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Summary

Lactase-phlorizin hydrolase (LPH) splits lactose in the small intestine. LPH activity is high in the suckling;
in many human populations the activity declines in adults, leading to adult-type hypolactasia, whereas in
other populations the high LPH activity persists in adults. In the present work, we compared LPH sequences
at the gene and cDNA level among adult subjects with high and low LPH activity. The complete intron-exon
organization, including the sequences of all 17 exons and of the borders of all introns (as well as about 1,000
bp of 5 flanking region), was established for the cloned chromosomal LPH gene of a subject with persistence
of lactase. Using PCR, we directly sequenced the exons of a hypolactasic subject. Except for silent mutations
and the unknown linkage phase at two heterozygous positions, both coding sequences were identical. We
further examined the LPH mRNA of a hypolactasic subject by S; mapping and by sequencing a set of
overlapping PCR products produced from cDNA templates. Except for allelic differences, the LPH sequence
of the hypolactasic subject was identical to that of the LPH cDNAs of three subjects with persistence of lactase
(one cDNA isolated previously by cloning and two characterized in the present work by PCR). No allele
was peculiar to the hypolactasic subject. We conclude that humans with high or low levels of lactase can code

for identical LPH enzymes.

Introduction

Lactase-Phlorizin Hydrolase (LPH)

In the mammalian small intestine, lactase-phlorizin
hydrolase (LPH) digests lactose, the sugar of milk,
to glucose and galactose. LPH is a “stalked” intrinsic
protein of the brush-border membrane: the active por-
tion of the enzyme protrudes into the lumen of the
intestine, and is anchored to the membrane by a hy-
drophobic segment near the carboxy terminus (Mantei
et al. 1988). LPH has two catalytic activities, lactase
proper and an aryl- or alkyl-B-glycosidase (“phlorizin
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hydrolase”). The enzyme is synthesized as a large pre-
cursor of molecular weight >200,000 (Danielsen et al.
1984; Skovbjerg et al. 1984; Biiller et al. 1987; Naim
etal. 1987), which is processed to give the final LPH of
molecular weight about 135,000-160,000 (Danielsen
et al. 1984; Biiller et al. 1987; Naim et al. 1987).
Biochemical data and cDNA cloning (Mantei et al.
1988) have established that pre-pro-LPH comprises
five domains: (1) a putative signal sequence of 19
amino acids, (2) a large pro-region of 849 amino acids
(in human), none of which is found in mature LPH
in the brush border membrane, (3) an extracellular
domain of 1,014 amino acids, carrying both active
sites of the enzymes, (4) a stretch of 19 hydrophobic
amino acids serving as a membrane anchor, and (5) a
short cytoplasmic segment of 26 amino acids at the
carboxy terminus. The cDNA was found to be four-
fold internally repeated. Two repeats are in the pro-
region; the two further repeats in mature LPH very
likely correspond to lactase and phlorizin hydrolase
domains.
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Developmental Regulation of LPH

LPH activity is relatively high during the suckling
period, but in most human populations, as well as in
other mammals, the specific activity (units per gram
of mucosal protein) later declines some 3-20-fold,
leading to decreased ability to digest lactose (“adult-
type hypolactasia” or “lactose intolerance”; Auricchio
et al. 1963; Dahlqvist et al. 1963). Note that this
condition is distinct from human congenital absence
of LPH, which is very rare. Genetic evidence (reviewed
in Flatz 1989) indicates that primary adult-type hypo-
lactasia in humans is an autosomal recessive trait, and
that persistence of LPH activity (lactose tolerance) in
adult life is dominant. High frequencies of persistence
of lactase activity are found, in the Old World, primar-
ily in northern Europe and among certain populations
with a tradition of dairying in Northern Africa and
Arabia. Hypolactasia is the predominant phenotype
among the native populations of Australia and Ocea-
nia, East and Southeast Asia, tropical Africa, and the
Americas. Intermediate frequencies are found in, for
example, southern Europe. For reviews on adult-type
hypolactasia see Kretchmer (1971) and Semenza and
Auricchio (1989). The LPH gene has been mapped to
the long arm of chromosome 2 (Kruse et al. 1988,
1989), but it is not yet known whether lactase persis-
tence and nonpersistence are linked to this locus.

What is the basis for the developmental switch in
LPH activity, and why does this switch not operate in
the case of lactase persistence? Using cDNAs for rabbit
and human LPH (Mantei et al. 1988), and for rat
LPH (N. Mantei, unpublished data), we have recently
examined LPH RNA levels during development (Se-
bastio et al. 1989): in rabbit and rat, the RNA is high
in both suckling animals and in adults. Concordant
conclusions have been reached by Freund et al. (1989,
1990); conflicting results for rat were reported by
Biiller et al. (1990). In the case of humans (Sebastio
et al. 1989; subjects from Naples were studied), hypo-
lactasic subjects showed on the average 50% as much
LPH RNA as subjects with persistence of lactase. This
decrease was clearly far less marked than the 10-
20-fold drop in enzyme activity. Also, at least one
hypolactasic subject showed a high level of LPH RNA,
comparable to those in subjects with persistence of
lactase. We concluded that in our Neapolitan study
population mRNA accumulation is not the main site
of control in adult-type hypolactasia, and that some
form of posttranscriptional control is likely.

The enzymes found in adults with low and high
lactase levels appear identical by various biochemical
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and physical criteria, including electrophoretic mobil-
ity (Crane et al. 1976) as well as immunological prop-
erties and specific enzymatic activity (Lorenz-Meyer et
al. 1972; Skovbjerg et al. 1980; Potter et al. 1985).
However, subtle differences may have gone unde-
tected. In the present work, we established the com-
plete intron-exon organization, including the se-
quences of all exons and the flanking regions, for the
cloned chromosomal LPH gene of a subject with per-
sistence of lactase. Using PCR, we then directly se-
quenced the exons of a hypolactasic subject. Except
for silent mutations, the sequences of both subjects
were identical. Further, examination of LPH cDNAs
from subjects with high and low lactase demonstrated
that there was no alternative splicing or RNA editing.
We conclude that the primary pre-pro-LPH transla-
tion products have identical sequences in subjects with
persistence of lactase and hypolactasia, and that there-
fore any posttranslational regulatory mechanism must
operate on identical pre-pro-lactase species.

Material and Methods

Experimental Subjects

We compare sequence data from four subjects with
persistence of lactase (P1-P4) and two with adult-type
hypolactasia (H1 and H2). P1 is an organ donor from
Zurich, from whose intestinal RNA the original LPH
cDNA clone was isolated (Mantei et al. 1988). P2 is
of northern European ethnic background by way of
the United States. The other subjects are from Naples.
Table 1 summarizes the available data on lactase and
sucrase activities, as well as LPH mRNA levels, in
intestinal mucosa homogenates from these subjects.
P2 was shown to be lactose tolerant by measurement
of blood glucose after ingestion of lactose (methods
reviewed by Semenza and Auricchio [1989]). Subjects
P1, P4, and H2 have been described before (Sebastio
et al. 1989).

Isolation and Analysis of Genomic Clones

Blood DNA prepared (Herrmann and Frischauf
1987) from subject P2 was partially digested with
Sau3al and fragments of 15-23-kb isolated by aga-
rose gel electrophoresis. These were cloned into the
ADASH vector (Stratagene), packaged (Gigapack
Gold, Stratagene), and screened without amplifica-
tion with human LPH cDNA excised from plasmid
pHLac61 (Mantei et al. 1988). Overlapping clones
were found by hybridizing each insert with dot blots
of all the others. Restrictions maps were prepared by
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Table |
Disaccharidase Activities and LPH mRNA in Intestinal Mucosa
Lactase Sucrase LPH mRNA

Subject (U enzyme/g mucosal protein) (U enzyme/g mucosal protien) Sucrase/Lactase (pg LPH mRNA/pg total RNA)
Pl......... 152 522 3.5 2.4
P3......... 30° 56° 1.9 172
P4......... 87 251 2.9 24
Hi........ 6 125 21 ND
H2........ 10? 464* 46 17

NoTE. —Lactase and sucrase activities were determined in homogenates of jejunal mucosa (Sebastio et al. 1989). Less than 13 U lactase/g
protein accompanied by a ratio of sucrase to lactase activities above 4.1 is considered diagnostic for hypolactasia (Welsh et al. 1978; Flatz

1989). LPH mRNA was determined by an S;-mapping procedure.

2 Data from Sebastio et al. (1989).
ND = not determined.

analyzing total and partial (Smith and Birnstiel 1976;
Rackwitz et al. 1984) digests of phage DNA.

Southern blots of phage and genomic DNA were
prepared using a vacuum blotting apparatus (Pharma-
cia-LKB) to transfer DNA to Zeta-Probe membranes
(Bio-Rad) and hybridized with labeled (Feinberg and
Vogelstein 1983) cloned LPH DNA.

Fragments subcloned into M13mp19 (Norrander et
al. 1983) were sequenced using the dideoxy method
(Sanger et al. 1977) with a T7 sequencing kit from
Pharmacia. Sequencing gels were read with the aid of
a Graf-Bar sonic digitizer (Scientific' Accessories) and
a program written for the Macintosh computer. The
sequences were assembled and analyzed with the Ge-
netics Computer Group program package (Devereux
et al. 1984) on a VAX 8700.

PCR Amplification and Sequencing

Primers of length 19 to 22 nucleotides were synthe-
sized on a Pharmacia Gene Assembler. PCR was per-
formed with 1 pg genomic DNA prepared as above,
or with cDNA derived from 2 pg total RNA. The
cDNA was prepared (Tung et al. 1989) by reverse
transcription of intestinal mucosa RNA (isolated by a
lithium chloride—urea method [Auffray and Rougeon
1980]), using oligo (dT)i2-15 or random hexanucleo-
tides (Pharmacia) as primer. cDNA primed with ran-
dom hexanucleotides gave a considerably lower back-
ground in the PCR.

Genomic DNA was amplified by 30 cycles of PCR
(1 min at 95°C, 2 min at 55°C, and 2 min at 72°C).
cDNA was amplified with 35-40 cycles (53°C hybrid-
ization), the product isolated by agarose gel electro-
phoresis, and 2-10 ng amplified with a further 20~
30 cycles (50°C hybridization). Final products were

isolated by gel electrophoresis, and about 0.05-0.1
pmol subjected to 10 cycles of “single-stranded PCR”
(Kreitman and Landweber 1989). The single-stranded
product was extracted with phenol/chloroform (1:1)
and unincorporated nucleotide triphosphates re-
moved by two cycles of isopropanol precipitation
from 2.5 M NH,Ac. This material was sequenced with
a T7 DNA polymerase sequencing kit (Pharmacia),
following the supplier’s protocol except that the “la-
beling mix” was diluted threefold and only § uCi 35S-
dATP per reaction were used.

The PCR and sequencing primers are listed in table 2.

S, Mapping and Primer Extension Analysis

S: mapping was carried out with end-labeled probes
(Weaver and Weissmann 1979) prepared from various
LPH clones (genomic DNA, cDNA, and hybrids of
the two), or synthesized using single-stranded PCR
(Kreitman and Landweber 1989) on an LPH cDNA
template with an end-labeled oligonucleotide as
primer. Primer extension was according to the method
of Boorstein and Craig (1989) using an end-labeled
oligonucleotide (table 2, no. 70) as primer.

Quantitative S; mapping was carried out as de-
scribed by Sebastio et al. (1989). Some samples de-
scribed in that paper were reassayed for the present
work.

Results

Isolation of the Chromosomal LPH Gene

Blood DNA from a subject with persistence of lac-
tase (P2) was partially digested with Sau3al and cloned
in the ADASH vector (Stratagene). About 1.8 x 10°
plaques were screened with human LPH cDNA (from



Table 2

Oligonucleotides used in PCR, Sequencing, and Primer Extension Analysis

Name Length PCR Sequencing Sequence Position
1. HLACEX1AP............... 22 + + GCAGTTATAA AGTAAGGGTT CC FEX1
2. HLACEX1AM .. 20 + + TCTTGAGGGC CTTGAGGAGT 375
3. HLACEXI1BP .... 20 + + ATTTCTGTCA TGGGCACAGC 278
4. HLACEX1BM... 19 + + GTGTGTGATG AAGGTTGCC FEX1
5. HLACEX2P...... 20 + + CAGTGGTTTC CACAGTCAGA FEX2
6. HLACEX2M..... 20 + + CTCTCCTCAG ATGTTACAGG FEX 2
7. HLACEX3P...... 21 + + TGCTTAGGTT CTAATGACCC T FEX 3
8. HLACEX3M..... 21 + + CCTTCGCTGC ATTCATCATT A FEX 3
9. HLACEX4P...... 20 + + AGATGCTTTC CAGGAGGCTT FEX 4
10. HLACEX4M....... 20 + + GTGCACCAGA TGTCACTCAA F EX 4
11. HLACEXSP ....... 21 + + CTTGCATGTT CTTAGTTGGC A FEXS
12. HLACEXSM...... 21 + + CCCAAGAGTT GATGACAACA G FEXS
13. HLACEX6AP..... 20 + + ATGTCCCTTT TTGTCCCTTC FEX 6
14. HLACEX6AM.... 20 + + CCAGGAGATG GAGAACTTGT 1382
15. HLACEXG6BP ..... 20 + + CTCTGACGTC GCCCTGCTTT 1322
16. HLACEX6BM .... 20 + + CCAATGTCCT TTCTCCTCCA FEX 6
17. HLACEX7AP ............. 22 + + GTTCATTAGT CCTGTTGTTG TC FEX 7
18. HLACEX7AM............ 20 + + TTCTCTGCCT CTGTGAACTC 2023
19. HLACEX7BP . 20 + + CTGAGGACCC AGATCCAACA 1944
20. HLACEX7BM ............ 20 + + CACTGGCACA TCCATTGTTC FEX7
21. HLACEXS8AP ............. 21 + + CACAGCTATC AAGGAAGACT C FEX 8
22. HLACEXS8AM.... 20 + + TTCACATTGC TCCCTGGTGT 2842
23. HLACEXSBP ..... 20 + + CGTGGGATGC CGATGGCAAA 2773
24. HLACEXS8BM .... 20 + + CTGAGCCATA ACCTAGCCAT 3240
25. HLACEXS8CP ..... 21 + + CAGACCTTTG GTGATAGAGT C 3162
26. HLACEX8CM.... 20 + + AGTAGTACGT GTTGAGGCAG 3642
27. HLACEXS8DP............. 20 + + TGCCAAGCTT CACTGAGGAA 3568
28. HLACEX8DM............ 20 + + CCCAGGGAAT GTTGGAAGAT FEX 8
29. HLACEXS8ZP ............. 26 + + TAAATAAATC TAATTTATTT CTTCAC FEX 8
30. HLACEX8SEQIM ...... 17 + AGTAGGCAGA TTTCCTG 2520
31. HLACEX9P ............... 20 + + TCCTGGTGTC AAGCTCTCCT FEX 9
32. HLACEX9M............... 20 + + ACAGGGCAGG TGTGCAGTCA FEX 9
33. HLACEX10P.............. 20 + + GCTGTGAGTG CTTGACTGAA FEX10
34. HLACEX10M ............ 20 + + TTCCTGCATG TGGACTTTCC FEX10
35. HLACEX11P.............. 18 + + GATCTGGCTT CTTCCCAG FEX 11
36. HLACEX11M ............ 20 + + CTTGATGTGC TAAGAATGCC FEX11
37. HLACEX12P.............. 22 + + CTCAGTCACA TCCATTCTAT CC FEX12
38. HLACEXI12M ............ 23 + + CACAATCTGT TTCCATTAGG CTG FEX12
39. HLACEX13P.............. 20 + + GATGCTGTCT CTTGCTGTGC FEX13
40. HLACEX13M ............ 21 + + TTGCCCGAGA CATGCCTCTG T FEX13
41. HLACEX14P.............. 20 + + CTTCTCAAAG CATGGCTCTC FEX 14
42. HLACEX14M ............ 20 + + CCTTTTCCAG AGATGGCTCC FEX 14
43. HLACEX1S5P.............. 20 + + GTGTTTCGTG TAAAGGGCCT FEX1S5
44. HLACEX15M ............ 20 + + AGCAGATGTT TCCAACAGGG FEX15
45. HLACEX16P.............. 22 + + GCTGCCTTAT GAGATAGGAA AC FEX16
46. HLACEX16M ............ 20 + + TTTATTCCCT CCCAGAGCCA FEX16
47. HLACEX17P.............. 22 + + GATCTGAGAA CTCAAATCAG CG FEX17
48. HLACEX17M ............ 20 + + TCAGCAGAGT CTAAGACCCT 5887
49. HLACEX17BP............ 20 + + GAGTTACCAC CTCAAGTTCT 5797
50. HLACEX17BM .......... 20 + + AGCTTAATCG GAGCTCCAGA FEX17
51. HLACEX17SEQ1IM..... 17 + CTCCCTTAAC AACCCTT 6133
52. HLACCDNAIP .......... 20 + GTTCCTAGAA AATGGAGCTG 1
53. HLACCDNAZ2P .......... 20 + TCTCTGTTGT CCTGCGAGCT 661
54. HLACCDNA3M.......... 17 + TTTTAGGTTG AAGATGA 857

(continued)
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Table 2

Name Length PCR Sequencing Sequence Position
55. HLACCDNAA4P .......... 17 + CTGCCTATCA GAGAGTC 1081
56. HLACCDNASP .......... 17 + GTGACCTTCC ATGAGCC 1623
57. HLACCDNAG6M ......... 17 + TTCCAGGGAT ACAAACT 2237
58. HLACCDNA7M ......... 20 + + TGAGCCTCAC GTAGTAGTTC 4440
59. HLACCDNASP .......... 20 + + TCACCCTGCA GAACCTGGGT 4321
60. HLACCDNAGSP .......... 17 + CCTACATTGT TGGCCAC 4702
61. HLACCDNAI1O0P......... 17 + TCACTACACC ACTGTCC 5054
62. HLACCDNAI11P......... 20 + GTCTGCATTT TGTGAACTAC 5437
63. HLACCDNA12M ....... 20 + CCACAGAGGC GTAGAACTTC 5514
64. HLACCDNA13M ....... 21 + TTTTGAAAGG ACAGTCTTCT G 6278
65. HLACCDNA14M ....... 17 + ACCAAGTGAG CCACCTT 1742
66. WCHRLACIP ............ 17 + TTTGGACTGT ACCATGT 4005
67. WCHRLAC2M............ 17 + CCGTTGTTGG TAATGAC 4099
68. WCHRLAC3M 17 + ACCTGAACAT ATCTCCT FEX12
69. WCHRLAC4M 17 + ACAGTGGTGT AGTGATT 5068
70. HLACEXTPRIM1IM..... 20 TATCAGACTC CCAGTCTGAC 87

NoTE.—Names ending in P are plus strand, those ending in M are minus strand. Plus signs under “PCR” and “Sequencing” indicate
whether the oligonucleotides were used for PCR, for DNA sequencing, or for both. In the last column, primers within the coding region
are indicated by numbers which give the position of the 5’-most nucleotide of the primer in the cDNA sequence (Mantei et al. 1988), and
primers complementary to intron sequences are designated “F EX” followed by a number indicating the exon which the primer flanks.

subject P1) (Mantei et al. 1988), yielding 16 positive
phages. Overlapping clones were identified by hybrid-
ization, and their inserts analyzed by restriction map-
ping and Southern blotting. The LPH gene is about 55
kb in length and is contained in the six clones shown
in figure 1 (During culture of clone 26, deletions arose
in the segment spanning the gap between clones 7 and
15; the size of the gap was confirmed by Southern blot
analysis of genomic DNA). All clones formed a single
linkage group.

The restriction map shown in figure 1 accounts for
all the bands seen in a Southern blot when, for exam-

ple, BamHI-digested genomic DNA was probed with
LPH cDNA (fig. 2). A probe derived from exon 1 gave
band intensities with cloned and genomic DNA which
were consistent with a single-copy gene (data not
shown). Southern blot analysis of genomic DNA from
a subject with persistence of lactase (P2) and a hypo-
lactasic subject (H1) yielded identical band patterns
(fig. 2). We conclude there is one LPH gene, which is
similarly organized in the two genotypes.

Intron-Exon Organization

The intron-exon organization of the LPH gene was

kb 0 10 20 30 40 50 60 79
o 5 - Adash clones
15 o
17 — >
19 e

18
HEHEH E B H H B H BEHE B B E H EB E B HE EBH HHBHH E B

1Ll l\/1 Ilil{ l| || | !I |l l\{l{l

exon no 1 2 345 6 7 8 910111213 14 1516 17
Figure | Structure of human LPH gene. The top line shows a scale in kilobases. The set of ADASH clones which covers the gene

is indicated by the arrows; to indicate the orientation of the inserts within the vector, the arrowheads point to the right in the conventional
A map. In the restriction map, black boxes represent exons (exon numbers shown below), stippled boxes introns, and open boxes flanking
sequences. Various restriction sites are indicated (H = HindIIl; E = EcoRI; B = BamHI).
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Figure 2 Southern blot analysis of LPH gene. DNA from
subjects P2 (7.5 ng) and H1 (20 ug) was digested with BamHI (lanes
A) or BamHI plus HindlIII (lanes B), electrophoresed in a 1% agarose
gel, blotted, hybridized with labeled LPH cDNA (clone pHlac61;
Mantei et al. 1988), and washed in 1 x SSPE at 65°C. Sizes of
marker fragments in kilobases are on the left.

determined by sequencing those segments of the gene
containing exons. These were located in two steps:
lambda clones 7, 15, 17, 18, and 19 (fig. 1) were
cleaved with BamHI, Hindlll, EcoRI, or combina-
tions of these enzymes. Fragments containing exons
were identified by Southern blotting with LPH cDNA
as probe. These fragments were isolated on a prepara-
tive scale, digested with the frequent cutter Sau3al,
and fragments with exons again located by Southern
blotting. Positive fragments were subcloned in M13
vectors and sequenced.

The LPH gene proved to be divided into 17 exons
(figs. 1, 3B), ranging in size from 79 to 1,551 bp.
The intron-exon boundaries (fig. 3B) all fit well to
the splice-site consensus sequences of Mount (1982).
(Further data on intron sequences have been submitted
to the EMBL/GenBank/DDB] nucleotide sequence
databases.)

Cap Site and Promoter Region

When the 5’ end of LPH RNA was analyzed in an
Si-mapping procedure (Weaver and Weissmann
1979), the protected fragments given by natural LPH
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mRNA (from both hypolactasic subjects and subjects
with persistence of lactase) and an in vitro transcript
from cloned cDNA (plasmid pHlac61; Mantei et al.
1988) were of identical length (Sebastio et al. 1989;
and W. Boll, unpublished data), suggesting that the
end of the mRNA lies at or within a few nucleotides
of the 5’ end of the cDNA sequence (nucleotide 1026
in fig. 3A). This assignment was further investigated
in a primer extension analysis. A primer complemen-
tary to nucleotides 87-68 of the cDNA sequence was
hybridized to intestinal mucosa RNA from subjects P3
and P4 and elongated with reverse transcriptase. The
major products ended at nucleotides 1021-1025 of
the sequence shown in figure 3A, with only minor
amounts of longer material (fig. 4). Note that with P3
there is a more or less even distribution of products
among four ends, whereas with P4 a single major
product (ending at nucleotide 1025) is seen. Consider-
ing the primer extension and S;-mapping data to-
gether, and the fact that mRNAs always or almost
always begin with purine nucleotides (Baralle and
Brownlee 1978), we conclude the 5’ ends (or end) of
LPH RNA lie(s) between nucleotides 1022 and 1026.

A typical TATA element (TATAAA, nucleotides
994-999) lies 23-27 nucleotides upstream of nucleo-
tide 1022-1026, consistent with a site of transcription
initiation near the latter positions.

The sequence of a further 1,000 nucleotides of
5’-flanking region is presented in figure 3A.

Coding Regions

The coding region of P2’s LPH gene was found to
be identical to that reported previously (Mantei et al.
1988) for a cDNA (subject P1) except for two silent
mutations and three conservative replacement muta-
tions (table 3 compares P1 and both alleles of P2; see
below).

We then wished to compare these sequences with
those from hypolactasic subjects, with the expectation
that consistent differences in predicted amino acid se-
quence between the two groups would provide a clue
to possible differences in protein processing or stabil-
ity. We took advantage of PCR (Saiki et al. 1988) to
rapidly sequence the coding region of the LPH gene of
a hypolactasic subject (H1). The shorter exons were
amplified using pairs of primers complementary to the
flanking introns; for longer exons we also used inter-
nal primers and amplified overlapping segments of the
exons. PCR products were isolated by gel electropho-
resis, asymmetrically amplified with one primer (Kreit-
man and Landweber 1989) to provide single-stranded
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.GTGCTCAAGGgtaagaacaatggatgtgcc

3915
.GCTTTGAAAGgtgtgtgagggttcagttcc

4184
.TGCATATCAGgtgaggagttcaggatggtg

4475

.CCAGCCCCAGgtatggtgggtcctggcaag. ...

4674

.GCAGCTCCAGgtaagtcccagccctggetce. ..

4877

.ATATGTTCAGgtctgtttttcctctgggca....

4987

.ACAAGTCTCGgtaagggcctggtgcccgea. ..

5122

.ATGCAGACAGgtaagtccaccaacagggag. .. .

5346

.GCCCTCAAAGgt acgacgggcccgecttce. ...

5574

.CACCAGCCAGgtgagatgtggctctgggag....

6274
.CTGTCCTTTCtcctatggttgcccctcctt

TATA BOX

10..

g dda e

12..

L13..

14..

15..

164

...3'end

Figure 3 Sequence of 5’-flanking region and of intron-exon boundaries of LPH gene. A, Sequence of 5'-flanking region of the LPH
gene carried in clone Ahchrlac7 (see fig. 3). Potential promoter elements are underlined and Alu sequences are boxed. The start of the LPH
cDNA found in clone pHlac61 (Mantei et al. 1988) is indicated by the arrow. B, Intron-exon boundaries of LPH gene. Fragments of
chromosomal LPH clones (fig. 1) containing exons were subcloned and sequenced to determine the intron-exon organization. The exons
are numbered in bold type, the introns in italics. The positions of the first and last nucleotides of the exons relative to the cDNA sequence
(Mantei et al. 1988) are given above the sequences. Exon sequences are in capital letters, intron sequences in small letters.



896
P3 P4
1025 —&
1021 —%
Figure 4  Primer extension analysis of 5’ end of LPH mRNA.

An end-labeled, minus-strand primer complementary to nucleotides
87-68 of the LPH cDNA sequence was hybridized to intestinal
mucosa RNA from subjects P3 and P4 and extended with reverse
transcriptase. Aliquots of the products corresponding to 7 or 2 pg
total RNA (outer and middle lanes, respectively) were analyzed by
autoradiography after electrophoresis through a denaturing 6%
polyacrylamide gel. The lengths of the products were determined
by comparison with a dideoxy sequencing reaction carried out on
a chromosomal LPH DNA template with the same primer (not
shown). The 3’ end points of the products are given as positions in
the sequence shown in fig. 3A.

template DNA, and the opposing PCR primer then
used as sequencing primer. In parallel, the sequence
for P2 was redetermined with this method to provide
a side-by-side comparison.

Contrary to our expectation, the predicted amino
acid sequence of H1 was essentially identical to that
of P2, the only ambiguity arising from the unknown
phase of two heterozygous positions (table 3).

cDNA Structure in a Hypolactasic Subject

We then asked whether alternative splicing and/or
RNA editing might lead to different LPH sequences.
Intestinal RNAs from subjects P3 and H2 were com-
pared by an S;-mapping procedure (Weaver and Weiss-
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mann 1979), using a set of overlapping end-labeled
probes (see scheme in fig. S5A) derived from the chro-
mosomal DNA of P2 and the cDNA of P1. The major
protected fragments found were as expected on the
basis of P1’s cDNA (see scheme in fig. 5A), and there
were no differences in fragment size between the toler-
ant and intolerant subject (fig. $B; the quantitative
differences are addressed below). These results dem-
onstrate that no sequences present in the subjects with
persistence of lactase are missing in the hypolactasic
subject H2.

As the S;-mapping method employed cannot reli-
ably detect “extra” sequences in RNA (at the tempera-
ture we used, S; nuclease would not be expected to cut
the probe DNA across from an unhybridized loop in
the RNA; see Favaloro et al. 1980), we also compared
P3 and H2 by analyzing overlapping segments of their
respective cDNAs amplified by PCR (scheme in fig.
SA). No products longer than those expected on the
basis of the cDNA sequence from P1 (Mantei et al.
1988) were seen (fig. 5C). With one pair of primers an
exceptional amount of a shorter fragment was ob-
served (fig. SC, lanes h); this product probably arose
because the plus-strand primer could also hybridize to
arepeat (see fig. 6) within the LPH cDNA downstream
of that intended. The S;-mapping and PCR data to-
gether strongly suggest that LPH mRNA is spliced
identically in P3 and H2. Subsequent sequence analy-
sis (see below) also demonstrated the similarity of
these LPH RNAs.

The amount of LPH RNA in H2 is typical of that
given by Italian hypolactasic subjects studied in the
earlier work (Sebastio et al. 1989), whereas P3 has
substantially more LPH RNA than any subject we
have previously studied (table 1). P3 was compared by
S1 mapping and PCR analysis with P4, a more typical
subject with persistence of lactase, and identical pro-
tected and amplified fragments, respectively, were
seen (data not shown).

Finally, the PCR products from the cDNA of H2
were directly sequenced as described for the chromo-
somal gene. P1, the subject whose LPH cDNA was
originally characterized (Mantei et al. 1988), has
rather low LPH activity (the ratio of sucrase to lactase
activities is appropriate to persistence of lactase, but
the activity of lactase is in the low range of values
found for such subjects (see table 1; cf. Welsh et al.
[1978] and Flatz [1989]). To provide a better compari-
son with H2, we therefore also sequenced the PCR
products of two individuals with higher levels of lac-
tase, P3 and P4 (see table 1). The sequences were es-
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Figure 5 Si-mapping and PCR analysis of LPH RNA in subjects with adult-type hypolactasia and persistence of lactase. A, Scheme
of analysis. The LPH mRNA is represented by the open box. End-labeled probes a—e for S; mapping are as follows (asterisks indicate the
labeled sites, and the numbers in parentheses the locations of the sites within the LPH cDNA sequence); a, BamHI*-(1248)—Pyull from
pHlac61 (Mantei et al. 1988); b, Accl*(2328)~HindIII from pHlacexp (W. Boll, unpublished data); ¢, HindIII*(3576)-Aval from pHlac61;
d, BamHI*(4949)-Pyull from pHlac61; e, oligonucleotide no. 62 (table 2), end-labeled and then extended in single-stranded PCR on a
pHlac61 template cleaved with Clal. The vertical portions of the arrows indicate probe sequences not homologous to LPH cDNA. For PCR
analysis, first-strand cDNA prepared from intestinal RNA was amplified with the following pairs of primers: f, 52 and 14; g, 15 and 22;
h, 23 and 58; i, 59 and 63; j, 62 and 64, where the numbers refer to table 3. B, S; mapping. The various probes (a—e; see scheme in part
A), end labeled to about 1-6 x 10° cpm/pmol, were hybridized with 1 pg total intestinal mucosa RNA or yeast RNA in 80% formamide
buffer. Following digestion with S; nuclease, the products were separated by electrophoresis in a 1.3% alkaline agarose gel and autoradio-
graphed. Lanes #, probe alone (no S;); lanes 0, yeast RNA; lanes P, RNA from P3; lanes H, RNA from H2. C, PCR amplification.
First-strand cDNA prepared from mucosa RNA from subjects P3 (lanes P) and H2 (lanes H) was amplified by PCR using the primer pairs
described above (f-j; see scheme in part A), and the products electrophoresed in a 1.2% agarose gel. (c(DNA synthesis primed with random
hexanucleotides for lanes f-h and with oligo(dT)12-1s for lanes i and j.)
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Figure 6  Distribution of introns within repeats of LPH gene.
The four homologous regions within the LPH cDNA (cf. fig. 4 of
Mantei et al. 1988) are indicated by open boxes, and regions with
no recognizable homology by lines. The black box represents the
region coding for the signal sequence, the striped box that coding
for the hydrophobic membrane anchor, and the first amino acid of
mature LPH (amino acid 869 of pre-pro-LPH) is indicated by an
asterisk. The positions of the introns, 1-16, are indicated by vertical
arrows.

sentially identical to those determined previously for
P1, P2, and H1. The LPH ¢cDNA of H2 was found to
be completely homozygous, and no new alleles beyond
those seen in variable positions in other subjects pre-
viously characterized (table 3) were found. We con-
clude that the subjects examined code for an essen-
tially identical LPH enzyme.

Discussion

Structure of the Human Chromosomal LPH Gene

Based on S;-mapping data using end-labeled probes
spanning the cap site (Sebastio et al. 1989; and W.
Boll, unpublished data) and on a primer extension
experiment (fig. 4), we have assigned the cap site(s) to
the region 1022-1026 in the sequence shown in figure
3A. In addition to a TATA element 23-27 nucleotides
upstream of this position, a search for other known
eukaryotic promoter elements (for reviews see John-
son and McKnight 1989; Mitchell and Tjian 1989)
revealed good matches to consensus binding sites for
Spl (814-819), SRF (773-781), AP-2 (615-621),
CTF/NF-1 (483-487, and also within the coding re-
gion at positions 116-120 of the cDNA sequence
[Mantei et al. 1988]), CREB (386-392), and Oct1/
Oct2 (nucleotides 42-48) (fig. 3A). However, func-
tional tests of these elements have not yet been carried
out with the LPH gene. Two Alu repeats (Deiniger et
al. 1981) are found in this region, at nucleotides 177~
481 and 571-871, and the Sp1, SRF, Ap-2, and CREB
elements are within the repeats. A consensus binding

site for glucocorticoid receptor was not found. Al- .

though glucocorticoid hormones have been found to
stimulate LPH production in organ culture of human
fetal intestine (Simon-Assmann et al. 1984; Arsenault
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and Ménard 1985), no significant increase in LPH
RNA levels was detected upon hydrocortisone treat-
ment of such organ cultures (M. Villa, D. Ménard, N.
Mantei, and G. Semenza, unpublished data), sug-
gesting that glucocorticoids do not directly stimulate
transcription of the LPH gene.

As mentioned in the introduction, the LPH cDNA
is fourfold internally repeated, and probably arose
through two cycles of gene duplication (Mantei et al.
1988). One would expect “primordial” introns, pres-
ent before any duplication, to be present at homolo-
gous positions within the repeats. As shown in figure
6, only one set of introns (7, 8, and 15) fulfills this
prediction. This would suggest that many introns have
been gained or lost during the evolution of the LPH
gene.

Comparison of LPH Gene and mRNA Structure in Adults
with Hypolactasia and Persistence of Lactase

Can adult-type hypolactasia and persistence of lac-
tase be correlated with differences in LPH sequences?
As shown in table 3, sequence differences were found
in 14 positions, 11 of these being in the coding region
and only three leading to changes in amino acid se-
quence. The two alleles at amino acid position 1096,
coding for threonine or alanine, do not correlate with
hypolactasia, as the two hypolactasic subjects are ho-
mozygous for an allele also found in homozygous form
in subjects P2, P3, and P4. In the case of the valine/
isoleucine allelism at position 219, as well as the aspar-
agine/serine allelism at position 1639, subjects P2 and
H1 carry both alleles at each position. As persistence
of lactase is dominant, if either allele at either single
position were important for distinguishing hypolac-
tasia from persistence of lactase, subject H1 would
necessarily have persistence of lactase, which is not
the case. Thus, these allelic differences can be corre-
lated with persistence of lactase only if a particular
allele at both positions is required. Considering that
the changes in amino acids at each position are conser-
vative, the possibility that the linkage phase is im-
portant seems remote.

The sequences of LPH ¢DNAs from subjects H2,
P3, and P4 were determined by sequencing overlap-
ping PCR products derived from cDNA. Comparison
of these sequences and that of LPH cDNA from subject
P1 (Mantei et al. 1988) showed that also at the mRNA
level there were no significant differences in LPH se-
quences, such as might have arisen through alternative
splicing of RN A editing. Further, LPH RNA from sub-
jects P3 and P4 was compared with that from subject
H2 by S; mapping and by PCR analysis of the respec-
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tive cDNAs; here again we found no evidence for alter-
native splicing.

Finally, Southern blot analysis, and the fact that all
our genomic LPH clones fall into one linkage group,
show that there is only one LPH gene which is closely
related to the cDNA of subject P1. As the residual LPH
produced by hypolactasic humans has been reported
to be similar or identical to that of subjects with persis-
tence of lactase (Lorenz-Meyer et al. 1972; Crane et
al. 1976; Skovbjerg et al. 1980; Potter et al. 1985),
more distantly related genes are unlikely to play a role
in hypolactasia versus persistence of lactase. All the
above evidence leads us to conclude that subjects with
persistence of lactase and hypolactasic subjects can
code for identical pre-pro-LPH.

Decline of LPH Activity in Adult-Type.Hypolactasia

The decline in LPH activity occurring in late child-
hood or early youth in many, but not all, human popu-
lations leads to adult-type hypolactasia or lactose in-
tolerance. No other enzymes of the brush border
membrane are known to be developmentally regulated
in this fashion.

We have previously compared LPH RNA levels
among subjects of Italian descent (Sebastio et al. 1989)
and found a poor correlation between LPH RNA and
enzyme levels. Hypolactasic subjects had, on the aver-
age, 50% as much LPH RNA as subjects with persis-
tence of lactase, and at least one had more than the
average of the subjects with high lactase. In the present
work we noted that subject P3 has more than 50 times
more LPH RNA than P1, yet has only twice as much
LPH enzymatic activity (table 1; the RNA from subject
P1 was not merely degraded, as judged by agarose
gel electrophoresis and the fact that the original 6 kb
cDNA clones were readily prepared from this mate-
rial). On the other hand, subject H2 has about 70%
as much LPH mRNA as P4, but only 11% as much
lactase activity (table 1). Although this remarkably
poor correlation between mRNA and enzyme level
may in part reflect differences in the samples (e.g.,
location along the length of the intestine), at least for
the subjects studied by us (Sebastio et al. 1989; the
present work) the weight of the evidence favors post-
transcriptional regulation. We note further that, as
there is only one LPH gene (see above), transcription
from a pseudogene cannot be invoked to explain the
high levels of LPH mRNA seen in some lactose-
intolerant subjects.

This regulation could be at the translational level or
act at some posttranslational step. Pulse labeling of
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LPH in organ cultures of human intestine (Sterchi et
al. 1990; Witte et al. 1990) showed that in most (but
not all) cases the amount of LPH precursor was re-
duced in hypolactasia, even with labeling times as
short as 30 min. Several possibilities may be envisaged
to account for these results. (1) The levels of LPH RNA
may be low in subjects with low synthesis. Analysis of
mRNA levels and biosynthesis of LPH in the same
subjects should answer this question. (2) The LPH
RNA of the hypolactasic subjects may be poorly trans-
lated. (3) The newly synthesized pro-LPH may be rap-
idly degraded (within 30 min), perhaps within the en-
doplasmic reticulum or the Golgi. As the time required
for synthesis of mature LPH and its transport to the
brush border membrane is 3 h or more (Naim et al.
1987), extracellular degradation cannot explain the
observations. We have seen above that the pre-pro-
LPH of subjects with hypolactasia and with persis-
tence of lactase is identical. Thus we can exclude mod-
els which explain the decline in terms of subtle
differences in primary sequence leading, for example,
to unstable LPH. The further observation of slow pro-
cessing of LPH precursor in hypolactasia (Sterchi et
al. 1990; Witte et al. 1990), including a case in which
slow processing was the only detectable variation
(Witte et al. 1990), suggests that the decline of LPH
may have multiple causes, perhaps varying among
populations. Our own results in combination with
these and other studies raise the interesting possibility
that at least some cases of adult-type hypolactasia may
reflect an unusual mechanism involving (1) a develop-
mentally regulated change in protein processing or tar-
geting which (2) does not occur in subjects with persis-
tence of lactase, (3) affects specifically LPH and not
the other brush border glycosidases, and (4) does not
depend for its specificity on an LPH sequence different
from that found in persistence of lactase.

Acknowledgments

A preliminary account of this work was presented to the
22d annual meeting of the Swiss Societies for Experimental
Biology in Zurich, March 15, 1990 (published in abstract
form in Experientia 46:A2,1990). We are extremely grate-
ful to V. Poggi and S. Auricchio of Naples for providing us
with samples of RNA and DNA, to E. Sterchi and M. Lloyd
for providing results before publication, to Prof. R. Ammann
for alactose tolerance test, and to G. Semenza for encourage
ment and support. This work was supported by the Schwei-
zerische Nationalfonds, Berne, and by the Nestlé Nutrition
Research Grant Program. The sequences of exons 1-17 will



Human Lactase Gene

appear in the EMBL/GenBank/DDB] nucleotide sequence
data bases under accession numbers M61834-M61850.

References

Arsenault P, Ménard D (1985) Influence of hydrocortisone
on human fetal small intestine in organ culture. J Pediatr
Gastroenterol Nutr 4:893-901

Auffray C, Rougeon F (1980) Purification of mouse immu-
noglobulin heavy-chain messenger RNAs from total my-
eloma tumor RNA. Eur ] Biochem 107:303-314

Auricchio S, Rubino A, Landolt M, Semenza G, Prader A
(1963) Isolated intestinal lactase deficiency in the adult.
Lancet 2:324-326

Baralle FE, Brownlee GG (1978) AUG is the only recognisa-
ble signal sequence in the 5’ non-coding regions of eukary-
otic mRNA. Nature 274:84-87

Boorstein WR, Craig EA (1989) Primer extension. In: Dahl-
berg JE. Abelson JN (eds) Methods in enzymology, vol
180: RNA processing. AP, New York, pp 347-369

Biiller HA, Kothe MJC, Goldman DA, Grubman SA, Sasak
WV, Matsudaira PT, Montgomery RK, Grand R] (1990)
Coordinate expression of lactase-phlorizin hydrolase
mRNA and enzyme levels in rat intestine during develop-
ment. J Biol Chem 265:6978-6983

Biiller HA, Montgomery RK, Sasak WV, Grand R] (1987)
Biosynthesis, glycosylation, and intracellular transport of
intestinal lactase-phlorizin hydrolase in rat. J Biol Chem
262:17206-17211

Crane RK, Ménard D, Preiser H, Cerda ] (1976) The molec-
ular basis of brush border membrane disease. In: Bolis L,
Hoffman JF, Leaf A (eds) Membranes and disease. Raven,
New York, p 229

Dahlqvist A, Hammond JD, Crane RK, Dunphy JV, Litt-
man A (1963) Intestinal lactase deficiency and lactose in-
tolerance in adults: preliminary report. Gastroenterology
45:488-491

Danielsen EM, Skovbjerg H, Norén O, Sjostrom H (1984)
Biosynthesis of intestinal microvillar proteins: intracellu-
lar processing of lactase-phlorizin hydrolase. Biochem
Biophys Res Commun 122:82-90

Deiniger PL, Jolly DJ, Rubin CM, Friedmann T, Schmid CW
(1981) Base sequence studies of 300 nucleotide renatured
repeated human DNA clones. ] Mol Biol 151:17-33

Devereux J, Haeberli P, Smithies O (1984) A comprehensive
set of sequence analysis programs for the VAX. Nucleic
Acids Res 12:387-395

Favaloro J, Treisman R, Kamen R (1980) Transcription
maps of polyoma virus—specific RNA: analysis by two-
dimensional nuclease S1 gel mapping. In: Grossman L,
Moldave K (eds) Methods in enzymology, vol 65: Nucleic
acids, part I. AP, New York, pp 718-749

Feinberg AP, Vogelstein B (1983) A technique for radiola-
beling DNA restriction endonuclease fragments to high
specific activity. Anal Biochem 132:6-13

901

Flatz G (1989) The genetic polymorphism of intestinal lac-
tase activity in adult humans. In: Scriver CR, Beaudet AL,
Sly WS, Valle D (eds) The metabolic basis of inherited
disease, 6th ed. vol 2. McGraw-Hill, New York, pp
2999-3006

Freund J-N, Duluc I, Foltzer-Jourdainne C, Gosse F, Raul
F (1990) Specific expression of lactase in the jejunum and
colon during postnatal development and hormone treat-
ments in the rat. Biochem J 268:99-103

Freund J-N, Duluc I, Raul F (1989) Discrepancy between
the intestinal lactase enzymatic activity and mRNA accu-
mulation in sucklings and adults. FEBS Lett 248:39-42

Herrmann BG, Frischauf A-M (1987) Isolation of genomic
DNA. In: Berger SL, Kimmel AR (eds) Methods in enzy-
mology, vol 152: Guide to molecular cloning techniques.
AP, New York pp 180-183

Johnson PF, McKnight SL (1989) Eukaryotic transcrip-
tional regulatory proteins. Annu Rev Biochem 58:799-
839

Kreitman M, Landweber LF (1989) A strategy for producing
single-stranded DNA in the polymerase chain reaction.
Gene Anal Tech 6:84-88

Kretchmer N (1971) Memorial lecture: lactose and lactase —
a historical perspective. Gastroenterology 61:805-813

Kruse TA, Bolund L, Byskov A, Sjéstrom H, Norén O,
Mantei N, Semenza G (1989) Mapping of the human
lactase-phlorizin hydrolase gene to chromosome 2. Cyto-
genet Cell Genet 51:1026

Kruse TA, Bolund L, Grzeschik K-H, Ropers HH, Sjéstrém
H, Norén O, Mantei N, Semenza G (1988) The human
lactase-phlorizin hydrolase gene is located on chromo-
some 2. FEBS Lett 240:123-126

Lorenz-Meyer H, Blum AL, Himmerli U, Semenza G (1972)
A second enzyme defect in acquired lactase deficiency:
lack of small-intestinal phlorizin-hydrolase. Eur J Clin
Invest 2:326-331

Mantei N, Villa M, Enziler T, Wacker H, Boll W, James
P, Hunziker W, Semenza G (1988) Complete primary
structure of human and rabbit lactase-phlorizin hy-
drolase: implications for biosynthesis, membrane anchor-
ing and evolution of the enzyme. EMBO ] 7:2705-2713

Mitchell PJ, Tjian R (1989) Transcriptional regulation in
mammalian cells by sequence-specific DNA binding pro-
teins. Science 245:371-378

Mount SM (1982) A catalogue of splice junction sequences.
Nucleic Acids Res 10:459-472

Naim HY, Sterchi EE, Lentze M] (1987) Biosynthesis and
maturation of lactase-phlorizin hydrolase in human small
intestinal epithelial cells. Biochem J 241:427-434

Norrander J, Kempe T, Messing J (1983) Construction of
improved M13 vectors using oligodeoxynucleotide-
directed mutagenesis. Gene 26:101-106

Potter J, Ho M-W, Bolton H, Furth AJ, Swallow DM,
Griffith B (1985) Human lactase and the molecular basis
of lactase persistence. Biochem Genet 23:432-439

Rackwitz H-R, Zehetner G, Frischauf A-M, Lehrach H



902

(1984) Rapid restriction mapping of DNA cloned in
lambda phage vectors. Gene 30:195-200

Saiki RK, Gelfand DH, Stoffel S, Scharf S], Higuchi R, Horn
GT, Mullis KB, Erlich H (1988) Primer-directed enzy-
matic amplification of DNA with a thermostable DNA
polymerase. Science 239:487-491

Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing
with chain-terminating inhibitors. Proc Natl Acad Sci
USA 74:5463-5468

Sebastio G, Villa M, Sartorio R, Guzzetta V, Poggi V, Au-
ricchio S, Boll W, et al (1989) Control of lactase in human
adult-type hypolactasia and in weaning rabbits and rats.
Am ] Hum Genet 45:489-497

Semenza G, Auricchio S (1989) Small-intestinal disacchari-
dases. In: Scriver CR, Beaudet AL, Sly WS, Valle D (eds)
The metabolic basis of inherited disease, 6th ed., vol 2.
McGraw-Hill, New York, pp 2976-2998

Simon-Assmann P, Kedinger M, Haffen K (1984) Ability
of L-trilodothyronine to modulate glucocorticoid evoked
brush border enzyme activities in cultured fetal rat intes-
tine. Cell Biol Int Rep 8:41-45

Skovbjerg H, Danielsen EM, Norén O, and Sjéstrom H
(1984) Evidence for biosynthesis of lactase-phlorizin hy-
drolase as a single-chain high molecular weight precursor.
Biochim Biophys Acta 789:247-251

Boll et al.

Skovbjerg H, Gudmand-Hoyer E, Fenger HJ (1980) Immu-
noelectrophoretic studies on human small intestinal brush
border proteins: amount of lactase protein in adult-type
hypolactasia. Gut 21:360-364

Smith HO, Birnstiel ML (1976) A simple method for DNA
restriction site mapping. Nucleic Acids Res 3:2387-2398

Sterchi EE, Mills PR, Fransen JAM, Hauri H-P, Lentze M],
Naim HY, Ginsel L, Bond J (1990) Late-onset lactase
deficiency: evidence of alterations in the post-translational
processing of lactase. J Clin Invest 86:1329-1337

Tung J-S, Daugherty BL, O’Neill L, Law SW, Han J, Mark
GE (1989) PCR amplification of specific sequences from
a cDNA library. In: Ehrlich, HA (ed) PCR technology.
Stockton Press, New York, pp 99-104

Weaver RF, Weissmann C (1979) Mapping of RNA by a
modification of the Berk-Sharp procedure: the 5'-termini
of the 158 beta-globin mRNA precursor and the mature
10S beta-globin mRNA have identical map coordinates.
Nucleic Acids Res 7:1175-1193

Welsh JD, Poley JR, Bhatia M, Stevenson DE (1978) Intesti-
nal disaccharidase activities in relation to age, race, and
mucosal damage. Gastroenterology 75:847-855

Witte J, Lloyd M, Lorenzsonn V, Korsmo H, Olsen W
(1990) The biosynthetic basis of adult lactase deficiency.
J Clin Invest 86:1338-1342



