar earlier finding [6] of  
the absence of a complex-glycosylated pro-LPH in 
organ- cultured intestinal explants as compared to 
Caco-2 cells. Incubation in the presence of BFA, in 
addition to blocking maturation, lead to a partially 
endo H-resistent form of pro-LPH. This effect of BFA 
on glycosylation was also observed for SI, which was 
used as a control protein (Fig. 5b). 

4. DISCUSSION 

Transport, processing, and cell surface expression of  
enzymes ofthe microvillus membrane in small intestinal 
epithelial cells differ. While aminopeptidase N and 
dipeptidylpeptidase IV are synthesized as monomers [8], 
the disaccharidascs0 SI and LPH, are synthesized as 
precursors which are subsequently proteolytieally proc- 
essed [2-4,6,15,16]. In contrast, maltasc-glucoamylase 
does not appear to be processed in analogy to the other 
disaecharidases ill man [17]. SI has been shown to be 
prot*,olytically cleaved alter insertion into the microvil- 
lus membrane by pancreatic proteoases [12,16,18]. The 
site of  processing of  LPH, however, has not been iden- 
tiffed yet. Recent investigations on the processing of  
LPH precursor to the mature form of LPH in biopsy 
explants from adults with lactase restriction (lactase de- 
ficiency) have attested to a possible link between the 
decline in enzyme activity to a slowed intracellular 
tran~pox~ and a delayed proteolytic processing leading 
to an accumulation in some cases of LPH in the Golgi 
complex [9,10]. In contrast to earlier studies using intes- 
tinal biopsies from individuals with lactase persistence 
[6], complex-glycosylation of pro-LPH prior to protc- 
olytic processing was observed in some of the cases with 
lactase restriction. These findings are analogous to 
those from Caco-2 cells where proteoiytic processing of 
pro-LPH is significantly slower and occurs after com- 
plex- glycosylation of pro-LPH [8]. 
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Fig. 4. Post-translational processing of LPH in organ-cultured human 
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Fig. 3. Post-translational processing of LPH and cz-I-AT in Caco-2 
cells in the pr~enee of BFA. Pulse.labeling of the cells with 150 :tCi/ml 
[3~S]methionine (1 h) and a "first' chase up to 12 h was carried out in 
the presence of 2 pg/ml of BFA. Following this chase, cells were 
washed 3 times with normal naedium and chased for a second period 
for the indicated times without BFA (lanes labelled 1' to 27*). LPH 
and g-l-AT were immuno-isolated from l~sed cell homogeaates and 
culture medium and analyzed by SDS-PAGE and fluorography. (A) 
LPH, Mol~ular species obtained in the absence &any inhibitors are 
shown in the 2 lanes on the right (control). The thick arrows indicate 
the position of pro-LPH, and the thin arrows the position of mature 
LPH. M~ 210 kDa = pro-LPH h (high-mannose form); M~ 220 = pro- 
LPH, (¢omplex-glyeosylat~l Ibrm); Me 150 = mature LPH (complex- 
glyeosylated). Exposure time of the film was 15 days. (B) ~- I-AT. The 
species of g-l-AT obtained in cell extracts and culture medium in the 
presence of BFA. The arrows indicate the major bands found (top 
arrow) and putative degradation products formed daring incubation 

with inhibitors. Exposure time was I day. 
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Caco-2 cells both by reducing the incubation tempera- 
ture and by treatment with BFA. Lo~e, it~g incubation 
temperatures has been shown to significamly alter intra- 

cellular t r anspor t  o f  glycoproteins.  At  the appropr ia te  
t empera tu res  an arrest  of  glycosylat ion at  different  
stages has been observed [19-22]. In Caco-2 cells pulse- 
chased at  15=C, complex-glycosyla t ion o f  p r o - L P H  was 
total ly b locked and no ma tu re  L P H  was detected. Gly-  
cosyla t ion  ofcx, l -AT was also blocked,  as was its secre- 
t ion into the culture medium.  Only  af ter  pro longed 
chase times o f  21 h was complex-glycosyla ted  a - l - A T  
observed  in the medium. F r o m  this we concluded that ,  
at this temperature ,  L P H  accumula tes  in the endoplas-  
mic re t iculum (ER) or  in an intermediate ,  pre-Golgi  
c o m p a r t m e n t .  At 18°C, complex-glycosyla t ion  of  p ro-  
L P H  occur red  but  no  mature  L P H  was observed,  indi- 
cat ing that  p r o - L P H  was no t  t ranspor ted  beyond the 
t rans-Golgi .  Finally, increasing the incubat ion  tempera-  
ture to  20°C led, in addi t ion to complex-glycosyla t ion 
o f  p ro-LPH~ to the appearance  o f  trace amoun t s  o f  
ma tu re  LP H .  Thus, f rom the low- tempera ture  experi- 
ments  described, it can  be concluded  that proteolyt ic  
proces3ing o f  p r o - L P H  in Ca¢o-2 cells is preceded by 
complex-glycosylat ion,  i.e. it is not  likely to occur in the 
Goigi  complex.  The same conclus ions  may  be d rawn 
fi'om the experiments  with organ-cul tured  intestinal ex- 
plants  at  18=C, and are in agreement  with recently pub-  
lished da ta  in cultured intestinal explants  [23]. 

Pulse-chase labeling of  Caco-2  cells and  organ-cui-  
tured intestinal explants in the presence o f  BFA led to  
a comple te  arrest  of  proteolyt ic  processing o f  p r o - L P H  
to m a t u r e  LPHo this effect being reversible. The pro-  
L P H  which accumulated was part ial ly endo  H resistent. 
Interestingly° this was also the case in BFA- t rea ted  in- 
testinal explants,  where complex-glycosyla t ion of  pro-  
L P H  is not  normal ly  observed in cont ro l  experiments.  
These  findings are in agreement  with the effects of  B F A  
on intracellular  t ransport  o f  g lyeoprote ins  [24-26] and 
m a y  be interpreted as follows: B F A  leads to  a redistri- 
bu t ion  o f  Golgi-associated membranes  and  proteins,  
including trans-Golgi ,  back to the ER  [24]. Newly syn- 
thesized p r o - L P H  accumulates  in a co m p a r tmen t  which 

274 



Volume 313, number  3 FEBS L E T T E R S  November  1992 

a 

c o n t r o l  B F A  

proLPH  _aD_ "" 
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b 
c o n t r o l  B F A  

SI  e 
S I h  I i t  , 4  "q~-- lu,ta-,a-- 

- + - + e n d o  H 
Fig. 5. Eff~t of BFA on the post-translational processing of  LPH and 
SI in cultured intestinal mucosal explants. Mucosal explants from 
human small intestine were continuously labelled at 37°C with 150 
/~Ci/ml [s~S]methinonine for 5 h in the absence or the presence of BFA 
(5/.t,g/ml). LPH and SI were imlmmo-isolated and each sample divided 
into two equal aliquots, one of which was treated with endo H. "l'be 
treated and untreated samples were further analyzed by SDS-PAGE 
and fluorography. Exposure time 5 days. (a) LPH. proLPH = 
precursor form of LPH; raLPH = mature form of LPH. (b) SI. 
Si, = complex-glyco~ylated form of SI; SI..~ = high-marmots: form of 

SI. 

contains both ER and Golgi elements, and is thus par- 
tially complex-glycosylated. Although BFA does induce 
structural changes to the (TGN), rather than redistrib- 
uting to the ER, most of the TGN collapses around the 
mierotubule organizing center (MTOC) [27]. Combin- 
ing the findings from low-temperature experiment with 
those using BFA, it can be concluded unequivocally 
that proteolytie processing ofpro-LPH to LPH in Cued- 
2 cells, as well as in organ-cultured human intestinal 
expiants, occurs after the precursor has passed through 
the Golgi complex. Although we have homed-in further 
on the cellular site of proteolytic processing of LPH in 
human intestinal cells, the precise location remains elu- 
sive. In earlier studies using subcellular fraetionation, 

we have shown mature LPH to be present in intracellu- 
lac membrane fractions while mierovillus membrane 
fractions contained practically no pro-LPH, and con- 
eluded that processing must occur intraceilularly [6]. 
lntraceilular processing proteases on the post-Golgi se- 
cretory route have been described in various species 
[28-31]. An involvement of  a protease similar to KEX- 
2/furin in the proteolytic cleavage of  pro-LPH seems 
possible and would be in agreement with the results 
presented in this paper. On the other hand, as =-I-AT 
was not secreted in Cued-2 cells in the presence of BFA, 
it may be assumed that pro-LPH also did not reach the 
cell surface. It can therefore not be excluded that proc- 
essing of LPH in man may also occur after insertion of 
precursor into the microvillus membrane. Such a proc- 
essing mechanism has been suggested by others for the 
rat [5,32]. 
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