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Extensive Restriction Site Polymorphism at the Human
Phenylalanine Hydroxylase Locus and Application

in Prenatal Diagnosis of Phenylketonuria

ALAN S. LIDSKY,' FRED D. LEDLEY,' ANTHONY G. DILELLA,'
SIMON C. M. KWOK,' Stephen P. Daiger,2 KATHRYN J. H. ROBSON,3

AND SAvIo L. C. Woo'

SUMMARY

A total of 10 restriction site polymorphisms have been identified at the
human phenylalanine hydroxylase locus using a full-length human
phenylalanine hydroxylase cDNA clone as a hybridization probe to
analyze human genomic DNA. These polymorphic patterns segregate
in a Mendelian fashion and concordantly with the disease state in
various PKU kindreds. The frequencies of the restriction site poly-
morphisms at the human phenylalanine hydroxylase locus among
Caucasians are such that the observed heterozygosity in the popula-
tion is 87.5%. Thus, most families with a history of classical phenyl-
ketonuria can take advantage of the genetic analysis for prenatal diag-
nosis and carrier detection of the hereditary disorder.

INTRODUCTION

The major metabolic pathway for phenylalanine is conversion to tyrosine by
the hepatic enzyme phenylalanine hydroxylase (PAH). Deficiency of PAH
causes an accumulation of phenylalanine and its normally minor metabolites
such as phenylpyruvic acid in serum and tissues [1]. Severe PAH deficiency,
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known clinically as phenylketonuria or PKU, is a genetic disorder that causes
permanent mental retardation in children if left untreated [2]. Early diagnosis
by newborn screening [3] followed by dietary intervention initiated within the
first days of life can prevent postnatal brain damage and the mental retardation
process associated with the disorder [4-7]. The low phenylalanine diet, how-
ever, must be implemented rigidly throughout the first decade of life to be
effective, and there is a current trend to continue the diet indefinitely [8]. PKU
is inherited as an autosomal recessive trait with a prevalence of about one in
10,000-15,000 births among Caucasians [9, 10].
PAH cDNA clones have been isolated from rat and human liver cDNA

libraries [11, 12]. We recently reported the use of human PAH cDNA clones
representing the 3' half of the mRNA to identify restriction fragment length
polymorphisms (RFLPs) at the PAH locus in man [12]. The polymorphisms,
found using the restriction enzymes MspI, Sphl, and HindIII, have been ap-
plied to trace the transmission of mutant PAH genes in informative PKU
families with one or more affected children. These experiments demonstrated
that within individual families, the mutant PAH alleles segregated concordantly
with the disease state [12]. The frequencies of the three restriction site poly-
morphisms in the PAH gene detected by these partial-length cDNA clones are
such that up to 75% of the PKU families are informative for genetic analysis
[12]. The 75% estimate is theoretical and does not take into consideration the
possibility of linkage disequilibrium between the polymorphic sites. If there is
linkage disequilibrium, the percentage estimate would be significantly reduced.
We recently isolated a full-length cDNA clone for human PAH and used it to
identify additional RFLPs at the PAH locus. These additional RFLPs have
enabled RFLP haplotype analysis of the PAH gene in 87.5% of PKU families
and can be used for prenatal diagnosis and carrier detection of the genetic
disorder in the population.

MATERIALS AND METHODS

The Recombinant Plasmid phPAH247

Plasmid phPAH247 is a recombinant containing a full-length human cDNA for PAH,
which was identified from a human liver cDNA library. Its sequence characterization
will be reported [13]. The cDNA insert was subcloned into the EcoRI site of pBR322 and
isolated by digestion of phPAH247 DNA with EcoRI followed by preparative elec-
trophoresis in low-melting agarose gels. The DNA was extracted and nick-translated to
a specific activity of 2-3 x 108dpm/pLg [14].

Southern Blotting and Hybridization
Total human genomic DNA was purified from peripheral leukocytes isolated as buffy

coats from whole blood as described [12]. Ten micrograms of genomic DNA was di-
gested to completion with various restriction enzymes in appropriate buffers. Agarose
gel electrophoresis and transfer of DNA to nitrocellulose paper were performed as
described by Southern [15]. Prehybridization and hybridization were done in 45% for-
mamide, 5 x Denhardt's solution, 4 x SSC, 0.1 M sodium phosphate, pH 6.5, 0.1%
SDS, 0.1% sodium pyrophosphate, and 250 ,ug/ml sheared, denatured herring sperm
DNA at 42°C. Hybridization was done in the presence of 10% dextran sulfate and 2 x
106 cpm/ml of the 32P-labeled cloned cDNA probe. Nitrocellulose papers were washed
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twice in 2 x SSC, 0.5% SDS for 15 min at room temperature and twice in 0.1 x SSC,
0.5% SDS for 2 hrs at 680C, followed by autoradiography for 1-5 days.

RESULTS

A Full-Length Human PAH cDNA Clone
phPAH247 is a recombinant plasmid that contains the full-length human

cDNA for PAH inserted into pBR322. The cDNA insert is approximately 2.4
kilobases (kb) in length. It contains the entire coding region, 5' and 3' untrans-
lated sequence, and a stretch of polyA's. Southern analysis of total human
genomic DNA digested with a number of restriction enzymes using phPAH247
as the hybridization probe indicated that the chromosomal PAH gene is large
and contains multiple intervening sequences. The cloning and preliminary
characterization of the chromosomal PAH gene has shown that all fragments
detected by Southern analysis of genomic DNA arise from a single-copy gene
that is about 100 kb in length (A. G. DiLella, unpublished results, 1985).

Multiple RFLPs at the Human PAH Locus
High molecular weight genomic DNA isolated from peripheral leukocytes of

18 unrelated normal Caucasian individuals was digested with a number of re-
striction enzymes followed by Southern blot analysis using phPAH247 as the
hybridization probe. With 18 random individuals, the probability of detecting a
restriction site polymorphism with a frequency of 10% or greater is 98.5%. The
list of enzymes used for the analysis include the following: Avall, BamHI,
Bc I, BgJII, BstNI, EcoRI, EcoRV, HaeIII, HincII, HindIII, KpnI, MspI,
PstI, PvuII, Sau96AI, ScrFI, SphI, SstII, TaqI, XbaI, and XmnI. In addition to
SphI, HindIII, and MspI reported previously [12], five other enzymes that yield
RFLPs were observed:
EcoRV: phPAH247 hybridizes to three fragments common to all individuals,

plus a fourth fragment either 30 kb or 25 kb in length (fig. IA). Individuals
homozygous for the 30-kb fragment (fig. 1A, lane 1) lack a polymorphic EcoRV
restriction site within the fragment, and those homozygous for the 25-kb frag-
ment (fig. 1A, lane 2) have the polymorphic EcoRV site in each of their PAH
genes. Heterozygotes for the restriction site have also been detected (fig. 1A,
lane 3). The differential 5-kb fragment not detected by the full-length cDNA
probe would indicate that it is comprised of either totally intronic or flanking
DNA sequences. The other possibility is that the polymorphism is the result of
insertion or deletion of a 5-kb segment within the hybridizing bands. These are
phenomena that can also be responsible for polymorphisms observed with
other enzymes.
EcoRI: Among the multiple EcoRI restriction fragments of the PAH gene,

the 17-kb fragment contains a polymorphic EcoRI restriction site. The absence
of the site in both copies of the gene results in a pattern shown in figure 1B, lane
1. The presence of the site in the 17-kb fragments results in its cleavage into a
1-kb fragment that hybridizes to phPAH247. Individuals homozygous for this

site display an EcoRI restriction pattern as shown in figure 1B, lane 2. The
pattern is complicated by the presence of an additional invariant but much
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FIG. 1 RFLP in the human PAH gene detected using a full-length human PAH cDNA clone,
phPAH247, as the hybridization probe. Shown are genomic DNAs isolated from buffy coats of
three normal Caucasians, which illustrate the variation when DNA is cleaved with EcoRV (panel
A), EcoRI (panel B), XmnI (panel C), and BglII (panel D).

fainter band that comigrates with the polymorphic 17-kb fragment (fig. 1B, lane
2). Individuals heterozygous for the polymorphic EcoRI site (fig. iB, lane 3)
have the 11- and 17-kb bands of almost equal intensity and are readily distin-
guishable from those homozygous for the 11-kb fragment (fig. 1B, lane 2). To
avoid the necessity of having to determine whether the 17-kb band is the result
of partial enzymatic digestion of genomic DNA, the EcoRI polymorphism can
be better detected by a double digestion with BamHI, which cleaves the 17- and
11-kb fragments to 8.3- and 6.5-kb fragments, respectively (data not shown).
XmnI: A two-allelic system was also detected by this enzyme. Restriction

site polymorphism results in individuals homozygous for either a 9.4-kb frag-
ment (fig. 1C, lane 1) or a 6.5-kb fragment (fig. 1C, lane 2). Heterozygous
individuals for the two fragments have also been identified (fig. 1C, lane 3).

BgJII: A BgJII site is polymorphic in the PAH gene and results in restriction
fragments of either 3.6- or 1.7-kb in length. Individuals homozygous for the 3.6-
kb fragment (fig. ID,, lane 1) or for the 1.7-kb fragment (fig. ID, lane 2) and
those heterozygous for the two fragments (fig. ID, lane 3) were readily detected
in the panel of random individuals.
MspI: A polymorphic MspI restriction site in the PAH gene resulting in

fragments of 23 kb and 19 kb in length has been reported using a partial-length
cDNA clone (re 12). In addition to these fragments, two invariant fragments and
three additional polymorphic fragments are detected with the full-length cDNA
clone (fig. 2). The differential 4.0-kb fragment is detected when the poly-
morphic MspI site (Mspla) in the 23-kb segment is cleaved to yield two frag-
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FIG. 2.-A, Southern blot analysis of five individuals' genomic DNA digested with Mspl and
hybridized to phPAH247. B, Schematic diagram of the MspI RFLP haplotypes of the PAH gene
and the genotypes of the five individuals in panel A (I1-5 correspond to lanes 1-5). Arrows show the
cleavage sites of MspI, and those labeled a and b are the polymorphic cleavage sites. The sizes of
the fragments generated are shown in kilobases.

ments of 19 kb and 4 kb in length as shown in two individuals with the
19+4/19+4 and 234/19+4 genotypes (fig. 2, lanes 4 and 5). A second poly-
morphic MspI site (Msplb) has been found within the 4-kb segment. The pres-
ence of this site causes the 4-kb fragment to be cleaved into two fragments of
2.2 kb and 1.8 kb, both of which hybridize with the cDNA probe (fig. 2, lanes 2
and 3). Individuals homozygous for the PAH gene that lack both of the poly-
morphic Mspl restriction sites will be homozygous for the 23-kb band (fig. 2,
lane 1). Individuals homozygous for the Mspla site but heterozygous for the
Msplb site have a genotype of 19+4/19 + 2.2 + 1.8, resulting in four hy-
bridizing polymorphic bands (fig. 2, lane 2). An individual with one chromo-
some lacking both polymorphic sites and the other containing both has a
genotype of 23/19+ 2.2 + 1.8 (fig. 2, lane 3). One possible haplotype that has
not been found among the 18 random individuals is that of a gene containing
only the Msplb but not the Mspla site. If the two polymorphic sites are in
linkage equilibrium, this haplotype should have a frequency of 24%. Thus, the
data suggest that these two sites may be in linkage disequilibrium.

PvuII: Southern analysis of DNA digested with PvuII shows four variant
fragments of 19.0, 11.5, 9.1, and 6.0 kb in length, apparently created by two
polymorphic PvuII restriction sites. The polymorphic fragments are not the
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FIG. 3.-A, Southern blot analysis of the PvuII polymorphisms in the human PAH gene. The
genomic DNAs in lanes 1-5 show five representative PvuIl cleavage patterns. B, A schematic
drawing of the four possible PvuII haplotypes of the PAH gene. The two variant sites a and b are
labeled, and the sizes of the fragments detected with phPAH247 are given. Slash marks indicate
that the polymorphic fragments are not contiguous in the PAH gene.

result of partial digestion of the DNAs, because the profile of any given individ-
ual remained constant after repeated enzymatic digestion (data not shown). In
an attempt to determine which fragments are allelic, homozygous individuals
are the most informative because they necessarily have the least number of
hybridizable fragments that can be excluded as being alleles. Thus, the 11.5-kb
fragment cannot be allelic with either the 6-kb fragment (fig. 3A, lane 1) or the
19-kb fragment (fig. 3A, lane 3). The 19-kb and the 9.1-kb fragments can also be
excluded from being allelic (fig. 3A, lane 5). The two polymorphic PvuII sites,
designated a and b, are illustrated schematically in figure 3B. PAH genes that
lack both polymorphic sites would yield two bands of 19 and 11.5 kb or a
haplotype of 19 + 11.5 (fig. 3B, type I). The presence of only site a causes
cleavage of the 19-kb fragment into a 6-kb hybridizable fragment and results in
a haplotype of 6 + 11.5 (fig. 3B, type II). The presence of only site b causes
cleavage of the 11.5-kb fragment into a 9.1-kb hybridizable fragment, resulting
in a haplotype of 19 + 9.1 (fig. 3B, type III), and the presence of both poly-
morphic sites gives a haplotype of 6 + 9.1 (fig. 3B, type IV). As with MspI, there
can be a total of four haplotype and 10 genotype combinations between the two
sites of PvuII alleles. The Southern blot in figure 3A shows five such cleavage
patterns of PvuII-digested DNA. Individuals homozygous for allele types I, II,
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and III are shown in figure 3A, lanes 3, 1, and 5, respectively. Individual no. 4
shows three hybridizing bands at 19, 11.5, and 9.1 kb (fig. 3A, lane 4) and must
be a heterozygote of the allele types IIl1. All four hybridizing bands are
present in individual no. 2 (fig. 3A, lane 2), who must be a heterozygote of the
allele types I/IV or II/III. Consequently, it can be concluded that the four
polymorphic fragments are the results of the presence of two independent sets
ofPvuII RFLP alleles, which is confirmed by kindred studies that show Mende-
lian segregation of the two PvuII RFLPs as presented in the following section.

In all the individuals tested, there was no 100% concordance between any of
the RFLPs described above, and the alteration in DNA fragment lengths was
different for all pairs of alleles. These observations rule out the possibility that
the variation in restriction fragment lengths observed with different enzymes is
due to a single insertion/deletion event or a base-pair substitution causing alter-
ation of multiple restriction sites. Thus, each of the RFLPs described in this
section are independent of each other and are unique in origin.

Mendelian Segregation of the RFLPs at the PAH Locus
Prior to the application of RFLP analysis to trace the transmission of PAH

genes in PKU families, it must be demonstrated conclusively that the RFLPs
are indeed authentic and are not the result of artifacts such as partial digestion
of genomic DNA samples by the restriction enzymes used in the analyses. Such
artifacts are not likely to be transmissible as Mendelian traits and their authen-
ticity can be verified by performing kindred analysis. The Mendelian segrega-
tion of the HindIII, SphI, and MspI RFLPs in PKU kindreds has been demon-
strated [12]. Kindred analysis using each of the RFLPs presented in this study
was thus performed. Figure 4 shows the Mendelian segregation of the BgJII,
PvuIIa, PvuIIb, EcoRI, EcoRV, Mspla, Msplb, and XmnI polymorphisms in a
PKU family with one affected child and three unaffected siblings. The father is
homozygous for the 3.6-kb BgJII fragment, and the mother is homozygous for
the 1.7-kb fragment (fig. 4A, lanes 1 and 2). This results in all of the offspring
being heterozygous (3.6/1.7) for the BgJII polymorphism as expected (fig. 4A,
lanes 3-6). Similarly, the RFLPs using EcoRI, EcoRV, and XmnI also show
Mendelian segregation in this kindred (fig. 4B-D).
The transmission of the PKU trait in this family can be traced by EcoRV

RFLP analysis. Both parents are RFLP heterozygotes for the two EcoRV
bands, with a genotype of 30/25 (fig. 4C, lanes I and 2). Since the proband is
also an RFLP heterozygote (fig. 4C, lane 3), the PKU traits must be segregating
with the 30-kb allele in one parent and the 25-kb allele in the other. Two of the
unaffected siblings have inherited the gene containing the 25-kb fragment from
both parents (fig. 4C, lanes 4 and 6). One of these genes must contain the PKU
mutation, and the two siblings are thus PKU carriers. A third sibling is homo-
zygous for the 30-kb fragment (fig. 4C, lane 5) and must have inherited the PKU
trait from the other parent.

Similarly, the analysis of this family with MspI illustrates the inheritance of
both polymorphic MspI sites and the segregation of the mutant PAH genes.
The father's DNA contains only the 19- and 4.0-kb fragments and is therefore a
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haplotype homozygote (fig. 4E, lane 1). His genotype is 19 + 4/19 + 4, being
the result of the presence of the Mspla site and the absence of the Msplb site in
both of his PAH genes. The mother's DNA shows four bands and has a
genotype of 23/19 + 2.2 + 1.8 (fig. 4E, lane 2), the result of one PAH gene
lacking both polymorphic sites (23 kb) and the other having both (19 + 2.2 + 1.8
kb). The proband has inherited the mutant gene containing the 23-kb fragment
from the mother and has a genotype of 23/19 + 4 (fig. 4E, lane 3). One of the
phenotypically unaffected siblings has the same genotype as the proband (fig. 4
E, lane 5). This individual has inherited the mutant allele from the mother and
the normal gene from the father whose DNA is noninformative for Mspl RFLP
analysis. The two other unaffected siblings have inherited the normal allele
from the mother and have genotypes of 19+2.2+1.8/19+4 (fig. 4E, lanes 4
and 6). Consequently, these two individuals are either carriers or free of the
PKU trait. The same analysis can also be performed for the PvuII RFLPs (fig.
4F), and the result is in complete agreement with the MspI polymorphism data.

Similar analyses of a number of additional kindreds have clearly demon-
strated Mendelian inheritance of these RFLPs. The genotype frequencies are in
Hardy-Weinberg equilibrium, and each allelic type was observed in more than
one individual. These observations clearly demonstrate that all of these RFLPs
are inherited in an autosomal manner and are not the result of a laboratory
artifact.

RFLP Haplotype Analysis and Prenatal Diagnosis
From the above data, the RFLP haplotypes of the four PAH genes in this

particular family can be readily deduced (table 1), which can be used to trace
the transmission of the PKU genes and to perform prenatal diagnosis if the
need arises. Prenatal diagnosis by RFLP analysis depends on the ability to
distinguish the mutant genes from the normal ones. In this family, each PAH
gene has a unique haplotype, and complete prenatal diagnosis will be possible.
In practice, since the amount of fetal DNA obtainable is usually limited, it is
not necessary to determine the complete RFLP haplotypes of the fetal PAH
genes. Instead, it may be preferable to use the fewest number of informative
restriction enzymes necessary for the diagnosis. For instance, a complete diag-
nosis can be made using MspI plus either XmnI or EcoRV for this family. Since
both parents are heterozygous for the 9.4- and 6.5-kb XmnI fragments (table 1),
the fetal DNA can either be also heterozygous for the two fragments or homo-
zygous for either fragment. Because the proband is an XmnI heterozygote, a
homozygous 9.4- or 6.5-kb pattern for the fetus would indicate the inheritance
of one normal and one mutant gene for either parent. Thus, the fetus would be a
carrier of the PKU trait. On the other hand, if the fetus is also an XmnI
heterozygote, it may have inherited both mutant genes or both normal genes.
The same analysis can be performed using EcoRV, since the polymorphic
fragments are also in repulsion phase in this family.
To complete the diagnosis, a separate MspI digestion of fetal DNA can be

performed. In this family, the father is an MspI 19 + 4/19 + 4 homozygote and
the mother is a 23/19 + 2.2 + 1.8 heterozygote (table 1). Thus, the fetal MspI
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PHENYLALANINE HYDROXYLASE

genotype must either be 23/19 + 4 or 19 + 2.2 + 1.8/19 + 4. Since the maternal
mutant PAH gene segregates with the 23-kb fragment, the presence of this band
and the lack of the 2.2 + 1.8-kb bands would indicate that the fetus has inherited
both mutant genes from the parents and would therefore be affected. The
opposite observation would indicate that the fetus has inherited both normal
genes and would be free of the PKU trait.

Allele Frequencies and Percent Heterozygosity
The usefulness of DNA probes that detect RFLP for genetic analysis de-

pends on the frequency of polymorphism in the general population. To deter-
mine the frequencies of all 10 restriction site polymorphisms and estimate the
percent RFLP heterozygosity of the PAH gene in the population, the genotypes
of the 18 unrelated Caucasian individuals with respect to the 10 polymorphic
restriction sites are shown in table 2. The RFLP haplotypes of their PAH
genes, however, cannot be established without kindred analysis. Although mul-
tiple enzyme digestion experiments can also establish haplotypes in these indi-
viduals, it requires a complete genomic map of the polymorphic sites, which is
not yet available. Nevertheless, the frequencies of each of the polymorphic
alleles can be calculated from these data (table 3). The frequencies of the minor
alleles exceed .3 for all of the enzymes, indicating the existence of a very high
degree of polymorphism at the human PAH locus. The expected genotype
frequencies calculated from the individual allele frequencies do not significant-
ly differ from the observed genotype frequencies among this panel of random
Caucasian individuals, indicating that many of these RFLPs are in Hardy-
Weinberg equilibrium.
From the 10 polymorphic restriction sites identified at the PAH locus, all of

which are two-allele systems except for HindIII, which has a rare third allele
[12], it can be calculated that there are a total of 1,536 possible different combi-
nations of the polymorphisms, or RFLP haplotypes. The haplotype heterozy-
gosity, which is an indication of how widely the analysis can be applied for
genetic analysis among PKU kindreds in the population, was estimated from
the individual allele frequencies listed in table 3 to be well in excess of 95%.
This high level of heterozygosity was estimated assuming that the 36 chromo-
somes analyzed are representative of the Caucasian population and that there is
completely random association between the polymorphic restriction sites. If
linkage disequilibrium exists between any of the observed polymorphic sites,
the percent heterozygosity will be reduced. In the panel of random Caucasian
individuals, 15 out of 18 are RFLP heterozygotes, which yields an observed
heterozygosity of 83.3%. The analysis of 40 unrelated Caucasian PKU kin-
dreds shows that 70 out of 80 parents are RFLP haplotype heterozygotes, or an
observed heterozygosity of 87.5% (A. Lidsky, unpublished results, 1985). The
fact that the observed heterozygosity is significantly lower than the theoretical
value would suggest that some of the polymorphic sites are in linkage disequi-
librium. Nevertheless, the observed heterozygosity of 87.5% would suggest
that most of the PKU families in the Caucasian population can take advantage
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TABLE 3

EXPECTED AND OBSERVED FREQUENCIES OF VARIOUS ALLELES OF THE HUMAN PAH GENE

GENOTYPE FREQUENCY
RESTRICTION FRAGMENT ALLELE
ENZYME SIZE (kb) FREQUENCY p2 2pq 4

BglII .......... 3.6 .59 Observed .31 .56 .13
1.7 .41 Expected .35 .48 .17

EcoRI ......... 17.0 .59 Observed .44 .31 .25
11.0 .41 Expected .35 .48 .17

EcoRV ........ 30.0 .47 Observed .28 .39 .33
25.0 .53 Expected .22 .50 .28

HindIll ........ 4.2 .61 Observed .33 .55 .11
4.0 .39* Expected .37 .48 .15

Mspla ......... 23.0 .38 Observed .13 .50 .37
19.0 .62 Expected .14 .48 .38

Msplb ......... 4.0 .69 Observed .50 .38 .12
2.2 .31 Expected .48 .42 .10

PvuIIa......... 19.0 .44 Observed .22 .44 .33
6.0 .56 Expected .19 .49 .32

PvuIIb ........ 11.5 .69 Observed .50 .39 .11
9.1 .31 Expected .47 .43 .10

XmnI .......... 9.4 .67 Observed .44 .45 .11
6.5 .33 Expected .45 .44 .11

* This no. represents a sum of the frequencies of the minor 4.0-kb allele and a rare 4.4-kb allele.

of this genetic analysis for prenatal diagnosis and carrier detection of the hered-
itary disorder.

Frequency of Nucleotide Substitutions at the Human PAH Locus

The identification of multiple RFLPs at the PAH locus is indicative of the
high degree of polymorphic nucleotide substitutions in the population. To esti-
mate the frequency of nucleotide substitutions throughout the PAH gene, the
number of restriction sites and nucleotide pairs analyzed in this study with 20
different restriction enzymes was calculated. The number of restriction sites
analyzed by the polymorphism study depends on whether or not the fragments
represent a contiguous stretch of DNA. In the case of all contiguous fragments,
the number of sites analyzed is equal to n + 1, where n is the number of DNA
fragments detected. If the hybridizable fragments are separated by nonhy-
bridizable fragments such as those located completely within intervening se-
quences, the number of restriction sites analyzed becomes 2n. In this study, the
number of nucleotide pairs analyzed for polymorphism with the use of the 20
enzymes ranges from 849 to 1,482, assuming completely contiguous or com-
pletely noncontiguous hybridizable polymorphic DNA fragments. If each of the
10 polymorphic sites represents one polymorphic nucleotide, the frequency of
polymorphic nucleotides in the human phenylalanine hydroxylase locus can be
estimated to range from .012 to .007, or one in every 85 to 148 nucleotide pairs.

DISCUSSION

Extensive restriction fragment length polymorphism has been detected at the
human PAH locus using a full-length PAH cDNA clone as the hybridization
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probe. The potential application of RFLPs to the diagnosis of PKU prenatally
and the detection of PKU carriers has been discussed [12]. It is possible to
distinguish the normal and mutant phenylalanine hydroxylase genes in families
with one or more previously affected children by identifying the RFLP haplo-
types associated with the PKU genes in each family. In all of the families we
analyzed, there was uniform concordance of segregation between the RFLP
haplotype at the PAH locus and the PKU trait. Since these polymorphisms are
at or near the structural PAH gene, the frequency of homologous recombina-
tion during each meiosis event is extremely low. In fact, in more than 100
informative meioses, no recombination event has been observed between PKU
and any of the RFLPs (manuscript in preparation). Thus, RFLP analysis can be
used in families with at least one affected child for prenatal diagnosis in future
pregnancies and for carrier detection among siblings with a high degree of
accuracy. Indeed, we have recently performed prenatal diagnosis for PKU in
several affected families, and the accuracy of the method has been confirmed
by phenotypic analysis of the neonates [16].

Application of this genetic analysis relies on the ability to identify the PKU
alleles in the family, which in turn depends on the ability to distinguish the
RFLP haplotypes of the PAH genes in both parents. Ideally, both parents
ought to be RFLP haplotype heterozygotes so that complete diagnosis can be
achieved. In the case only one parent is an RFLP haplotype heterozygote, the
other parent's PAH genes are noninformative for RFLP analysis. Never-
theless, the genotypes of the children will be such that 50% of them can be
excluded from having inherited both mutant genes from the parents, thereby
permitting exclusion analysis. Fortunately, the frequencies in the population
studied are high for many of these RFLPs. In fact, we have observed a hap-
lotype heterozygosity of 87.5.%, which suggests that this probe can be used as
a polymorphic marker for prenatal diagnosis and carrier detection of the ge-
netic disorder for most PKU families in the population.

It is logical to ask why is there such a high degree of polymorphism at the
human PAH locus. It has been suggested that the methylated cytosine residues
that are present in the MspI and Taql recognition sequence are hotspots for
mutation because of the large number of MspI and TaqI RFLPs detected with
other probes [17]. This alone cannot provide a satisfactory answer because in
this report we describe seven new polymorphic sites identified with six restric-
tion enzymes. Although MspI identifies two polymorphic sites at the PAH
locus, no polymorphism was observed with TaqL. A more plausible explanation
may be the physical size and the complex molecular structure of this gene.
Cosmid cloning and preliminary characterization of the human PAH gene have
shown that the enzyme is encoded by a unique gene that is 90-100 kb in length
with multiple introns (A. DiLella, unpublished results, 1985). The fact that
there are a minimum of 10 exons scattered throughout this gene would allow
the full-length cDNA to detect restriction sites present in a stretch of genomic
DNA that is in excess of 100 kb when RFLP analysis is performed, which is
much greater in scale than the entire 60-kb ,B-globin locus in man. Conse-
quently, it is not too surprising to find that the frequency of polymorphic
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nucleotides at the PAH locus ranges from .007 to .012, which is comparable to
those observed in the ,3-globin and albumin loci in man [18, 19]. Nevertheless,
the full-length PAH cDNA clone represents one of the most polymorphic mark-
ers for RFLP analysis of the human genome.
Questions remain unanswered as to the molecular lesions in the PAH gene

that cause the enzyme deficiency. None of the genetic variations observed
among normal individuals by Southern blotting using the cloned PAH cDNA as
a probe represent the underlying mutations for PKU. Nevertheless, the exten-
sive RFLPs observed in the chromosomal phenylalanine hydroxylase gene can
be used as a powerful tool to identify mutations in the PAH gene that cause
PKU. In r3-thalassemia, distinct mutations in the P-globin locus are associated
with specific RFLP haplotypes within a given population [20, 21 ]. Characteriza-
tion of RFLP haplotypes and their correlation with individual mutations in a
population have provided a valuable guide for delineating an extensive list of
different f-globin mutations [20, 21]. We are investigating whether or not simi-
lar association of specific RFLP haplotypes and distinct mutations exist at the
PAH locus in various ethnic backgrounds.

Finally, a linkage map of the human genome is being constructed by a num-
ber of laboratories utilizing DNA probles that can detect RFLPs with reason-
ably high frequencies [22]. Such polymorphic probes can be used as linked
genetic markers to analyze genetic disorders with unidentified biochemical
lesions. This type of application is best exemplified by the linkage of anono-
mous polymorphic DNA probes to Duchenne muscular dystrophy on the short
arm of the X chromosome [23] and to Huntington disease on the short arm of
chromosome 4 [24]. Future success in this approach to the characterization of
genetic disorders relies on collection of a sufficient number of polymorphic
markers that are distributed throughout the human genome [22]. In this regard,
we have recently reported the assignment of the PAH locus to human chromo-
some 12 [25]. More recently, we have further regionalized the locus to 12q22-
q24. 1 (manuscript in preparation). Thus, the human PAH cDNA clone can also
serve as a highly polymorphic marker for this region of chromosome 12 in
linkage studies with other genetic loci in man.
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