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1. STRUCTURE OF AMINOPEPTIDASE N 
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Aminopeptidase N (APN) is a very abundant membrane protein in the microvillar 
membrane of the small intestinal absorptive epithelial cell the enterocyte 12 • APN is an ec
topeptidase and from its position in the brush border membrane it faces the small intestinal lu
men. The enzyme is therefore readily supplied with substrate molecules in the form of 
oligopeptides derived from nutritional proteins following the actions of gastric and pancreatic 
proteases. It is generally accepted that the physiological function of APN (and other brush 
border peptidases) is to convert oligopeptides in the small intestinal lumen into amino acids 
which can subsequently be absorbed by amino acid carriers. Besides the small intestine APN 
is also found in a wide variety of other tissues such as the endometrium 3, the kidney, the 
spleen and the brain 2• The physiological role of APN in these alternative locations is un
known but it has been suggested that APN might be involved in the degradation of regulatory 
peptides 2• In the recent years the realisation that APN is expressed in cells of the immune sys
tem has lent support to the idea that APN might be involved in the processing of antigens 4 • 

Knowledge obtained from classical biochemical studies of APN 5'6 , from electron
miscroscopic studies of liposomes containing reconstituted APN 7 and from the cloning of 
the human APN eDNA 8'9 permit a relatively detailed picture of APN to be drawn (fig. 1 ). 

In the membrane APN is found as a dimer of two non covalently associated subunits 
with a relative molecular mass of 160 kDa. The APN monomer is a type II membrane protein 
and is anchored to the membrane via an uncleaved signal sequence. The membrane anchor is 
preceded by a short cytoplasmic tail of eight amino acids. A junctional segment of approxi
mately 40 amino acids rich in serine and threonine residues separates the largest and catalyti
cally active C-terminal part of the enzyme from the membrane by approximately 5 nm. 
Computer analysis of the amino acid sequence of the junctional segment show that it has a 
high probability of being glycosylated at one or more serine and threonine residues and recent 
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experimental data using radioactively labelled sugars have confirmed that this part of the en
zyme is indeed 0-linked glycosylated (Kristina Noren eta!., submitted). The eDNA sequence 
revealed 10 putative N glycosylation sites and previous analysis suggest that all of these sites 
are utilized. Two potential tyrosine sulfation sites were also predicted which is in agreement 
with the reported modification of tyrosine residues by sulphation in APN 10• 

The eDNA sequence revealed the presence of the amino acid sequence His Glu x x 
His which is a Zn ++ binding motif found in one class of metallo peptidases 11 • The APN 
HEXXH motif is located within a region displaying a relatively high homology to the 
E.coli aminopeptidase N (the product of the PEPN gene12•13). The bacterial enzyme has a 
cytosolic location which is in agreement with the enzyme lacking the region correspond
ing to the membrane anchor and the junctional segment. Thus these entities have been 
added or preserved during the evolution of the mammalian enzyme. 

APN hydrolyses oligopeptides by successive cleavage of theN-terminal peptide bond. 
APN display highest activity towards oligopeptides with a aliphatic branched N-terminal 
amino acid, however, apart from oligopeptides with the structure NH, aminoacyl prolyl which 
can not be hydrolysed the enzyme is able to cleave a broad spectrum ~f oligopeptides 2. 

The determination of the primary structure of APN led to two additional important dis
coveries. First it was shown that APN is identical to the myeloid surface marker CD 139 which 
is a marker of haematopoietic cells committed to the myeloid lineage. Later it was discovered 

13.5 nm 

Figure I. Structure of aminopeptidase N. APN is a type II membrane protein anchored to the membrane via an 
uncleaved signal sequence. The enzyme is found as a dimer of two non covalently associated monomers. The larg
est part of the enzyme has a globular shape and carries the active site which inc ludes a HEXXH moti f for Zn ++ 

binding. The globular headgroup is separated from the membrane by a stalk which is 0 -linked glycosy lated. In ad
dition the APN amino acid sequence revealed I 0 N linked glycosylation sites and 2 tyrosine sulphation sites. 
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that APN is used as a receptor for corona viridae. In pigs the transmissible gasteroenteridis vi
rus (TGEV) which causes a severe gastroenteritis in piglets utilizes APN to enter the entero
cytes 14 and likewise the pig respiratory corona virus (PRCV) make use of APN as receptor. In 
humans the 229E corona virus uses APN to enter alveolar cells and establish an upper respira
tory tract infection 15 

2. AMINOPEPTIDASE N IN THE SMALL INTESTINE 

Most of the knowledge obtained about APN is derived from studies on the enzyme in 
the small intestinal mucosa. The functional unit in the small intestinal epithelium is the crypt I 
villus entity. Immature stem cells located near the bottom of the crypts give rise to daughter 
cells which migrate out of the crypts and towards the tip of the villus where they undergo 
apoptosis and are eventually extruded to the intestinal lumen. The migration last from 2 to 3 
days depending on the species and the epithelium is thus constantly renewed'"· 17• Dunng the 
migration the enterocytes differentiate and start to express brush border enzymes. The expres
sion of APN starts at the crypt I villus junction and this increase in APN expression is due to 
an increased level of APN mRNA 18· 19 . Following its synthesis m the rough endoplasmic 
reticulum of the enterocyte APN is targeted to the apical microvillar membrane zn In the mid
vi liar enterocyte which express the highest levels of APN the enzyme appears to be trans
ported directly from the Golgi apparatus to the apical membrane 5· 18 whereas in the more 
immature enterocytes in the upper crypt region some of the APN molecules may pass the ba
solateral membrane on their route to the apical membrane IH These findings have been ex
tended by cell culture models. In the Madine Darby Canine Kidney (MDCK) cell line APN 
has been shown to be mainly directly transported to the apical membrane 21 '22 whereas in the 
human colon carcinoma cell line Caco 2 which has the charasteristicts of an undifferentiated 
fetal enterocyte a substantial fraction of APN passes the basolateral membrane on the route to 
the apical microvillar membrane23 . 

3. THE AMINOPEPTIDASE N GENE 

The human and porcine APN genes have been cloned 24 '25 (fig. 2) and mapped to 
chromosome 15 in man 26 and 7 in pigs 27 . The part of the human gene which encodes the 
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Figure 2. The APN gene is controlled by two promoters. An epithelial promoter close to the coding part of the 
gene drives transcription in epithelial cells. In cells of the hematopoetic system transcription occurs from an up
stream myeloid promoter. The two promoters are separated by an intron which in the human gene measures ap
proximately 8 kb. In this intron an enhancer with activity in both myeloid and epithelial cells is located. The 
mRNAs generated from the two promoters differ in their 5 · untranslated regions but encode the same enzyme as 
they share the same initiator methionine codon. 
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protein is divided by 20 exons 28 . Analysis of the transcriptional initiation sites in different 
tissues revealed the presence of two different APN promoters 29J 0 The promoters are ar
ranged in tandem and in the human gene the distance between the two promoters have 
been mapped to approximately 8 kb. The epithelial promoter is closest to the coding part 
of the gene and is active in the enterocyte and other epithelial cells such as hepatocytes 
and endometrial cells 29 '11 . The other myeloid promoter is placed upstream of the epithelial 
promoter and is active mainly in myeloid cells 30 . The transcripts from both promoters en
code the same APN protein as they only differ in their 5 · untranslated regions. Sequence 
analysis shows that the epithelial promoter contains a TATA box whereas the myeloid 
promoter is GC rich and lacks a TAT A box. In the large intron which separates the two 
promoters an enhancer with activity in both epithelial and myeloid cells is located 32 . 

4. THE EPITHELIAL AMINOPEPTIDASE N PROMOTER 

When various deletions of the APN epithelial promoter were placed in front of a re
portergene and transfected into epithelial cell lines (Caco-2 and HepG2) it was found that 
the first 123 bp upstream of the transcriptional initiation site were sufficient to secure full 
activity of the promoter 2933 • DNase I footprinting of the epithelial promoter using nuclear 
extract from the Caco 2 colon carcinoma cell line reveals three protected regions from po
sition +44 to -307 (fig. 3 and 29 ). 

The region from position -53 to -30 binds the Sp I transcription factor 29 . Sp I is a 
ubiquitously expressed transcription factor which binds to its recognition element via a 
DNA binding region containing three Zn fingers 34-38 . Sp I has been shown to be important 
for the transcription of a wide variety of genes including both the so-called housekeeping 
genes which have promoters without aT ATA box but usually contains multtple Sp I sites 
as well as genes which contains a TAT A box and are expressed in a more restricted ttssue 
specific manner. Sp I is one of the members in a gene family with at least two other mem
bers 39.4° which all share the ability to bind to a GC rich sequence with the core consensus 
sequence 5 · GGCGGG 3'. When an electrophoretic mobility shift assay is carried out with 
the APN Sp I element and nuclear extract from Caco 2 cells three retarded bands are ob
served (fig. 4 ). By the use of specific antisera it was demonstrated that the most slowly 
migrating band is due to the binding of Sp 1 whereas the two faster migrating bands are 
due to the binding of another Sp 1 family member Sp3 (fig. 4 ). Sp3 lacks a transactivation 
domain and its binding therefore leads to a competitive inhibition of Sp I mediated tran
scription 41 • 

The region from position -85 to -58 binds members of the hepatocyte nuclear factor 
1 family 29·"-33 . HNFla is a homedomain protein 42-45 which binds to DNA as a dimer. Di
merization occurs prior to DNA binding and is mediated through an N termmally located 
dimerization domain 46 . HNFII3 is the other HNFI family member encoded by a seperate 
gene 47 49 At least in humans additional forms of the HNF I proteins are generated through 
alternative splicing 50 . The HNF I proteins are expressed in a variety of epithelial cell 
types. High amounts are found in hepatocytes, kidney proximal tubular cells and entero
cytes 4x.49 .5 u 2 . In some cell types such eg. endometrial cells 31 only HNFII3 is expressed. 
Otherwise a mixture of HNF I a and HNF 113 is expressed and both homo and heterodimers 
can be formed. Both HNF I a and HNF 113 are able to activate the APN epithelial promoter 
(fig. 5). 

The region from position -112 to -90 has been designated the UF region (the up
stream footprint region). A heterogeneous population of proteins bind to this element in 
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Figure 3. DNase I footprinting of the APN epithelial promoter. A DNA fragment (positions 307 to +44 of the po

cine APN gene) was labelled on the upper strand, incubated without () or with 40)lg nuclear proteins extracted 

from differentiated Caco 2 cells and d•gested with DNAse I. The resulting digestion products were cletrophorescd 

on a sequenc ing gel followed by autoradiography. The UF, the HNFl and the Spl regions arc indicated. A Maxam 

Gi lbert G+A sequencing reaction is used as a marker. 

different tissues. The sequence of the pig and the human UF element is an almost perfect 
inverted repeat of the sequence 5 · AGGTCA 3 · with a one bp spacing. This suggest that 
members of the steroid hormone nuclear receptor family bind to this element. Indeed com
petitive EMSA suggests that the COUP-tf factor which is a member of the steroid hor
mone nuclear receptor family 53 binds to the UF element 33 . Despite intensive 
investigations no function of the UF element could be demonstrated in neither Caco 2 nor 
in HepG2 cells 29 ..13. However, it cannot be ruled out that the UF element under certain cir
cumstances is important for stimulating transcription from the APN epithelial promoter. 

5. THE MYELOID AMINOPEPTIDASE N PROMOTER 

Little is known about functional elements present within the first 200 bp upstream of 
the major initiation site of the myeloid promoter. However, using nuclear extract prepared 
from the HUT 78 T cell line a footprint of potential importance have been identified (Ke
hlen et al., in preparation). The fact that the myeloid promoter is active in the HUT 78 cell 
line and that APN mRNA can be detected in these cells as well as in some other T cell 
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Figure 4. Sp l and Sp3 bind to the APN promote r. Electrophoret ic mobili ty shift assays (EMSA) wi th Caco-2 nu

clear extracts (3 )lg) was carried out wi th a ·"p labelled double-stranded oligonuc leotide covering the Sp l s ilc of 

the APN promoter (APN Sp l ). La ne 3 shows a supershift with an antibody ( I ).II diluted 1/10) against Sp l (Santa 

Cruz Biotechnologi) : complex I is retarded . Addition o f an antibody (I ).II diluted 1110) aga inst Sp3 (Santa C n1z 

Biotcchno logi) in lane 4 results in the disappearance of complexes II and IlL The addition of both ant ibodies (lane 

5) results in a supershift of complex I and the disappea rance of complex II and IlL Lanes 6 and 7 show the spc~;i 

ficity o f the three complexes. In lane 6 it is seen that a ll three complexes can be competed away with a I 00 l(>ld 

excess of unlabe lled APNSp l whe reas a 100 fold excess of an unrelated probe (A PNHN FI ) docs not affect any of 

the complexes. 

lines 54-56 demonstrates that the CD 13 marker is not entire ly restricted to cells commited to 

the myeloid lineage although the highest levels of APN mRNA is found in mye lo id ce ll 

types. With respect to putative enhancer elements present further upstream of the initia
tion sites utilized by the myeloid promoter, it has been elegantly shown that the Myb and 

Ets transcription factors cooperate to transactivate the myeloid APN promoter from si tes 

present in the region from positions -29 1 to -4 1 I 57. Myb is a transcription factor which is 

known to be very important for hematopoesis as demonstrated by the severe disturbancies 

in the normal hematopoetic development observed in mict: homozygous for a mutation in 

the myb gene 58 • Myb often cooperate with the Ets transcription factor 59-6 1 and thi s tran
scription factor was initially di scovered as a fusion protein with a truncated Myb protein 
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Figure 5. HNFla and HNF1J3 activate the APN epithelial promoter. Transient transfecttons were carried out in 
C33-A cells which do not express HNFl proteins. A plasmid (0.82 pmol) containing the CAT-gene under the con
trol of a partial APN promoter (including the TAT A-box. Spl site and the HNFl site) was used together with a ref
erence plasmid (0.25 pmol of pGL2 promoter; Promega Biotech, USA) containing the luciferase gene under the 
control of the constitutive SV40 promoter in all transfections. Co-transfections were performed as indicated wtth 
ekspression plasm ids (0.67 pmol) for HNFl a (RSVHNFla) and HNFl J3 (CMVHNFl J3). This led to a ten fold ac
tivation from the APN promoter in either case. 

in the E26 chicken leukemia virus 62 ·63 • Ets is the prototype in the large Ets transcription 
factor family which includes more than 20 members all sharing a common DNA binding 
motif the Ets domain 04 . Although Ets family members are also found in eg. epithelial cells 
many of the Ets domain factors are thought to be involved in the regulation of cell prolif
eration and differentiation in hematopoetic cells 64 • 

6. THE AMINOPEPTIDASE N ENHANCER 

The screening of 5 kb upstream of the porcine epithelial APN promoter led to the 
identification of an enhancer fragment of 300 bp 32 • The enhancer is very well conserved 
between pig and man (Olsen et al., unpublished) and it is located between the two APN 
promoters 2.7 kb upstream of the epithelial promoter. In Caco 2 cells the addition of the 
enhancer increases transcription from the basal epithelial promoter almost 4 fold. The en
hancer is a bonafide enhancer as it retains activity when it is transferred to a heterologous 
promoter (the SV40 early promoter) and the stimulation by the APN enhancer fragment is 
independent of its orientation and position relative to the heterologous promoter. Analysis 
of the promoter in 6 different cell lines showed that the activity of the enhancer is cell 
type dependent. Relatively high enhancer activity was found in both epithelial cell lines 
(Caco 2 and HepG2) and in the leukemia cell line K562 indicating that the enhancer might 
be able to cooperate with both APN promoters. The K562 cell line was established from a 
patient with chronic myelogeneous leukemia in blast chrisis 65 and has subsequently been 
shown to be able to differentiate into cells of both the erythroid and myeloid lineages 66 • 

Interestingly the enhancer was without effect in the adult T cell leukemia cell line Jurkat 
which expresses very little APN mRNA suggesting that the enhancer might be involved in 
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Figure 6. Structure of the APN enhancer. A schematical view of the 300 bp APN enhancer fragment from the por
cine APN gene. The relative positions of regions protected by nuclear extract from Caco 2 cells are indcated as are 
the potential interacting transcription factors. 

driving the transctription from the myeliod APN promoter preferentially in cells of the 
myeloid lienage. DNase I footprinting of the enhancer revealed 5 protected regions (fig. 6. 
I to V) using Caco 2 nuclear extracts. The footprints I to IV are all required for activity in 
Caco 2 cells as demonstrated by deletion analysis and by mdtvidual point mutations. The 
footprint V contains the consensus sequence for the serum response factor '''-''~ and al
though the region containing this element was not required for activity in Caco 2 cells the 
possibility that the footprint V can confer responsiveness to growth factors still needs to 
be investigated. This is of particular importance as renal carcinoma cells have been shown 
to upregulate the expression of APN following stimulation with interleukin 4 h". Moreover 
epidermal growth factor (EGF) has also been shown to increase the intestinal expressiOn 
of APN in vivo 70 • 

The regions covered by footprint I and II each contain a putative binding site for the 
PEA3 transcription factor. PEA3 is a member of the Ets transcnption factor family and it 
is expressed in some epitheltal cells 71 • As the Ets transcription factors recognise very 
similar DNA sequences M it ts very probable that an Ets family member might bmd to 
footprint I and II in myeloid cells and therefore have the posibility of cooperating with 
Myb bound upstream of the myeloid promoter. The footprmt Ill contains a putative 
C/EBP binding site. C/EBP is a transcription factor which is mainly expressed m hepato
cytes, enterocytes and adipocytes and it is involved in regulating transcription from sev
eral genes expressed in the liver 45 • Footprint IV contains a Spl element. From the 
mutational analysis it is clear that the most severe mutations were located to the middle of 
footprint I and in the 3 · end of footprint II. None of these mutations were directly m the 
Ets elements mentioned above and it is possible that other and yet unidentified factors 
bind to these regions. 

7. TISSUE SPECIFIC TRANSCRIPTION FROM THE APN GENE 

In a careful study carried out 30 years ago Rehfeld 72 could list 22 organs that ex
pressed APN activity. The activity found in these organs varied by more than two orders 
of magnitude. We are now closer to understanding the molecular basis for the part of this 
remarkable regulation that occurs at the level of transcription. First of all two different 
promoters divide the task of mediating transcription of the common transcription unit. The 
epithelial promoter is a target for a ubiquitously expressed and a tissue specific transcrip
tion factor. The net result of this combination is a promoter with its activity limited to a 
subset of epithelial cells. The myeloid promoter responds to two well established hae
matopoietic transcription factors (Myb and Ets) which probably cooperates with other 
haematopoietic transcription factors binding to more proximal elements in the myeloid 
promoter. An enhancer with cell type dependent activity is located between the two pro
moters. The enhancer is active both in cell types which expresses APN as well as in cell 
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types that do not. However, the enhancer will only affect APN transcription in cell types 
where either the upstream or the downstream promoter is already active as the function of 
an enhancer is to modulate the activity of a corresponding promoter. 

One aspect of APN expression that is still poorly understood is its regulation by cytoki
nes and other growth factors. The enhancer display some properties suggesting that it may be 
involved in this process and the role of the enhancer as target for intracellular signal transduc
tion molecules is a topic that will be important to illuminate in future experiments. 
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