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spans of thousands of years, Le Mouél has demonstrated that
the non-dipole field cannot disappear during the process of a
geomagnetic reversal. On the other hand, Bloxham and
Gubbins®® have found evidence for flux diffusion in the South
Atlantic region and have tentatively concluded that the frozen-
flux hypothesis can be rejected with 95% confidence. However,
as pointed out by the authors themselves, this conclusion
depends critically on error estimates for the field at the core-
mantle boundary which are difficult to assess, so that at present
it cannot be considered as definitely established.

In this respect the observed continuity of the secular variation
during the KS 06 reversal is to our best knowledge the first
experimental evidence supporting Le Mouél’s theoretical results.
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Moreover, the fact that the processes leading to the observed
secular variation would persist unchanged during a reversal
suggests that only the internal part of the core would be involved
in the mechanism of reversal.
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Cloning the gene for an inherited human
disorder—chronic granulomatous
disease—on the basis of its chromosomal location
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The gene that is abnormal in the X-linked form of the phagocytic disorder chronic granulomatous disease has been cloned
without reference to a specific protein by relying on its chromosomal map position. The transcript of the gene is expressed
in the phagocytic lineage of haematopoietic cells and is absent or structurally abnormal in four patients with the disorder.
The nucleotide sequence of complementary DNA clones predicts a polypeptide of at least 468 amino acids with no homology

to proteins described previously.

MANY inherited disorders in man result from mutations in genes
whose protein products are as yet unknown. For some disorders
specific proteins may be suspected as candidates for the primary
gene products, whereas in other situations no biochemical clues
exist. Molecular cloning offers an approach to the analysis of
disease gene loci which, in principle, may be executed without
specific information regarding the nature of the proteins in-
volved. The use of genetic linkage to establish the location of
a disease gene within the chromosome complement has generally
been considered an initial step in this analysis’. Major diseases

# To whom correspondence should be addressed.

of unknown aetiology such as Duchenne muscular dystrophy
(DMD), Huntington’s disease and cystic fibrosis, have been the
focus of intensive study from this perspective’”’. It has been
anticipated that extended genomic cloning®, coupled with
searches for transcribed regions, will provide a means of defining
each disease locus in precise genetic terms. Here we describe
the successful application of this general strategy to the iden-
tification and characterization of the gene involved in chronic
granulomatous disease (CGD), an X-chromosome-linked dis-
order of phagocytic cells. Affected individuals have greatly
impaired host defences against infection with a wide variety of
microorganisms®. In contrast to the normal situation, phagocytes
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Fig. 1 Detection of a transcribed region of Xp21. g, Strategy for
the preparation of an enriched cDNA probe. Granulocytic HL60
cells (HL6D) were used as a source of mRNA and total *’P-cDNA.
Sequences in common between HL60 and the B-cell line of patient
N.F. were removed by the method of Davis®’. b, Southern blot
hybridization®® of the enriched ¢cDNA probe with EcoRI+
HindlII-digested DNAs of bacteriophage derived from Xp21. Bac-
teriophage clone designations: lane 1, 469-7A2; 2, 378-40A1; 3,
378-29A1; 4,378-19A1, 6,379A6; 7,379 7; 8,557, 9, 145-Al. These
bacteriophage correspond to clones hybridizing with the pERT
clones 469, 378, 379, 55 and 145 (ref. 15). Lane 5, HindIIl-digested
A DNA as a marker. Hybridization to fragments of 2.5 and 3.3 kb
was observed for the samples in lanes 6 and 7. These clones
overlapped the same genomic region. Bands of greater size, visible
in lane 6, are due to slightly incomplete digestion of phage 379-A6
DNA and not additional hybridizing fragments, as verified by
subsequent direct analysis of the phage with cloned cDNA (not
shown).

Methods. a, Total poly(A)* RNA was prepared from HL60 cells
as described elsewhere’. *?P-labelled cDNA was synthesized using
random primers and AMV (avian myeloblastosis virus) reverse
transcriptase®? (specific activity of 1x 10° c.p.m. pg™"). cDNA was
depleted of template RNA by base hydrolysis and hybridized in
0.5 M sodium phosphate buffer, 0.1% SDS, 5 mM EDTA in sealed
glass capillaries at 69 °C to a Ryf of 2,700 with a 20-fold excess of
poly(A)* RNA prepared from cultured B cells of patient N.F.
Single-stranded ¢DNA was isolated in 0.12 M sodium phosphate
on hydroxyapatite at 60°C and rehybridized to N.F. poly(A)*
RNA as described above?. b, Single-stranded ¢DNA (1x
10° c.p.m.) from the second hydroxyapatite step was hybridized
with the digested phage DNAs on a GeneScreen filter in a 1.0-ml
solution containing 1 M NaCl, 2 X Denhardt’s solution, 10% dex-
tran sulphate, 1% SDS, 0.2 M sodium phosphate, 50 pg ml™! sal-
mon sperm DNA, 50 ug ml™" oligo(dA),s for 60 h at 68 °C. The
filter was washed in 1 xSSC, 1% SDS, and 0.5xSSC, 1% SDS at
the same temperature. Autoradiographic exposure was for 10 days

with an intensifying screen.

(granulocytes, monocytes and eosinophils) isolated from the
blood of CGD patients fail to generate superoxide and activated
oxygen derivatives on ingestion of microbes. The precise lesion
in the membrane-associated NADPH-oxidase system of these
cells is unknown. Cell complementation'® and family studies®
have defined X-linked and autosomal recessive varieties of the
disorder. In most families the disease is transmitted as an X-
linked trait. Over the past two decades several proteins, including
an unusual b-type cytochrome'! and a flavoprotein'?, have been
considered as potential candidates for the primary products of
CGD loci, but difficulties in solubilizing membrane-associated
components have impeded biochemical characterization of the
oxidase system. A consistent finding in the X-linked variety,
however, is the absence of the haem spectrum derived from
cytochrome b''. Given the potential complexity of the oxidase
system and the possible requirement for assembly of several
camponents into an enzymatically active unit, this recognized
deficiency in the cytochrome b spectrum may be secondary to
the primary genetic abnormality.
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Fig. 2 cDNA clones spanning the 379-encoded RNA.

Granulocytic HL60 cDNA libraries were constructed in Agtll and
Agt10 using procedures described elsewhere'®%°. Initial screening
with a subclone from the 379-A6 bacteriophage yielded Agtll H64
and H61. The latter contained a segment absent from other overlap-
ping clones (indicated by the solid box) and thought to represent
intron sequences. Repeated screenings with additional cDNA sub-
fragments of the Agt10 library yielded cDNAs spanning the entire
mRNA, representative examples of which are shown. The open
box at the 5’ end of clone 99 contained sequences unrelated to the
379 transcript. The cross-hatched box represents the major open
reading frame of the mRNA, as defined by DNA sequence analysis
(Fig. 6a).

In view of the problems inherent in conventional biochemical
analysis, we have adopted a genetic approach to define the
molecular basis of the X-linked form of CGD as a means of
delineating at least one critical protein of the oxidase system.

General strategy

Four discrete steps are involved in our analysis: (1) The position
of the CGD gene on the X chromosome (X-CGD) was mapped
by both deletion and formal linkage analysis, described
recently'®, (2) Messenger RNA transcripts derived from the
assigned chromosomal region were sought. (3) The relevance of
one specific mRNA transcript to the disorder was investigated
by studying affected patients. {(4) The protein product encoded
by the X-CGD gene was predicted from isolated complementary
DNA clones. Taken together, the results provide persuasive
genetic evidence that we have identified the X-CGD gene and
characterized its mRNA transcript.

Expressed Xp21 sequences

From the study of two patients (B.B. and N.F.) with interstitial
deletions of Xp21 and from linkage of X-CGD with two
Xp21 DNA markers (p745 and pERT 84), the CGD locus has
been assigned to Xp21.1 (refs 13-15, 42). This delimits the
X-CGD locus to ~0.1% of the genome, or perhaps 3,000
kilobases (kb) of DNA. As part of chromosome walking experi-
ments originally aimed at characterizing the DMD locus, a series
of bacteriophage clones derived from seven regions of Xp21
that were absent from the DNA of patient B.B. were obtained™>,
using pERT clones 55, 84, 87, 145, 378, 379 and 469 as probes
(L.M.K. and A.P.M., unpublished data). (These bacteriophage
clones span at most 10% of the DNA deleted in patient B.B.)
In this manner, approximately 250 kb of Xp21 DNA was iso-
lated.

The experiment outlined in Fig. 1a was performed to search
for regions of these bacteriophage clones that are transcribed
in phagocytic cells. Briefly, a Southern blot filter bearing restric-
tion enzyme-digested bacteriophage DNAs was hybridized with
a radioactive cDNA probe enriched for sequences expressed in
phagocytic cells. As a source likely to contain transcripts of the
CGD gene, we chose cultured human HL60 leukaemic cells'®
treated with dimethylformamide (DMF) for 4-7 days. Such
treatment induces the NADPH-oxidase system together with
most other components of granulocytic differentiation'’. To
remaove constitutive transcripts, but not sequences derived from
Xp21, HL60-cell-induced cDNA was enriched for Xp21 tran-
scripts by subtractive hybridization twice with RNA from an
Epstein-Barr virus (EBV)-transformed B-cell line of the
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Fig.3 Expression of 379 RNA in HL60 cells and monocytes. a,
Total cell RNA (10 pg) isolated from uninduced (0) or dimethyl
sulphoxide (DMSO)-induced (either 4 days or 7 days) human
leukaemic HL60 cells was analysed with a fragment of 379 cDNA
derived from the 3'-untranslated region. The uninduced cells are
undifferentiated HL60 cells prepared by centrifugal elutriation'’.
b, Poly(A)* mRNA (~1 pg) from human hepatoma cells (HepG2;
lane 1) or from cultured human monocytes (lane 2) was similarly
examined using the 379 probe plus phosphoglycerate kinase (PGK)
cDNs/} The latter detects a 2-kb mRNA species in all somatic
cells™,

Methods. RNA was prepared by guanidine-HCl precipitation and
phenol extraction (a) or by centrifugation through CsCl, following
solubilization with guanidine isothiocyanate®® (b). Samples were
electrophoresed in 1% agarose formaldehyde gels®®, transferred
to nitrocellulose, and hybridized with a 1.8-kb BglII- BglII restric-
tion enzyme fragment of H64 cDNA (see Fig.5a) labelled by
random priming®’. 28S and 18S denote the migration of ribosomal
RNAEs. In b, the filter was simultaneously hybridized with labelled

insert prepared from the cDNA clone PGK-7¢*,

CGD/DMD patient N.F. (Fig.1a). The subtracted radio-
labelled ¢cDNA, representative of ~500 individual mRNA
sequences, was hybridized to a Southern blot of the Xp21
bacteriophage clones (Fig. 1b). Two overlapping clones, desig-
nated 379-A6 and 379-7, showed hybridization.

Isolation of cDNA clones

The results shown in Fig. 15 indicated that the bacteriophage
clones originally isolated with pERT 379 contained sequences
ultimately represented in the mRNA of induced HL60 cells. To
locate the transcribed segment(s), non-repetitive DNA frag-
ments of the 379-A6 insert were used as hybridization probes
to Northern blots of the HL60 RNA used to generate the
enriched cDNA. A probe consisting of three fragments (0.45, 0.5
and 1.8kb) arising from a HindIIl/Bgl/II digest of a S-kb
HindIIl fragment (designated 379-10) detected a 5-kb mRNA
transcript (see below). cDNA clones corresponding to this
mRNA species were isolated from 4-day-induced HL60 cDNA
libraries constructed in bacteriophage Agtl0 and Agtll (refs
18-20) (Fig. 2). Repeated screening yielded cDNA clones span-
ning the entire mRNA transcript. Based on the frequency with
which clones were obtained from the cDNA libraries, the abund-
ance of the specific RNA in DMF-induced HL60 cells was
~0.02-0.05%. For purposes of discussion these are referred to
as 379 cDNA and 379 RNA. Cloned cDNA was used to examine
(1) the tissue distribution of the RNA, (2) its structure and
expression in X-CGD, and (3) the nature of its predicted protein
sequence.

Tissue distribution

The 379 cDNA detects a 5-kb RNA that is markedly induced
in HL60 cells during granulocytic differentiation stimulated by
DMF treatment (Fig. 3a). This RNA was also induced on treat-
ment with either the tumour promoter TPA (12-O-tetradecanoyl
phorbol-13-acetate) or vitamin Ds;, agents that promote
monocytic differentiation of HL60 cells in culture®'. Moreover,
the transcript was abundant in cultured normal human monocyte
RNA (Fig.3b) and absent from the hepatoma line HepG2

NATURE VOL. 322 3 JULY 1986
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Fig. 4 Absence of 379 RNA from X-CGD monocytes. Total celi
RNA (5 png) prepared from the cultured monocytes of two X-CGD
patients (lanes 1 and 2) and from a normal individual (lane 3) was
examined for 379 sequences {a) or PGK sequences (b). In addition
to the patient whose sample is shown in lane 2, two unrelated
patients also had monocytes that were negative for 379 RNA.
Peripheral blood monocytes were isolated and cultured as
described previously®®, Other methods were as given in Fig.3
legend.

(Fig. 3b) as well as from total kidney, fibroblasts and HeLa cells
(not shown). A low level of the transcript was detected in normal
EBV-transformed B-cell lines (not shown), which have been
reported to exhibit low levels of oxidase activity??.

As the RNA transcript encoded by 379 sequences appeared
to be a marker for the phagocytic lineage (granulocytes and
monocytes) based on our limited survey of different cell types,
it represented a suitable candidate for the product of the X-CGD
locus.

Relevance of 379 transcript

Given that the X-CGD locus was mapped to ~0.1% of the
genome, as many as 20 transcripts derived from this region
might exist in an average cell (containing perhaps 10,000~
20,000 mRNA species). This estimate does not take into account
possible variation in the fraction of DNA transcribed in different
regions of the genome. The finding of an Xp21 phagocyte-
specific RNA cannot, by itself, be interpreted as strong evidence
that it encodes the X-CGD product. To determine more
specifically the potential relevance of the transcript to the dis-
ease, we analysed material from classical X-linked CGD patients
by hybridization with the putative X-CGD cDNA. If the tran-
script were derived from the relevant disease gene locus, quanti-
tative and/or qualitative RNA or DNA alterations would be
anticipated in these genetic variants.

We first analysed RNA isolated from cultured human
monocytes of both normal and CGD origin. Only CGD patients
with the X-linked variety were examined. Their clinical and
family histories were consistent with this classification, as were
negative phagocyte NBT tests’ and the absence of the cyto-
chrome b spectrum. Figure 4 shows the monocyte RNA analysis
of two such patients: in one patient (lane 2) no 379-specific
RNA was detectable; in the other patient (lane 1) 379 RNA was
apparently normal in size and abundance. Integrity of RNA
samples was confirmed by hybridization with a constitutively
expressed sequence (phosphoglycerate kinase) derived from a
different X-chromosomal region (Fig. 4b). Monocyte RNA of
two additional X-CGD patients examined also lacked 379-
specific RNA (not shown). In the RNA-negative CGD patients,
Southern blot analysis with cDNA probes spanning the entire
gene revealed no DNA deletions or rearrangements (not shown).
These genetic variants provide strong initial support for the
relevance of the 379 transcript to the disease. Although unlikely,
these findings might be explained by abnormal regulation of
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Fig. 5 Partial gene deletion in an X-CGD patient. Total cellular
DNAs (5 ug per lane) were digested with BamHI (a, lanes 1-4),
HindllI (a, 5-8; b, 1-4) or Bglll (a,9-12; b, 5-8), electrophoresed,
and hybridized with the regions of the 379 cDNA indicated at the
bottom of the figure. a, DNAs from mother of patient J.W. (lanes
1,5,9), X-CGD patient J.W. (lanes 2, 6, 10) and Xp21 deletion
patient N.F.'? affected with CGD and DMD (lanes 4, 8, 12). Lanes
3, 7, 11, normal DNA. b, DNAs from patient J.W. (lanes 1, 5),
mother of J.W. (lanes 2, 6) and patient N.F. (lanes 3, 7). Lanes 4,
8, normal DNA.

the 379 transcript due to a defect in a trans-acting factor pro-
duced by the authentic X-CGD locus.

Conclusive evidence regarding the role of the 379 transcript,
though, was provided by an analysis of patient J.W. whose
monocyte RNA appeared grossly normal in abundance and
structure (Fig. 44, lane 1). Analysis of DNA from patient J.W.
with the 3’ half of the cDNA revealed a DNA alteration on
digestion with some (for example, HindIIl and BamHI), but
not all (for example, BgIII), restriction enzymes (Fig. Sa, lanes
2, 6, 10). The patient’s mother was heterozygous for this alter-
ation (lanes 1, 5), consistent with her assignment as an obligate
carrier. Various subregions of the full-length cDNA were used
as probes to define the nature of the DNA alteration in J.W.
Use of a 0.3-kb segment encompassing the middle of the cDNA
revealed an interstitial deletion in the DNA (Fig. 5b, lanes 1,
5) and monocyte RNA (not shown). Most of the region between
the central EcoRI and BgIII restriction sites of the cDNA was
absent. Sequences 3’ to the deleted segment were present in both
the DNA and monocyte RNA (not shown). Although the precise
boundaries of the interstitial deletion have yet to be defined, it
overlaps the 3’ terminus of the large open reading frame (ORF)
of the cDNA (see Fig. 2 and below). The failure of cDNA probes
to hybridize with the DNA of the CGD/DMD patient N.F.
established that the transcribed sequences were derived from
Xp21 (Fig. Sa, lanes 4, 8, 12).

Thus, the 379-encoded transcript was abnormal in abundance
or structure in the monocytes of all four classical X-linked CGD
patients examined. These observations provide conclusive
evidence that the transcript defines the product of the X-CGD
locus. Therefore, we refer to it henceforth as the X-CGD RNA.

Analysis of genomic DNAs of 17 additional, independent
X-CGD patients with the 3’ half of the cDNA revealed no
detectable DNA deletions or alterations (not shown).

Sequence of X-CGD cDNA

¢DNA clones spanning the 379-encoded RNA are shown in
Fig. 2. The transcriptional orientation of the mRNA was estab-
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lished by hybridization of single-stranded SP6 RN A transcripts®
to Northern blots (not shown). DNA sequences of cDNA clones
were obtained from both strands either from restriction enzyme
fragments subcloned into M13 vectors®* or by progressive dele-
tions as described by Dale et al?; the assembled sequence is
shown in Fig. 6a.

Although the estimated size of the RNA transcript from
Northern blot analysis is nearly 5 kb, two findings indicate that
the 4.27 kb of cDNA sequence that we have obtained encom-
passes the entire mRNA. First, the 3’ terminus is defined by
clone 100.1 which contained a short oligo(dA) tract. Second,
primer extension analysis revealed an extended product corre-
sponding to the most 5’ extent of clone 23 (Fig. 6b). Although
we cannot exclude the presence of a strong stop for reverse
transcriptase, the failure to observe cDNAs with additional 5’
sequences probably indicates that the true 5’ terminus of the
mRNA has been recognized. Genomic studies that are in pro-
gress should assign the precise transcription initiation site(s).

A single large open reading frame, extending from potential
initiator ATGs at nucleotide 208 or 322 to a termination codon
(TAA) at 1,726-1,728, is present. Additional ATGs, each fol-
lowed closely by an in-frame termination codon, are located at
positions 35 and 113. As the ATG at position 208 is in the same
translational frame as that located at position 322, we cannot
unambiguously assign the initiation codon. However, given that
the ATG at 322 closely resembles the consensus sequence for
functional initiator codons defined by Kozak®®, whereas that at
208 does not, it is highly likely that the former would be used
for translation initiation in vivo. Whether the upstream ATGs
have a role in regulating production of the X-CGD-encoded
protein is unknown.

The 3'-untranslated region of the mRNA is 2.5kb long.
Although we have not analysed in detail the organization of the
CGD gene in genomic DNA, comparison of the 379 bac-
teriophage subclones and cDNA clones indicated that the entire
3'-untranslated region is represented in a signal exon, which
also contains a small coding segment 3’ to the central EcoRI
site of the cDNA. A putative polyadenylation signal (ATTAAA)
occurs 14 nucleotides before the poly(A) tract of clone 100.1.
Several more typical potential polyadenylation signals
(AATAAA)? are found elsewhere in the cDNA sequence but
do not appear to be utilized in mRNA processing. A notable
feature of the 3'-untranslated region is the presence of T,
(nucleotides 4,018-4,028), followed 19 nucleotides in the 3’
direction by TTTATT (nucleotides 4,057-4,062). On. the com-
plemetary strand this organization [AATAAA-19 nucleotides-
A,,] resembles the 3’ end of a processed transcript?®?. It is
possible that a processed sequence integrated at the 3’ end of
the CGD gene. As the genomic DNA encoding this region has
the identical sequence (not shown), this novel organization in
the transcript is not the result of a cloning artefact.

The open reading frame extending from position 322 to 1,726
predicts a primary translation product of 468 amino acids (Fig.
6) with an estimated relative molecular mass (M,) of 54,000
(54K). If the atypical initiator ATG at position 208 were used,
a polypeptide with an additional 38 amino acids at the N-
terminus would result. Four potential N-linked glycosylation
sites of the canonical form Asn-X-(Thr/Ser) are present. The
calculated pI of the predicted protein is 9.5. Figure 6¢ shows
the distribution of charged residues and a hydropathicity profile
of the predicted protein. One extensive hydrophobic segment
is evident; this spans amino acids 65-92. Screening of the
GENBANK and protein database revealed no significant
homology of the cDNA or of its predicted protein to known
sequences.

Conclusions

Based on genetic linkage data, chromosome walking within a
defined region, and hybridization with an enriched cDNA probe,
we have identified and characterized the genetic locus for an
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AlaArgLysAtg!leLysAsnProGluGlyGlyLeuTereuAlaValThrLeuLeuAlaclyIleThrGlyValvalIleTh!LeuCysLeuI1eLeuIleIleTh(Se(SerThrLys
100 120

13
ACCATCC GGAGGTCT'I‘ACTTTGAAGTCTTTTGGTACACACATCATCTCTTTG‘I‘GATCTTCTTCATTGGCCTTGCCATCCATCGAGCTGMC GMTTGTACGTGGGCAGACCGCAGAGAGT
ThrlleArgArgSe(TthheGluValPheTlpTerhtHlstsLeuPheValIlePhePheIleGlyLeuAlalleHstlyAlaGluA!gIleValAtgGlyGlnTh(AluGluSer
140 170

TTGGCTGTGCATAATATAACAGTTTGTGAACAAAAAATCTCAGAATGGGGAAAAATAAAGGAATGCCCAATCCCTCAGTTTGCTGGAAACCCTCCTATGACTTGGAAATGGATAGTGGGT
LeuA]aValﬂstsnxleThrvalcyscluGlnLysIlesercluTrpGlyLysIleLysGluCysProIleProG1nPheAlaGlyAsnP(onoMetThrTxpLysTrplleValGly
21

180
CCCATGTTTCTCTATCTCTGTGAGAGGTTGGTGCGGTTTTGGCGATCTCAACAGAAGGTGGTCATCACCAAGGTGGTCACTCACCCTTTCAAAACCATCGAGCTACAGATGAAGAAGAAG
ProHetPheLeuTyrLeuCysGluArgLeuValArtheTrpAtherGlnGlnLysValValIleThrLysVa1Va1ThrﬁstzoPheLysTh(IleGluLeuGlnHetLysLysLyﬁ

240
GGGTTCAAAATGGAAGTGGGACAATACATTTTTGTCAAGTGCCCAAAGGTGTCCAAGCTGGAGTGGCACCCTTTTACACTGACATCCGCCCCTGAGGAAGACTTCTTTAGTATCCATATC
GlyPheLysMetGluvalGlyGlnTyrI lePheValLysCysProLysValSexLysLeuGluT rpHisProPheThrLeuThrSerAlaProGluGluAspPhePhQSer IleHisIle

260 27 290

CGCATCGTTG TGGACAGA TGTT uAATGC'!‘TGTGGCTGTGATAAGCAGGAG'M’TCAAGATGCGTGGMA("I‘ACC'I‘MGATAGCGGHGATGGGCCCMG(}CACTGCCAGT
ArgllevVa lclyAsp’rrp’l‘hrGluG1yLeuPheAsnAlaCysGlyCysAspLysGlnGluPheGlnAspAlaTrpLysLeuProLys 1 leAlaValAspclyProPhecly‘l'hrAlaSer
300 320

GAAGATGTGTTCAGCTATGAGGTGGTGATGTTAGTGGGAGCAGCGATTGGGGTCACACCCTTCGCATCCATTCTCAAGTCAGTCTGGTACAAATATTGCAATAACGCCACCAATCTGAAG
GluAapVaIPheSerTyrGluVa1Va1HetLeuValGlyA1aG1yIleGlyValTthxcPheAlaSerIleLeuLysSerValTrpTerysTyrCysABnAsnAlaThrAsnLeuLys
350 360
CTCAAAAAGATCTACTTCTACTGGCTGTGCCGGGACACACATGCCTTTGAFTCGTTTGCAGATCTGCTGCAACTGCTGGAGAGCCAGATGCAGGAAAGGAACAATGCCGGCTTCCTCAGC
LeuLysLysI1eTyrPheTyxTrpLeuCysAngspThrHisAlaPheGluTerheAlaAspLeuLeuGlnLeuLeuGlusezGlnnetclnGluArgAsnAsnAlaGlyPheLeuSel
330 400 410
TACAACATCTACCTCACTGGCTGGGATGAGTCTCAGGCCAATCACTTTGCTGTGCACCATGATGAGGAGAAAGATGTGATCACAGGCCTGAAA GACTTTGTATGGACGGCCCAAC
‘I'yrAsnIleTereuThrG].yTrpAspcluSerclnAlaAsnﬂstheMaval!hsHstspGluGluLysAspVal!leThrGlyLeuLysGlnLysThrLeuTyrGlyArgProAsn

TGGGATAATGAATTCAAGACAATTGCAAGTCAACACCCTAATACCAGAATAGGAGTTTTCCTCTGTGGACCTGAAGCCTTGGCTGAAACCCTGAGTAAACAAAGCATCTCCAACTCTGAG
TrpAspAsnGluPheLys'rhrl1eAlaSexGlonsProAsnThmrqIleGlyVllPheLeuCysGlyProGluAlaLeuAlaGluThrLeuSecLysGlnSerlleSerAsnSerclu

TCTGGCCCTCGGGGAGTGCATTTCATTTTCAACAAGGAAAACTTCTAACTTGTCTCTTCCATGAGGAAATAAATGTGGGTTGTGCTGCFAAATGCTC!AATAATGCTAATTGATAATATA
SerGlyProArgGlyValBisPheIlePheAsnLysGluAsnPhe---

AATACCCCCTGCTTAAAAATGGACAAAAAGAAACTATAATGTAATGGTTTTCCCTTAAAGCAATGTCARAGATTGTTTGATAGTGATAAGTTACATTTATGTGGAGCTCTATGGTTTTGA
GAGCACTTTTACAAACATTATTTCATTTTTTTCCTCTCAGTAATGTCAGTGGAAGTTAGGGAARAGATTC TTGGACTCAATT T TAGAATCAAAAGGGAAAGGATCAAAAGGTTCAGTAAC
TTCCCTAAGATTATGAAACTGTGACCAGATCTAGCCCATCTTACTCCAGETTTGATACTCTTTCCACAATACTGAGCTGCCTCAGAATCOTCAAAATCAGTTTTTATATTCCCCARAAGA
AGAAGGAAACCAAGGAGTAGCTATATATTTCTACTTTGTGTCATTTTTGCCATCATTATTATCATACTGAAGGAAATTTTCCAGATCATTAGGACATAATACATGTTGAGAGTGTCTCAA
CACTTATTAGTGACAGTATTGACATCTGAGCATACTCCAGTTTACTAATACAGCAGGGTAACTGGGCCAGATGTTCTTTCTACAGAAGAATATT GGATTGATT GGAGTTAATGTARTACT
CATCATTTACCACTGTGCTTGGCAGAGAGCGGATACTCAAGTAAGTTTTGTTAAATGAATGAATGAATTTAGAACCACACAATGCCARGATAGAATTAATTTAAAGCCTTAAACARAATT
TATCTAAAGAAATAACTTCTATTACTGTCATAGACCAAAGGAATCTGATTCTCCCTAGGGTCAAGAACAGGCTAAGGATACTARCCAATAGGATT GCCTGAAGGGTTCTGCACATTCTTA
TTTGAAGCATGAAAAAAGAGGGTTGGAGGTGGAGAATTAACCTCCTGCCATGACTCTGGOTCATCTAGTCCT GCTCCTTGTGOTATARAATAAATGCAGACTARTTTCCTGCCCARAGTG
GTCTTCTCCAGCTAGCCCTTATGARTATTGAACTTAGGAATTGTGACAAATATGTATCTGATATGGTCATTTGT T T TAAATAACACCCACCCCTTATTTTICCGTAAATACACACACAAAA
TGGATCGCATCTGTGTGACTAATGGTTTATTTGTATTATATCATCATCATCATCCTAAAATTAACAACCCAGAAACAAAAATCTCTATACAGAGATCAAATTCACACTCAATAGTATGTT
CTGAATATATGTTCAAGAGAGAGTCTCTAAATCACTGTTAGTGTGGCCAAGAGCAGGGTT TTCTTTTTGTTC TTAGAACTGCTCCCATTTCTGGGAACTAAAACCAGTTITATTTGCCCE

ACCCCTTGGAGCCACAAATGTTTAGAACTCTTCAACTTCGGTAATGAGGAAGAAGGAGAAAGAGCTGGGGGAAGGGCAGAAGACTGGT T AAAGGAAATAAGGAGAAAAGAGA
ATGGGAGAGTGAGAGAAAATAAAAAAGGCAARAGGGAGAGAG AGGGGGTCTCATATTGGTCATTCCCTGCCCCAGATTTCTTAAAGT TTGATATGTATAGAATATARTTGAAGG
AGGTATACACATACTGATGTTGTTTTGATTATCTATGGTATTGAATCTTTTAAAATCTG&TCACAAATT*TGAT G Aﬂl: AA A TAGGATGAACTAAATAAGAAC&

CAGTTGTTCTTTGTCATACTACTATTCCTTTCGTCTCCCAGAATCCTCAGGGCACTGAGGGTAGGTCTGACAAATAAGGECT GCTGTCCAAATATAGCCTTTCTGAAATETACCAGGATE
GTTTCTGCTTAGAGACACTTAGGTCCAGCCTGTTCACACTGCACCTCAGGTATCAATTCATCTATTCAACAGATATTTATTGTGTTATTACTATGAGT CAGGCTCTGTTTATTGTTTCAA
TTCTTTACACCAAAGTATGAACTGGAGAGGGTACCTCAGTTATAAGGAGTCTGAGAATATTGGCCCTT IO TAACCTATGT GCATAATTAAAACCAGC T CATTTGTT GCTCCCAGAGTGT
TTCTCCAAGGTTTTCTATCTTCAARACCAACTAAGTTATGAAAGTAGAGAGATCTGCCCTGTGTTATCCAGTTATGAGATARAAAATGAAT ATAAGAGTGCTTGTCATTATARRAGTTTC
cn-mmc%cTcucccuécmcmcaécCACCAcGAéccmc'rcccRcccn"Accmmwﬂmnﬂm'rAéCAc-r'rAc'rA'ri-rAccn"rTA'x'MACAccTRCTCTAAcAAi
GATGAAGCATTGTTTTTAATCTTAAGACTATGAAGGTTTTTCTTAGTTC TTCTGC TTTEGCAATTGTGTTTGTGAAAPTT GAATACTTGCAGGC T TGTATGTGAATAR TTCTAGCGGCS

GACCTGGGAGATAATTCTACGGGGANTTCTTAAAACTGTCCTCAACTATTARAATGAATGAGCTT TCAARAAARAAA
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inherited human disorder (chronic granulomatous disease)
without reference to a specific protein product. The derivation
of the 379 RNA transcript from Xp21, its high-level expression
in the phagocytic lineage, and its derangement in patients with
classical X-linked CGD provide the elements of the formal
argument that the appropriate locus has been recognized.

Several aspects which contributed to the success of the tran-
script search are relevant to its potential application to other
disorders. (1) Although only ~10% of Xp21 was represented
in bacteriophage clones isolated with pERT clones'®, a portion
of the X-CGD gene (notably its 3'-untranslated region) was
fortuitously present in the collection. (2) The 3'-untranslated
region of 2.5kb provided a large, uninterrupted exon for
hybridization with the enriched cDNA probe. Although almost
any transcribed segments would, in principle, be detectable by
hybridization of subtracted cDNA with cloned genomic DNAs,
the strength of the observed signal will be greater for larger
exons. (3) Previous knowledge of cells expressing the phagocytic
oxidase system suggested a convenient source for the isolation
of RNA used in preparation of the enriched probe. Specifically,
the abundance of the 379-encoded RNA transcript in DMF-
treated HL60 cells is appreciable (on the order of 0.02-0.05%).
(4) The availability of an EBV-transformed cell line from patient
N.F. with a deletion through the entire Xp21 region permitted
removal of most constitutive transcripts from the enriched
c¢cDNA without depletion of Xp21 sequences. The extent to
which our strategy may be applied to the isolation of transcripts
for other disorders for which a chromosomal map position is
established may well depend on these factors.

Although the oxidase system of phagocytes has been studied
by conventional biochemical analyses for two decades, no clear
view of the components involved or the specific protein abnor-
malities manifest in the major functional deficiency seenin CGD
has emerged. Recently,, the findings of Segal and colleagues

Fig. 6 (Left) DNA sequence of the X-CGD c¢DNA (a), primer
extension analysis (b) and charge distribution and hydropathicity profile
of predicted X-CGD protein (c). a, Bacteriophage cDNA inserts were
cloned in M13 derivatives®® for sequence analysis by the methods of
Sanger et al*® and Dale et al®®. All regions were sequenced on both
DNA strands. Clones from which sequences were derived are shown
in Fig.2. H64 and H61 were sequenced in their entirety. The initial
0.1-kb displayed was assembled from clones 23, 101, 403 and 99. The
2kb spanning the open reading frame was derived from clone 99.
Overlaps with the 5’ regions of H64, H61 and 405 were examined. Based
on this, and restriction mapping of genomic DNA, the intron sequences
at the 5" end of H61 were identified. The extreme 3'-terminal sequences
were obtained from clone 100.1. The first four ATGs in the sequence
are underlined, with the predicted initiator codon double-underlined.
The presumed processed cDNA sequence near the 3’ end of the transcript
is boxed. Canonical N-glycosylation sites are underscored with broken
lines, and the presumptive poly(A) addition signal (ATTAAA) is over-
lined. b, The position of the 5’ terminus of the X-CGD mRNA was
assigned by primer extension analysis. A 70-nucleotide (nt) end-labelled
primer was hybridized with yeast transfer RNA (10 pg, lane 1) or total
monocyte (20 wg, lane 2) and extended with reverse transcriptase. Lanes
labelled M, marker DNA. The observed product of 250 nt corresponds
precisely to the 5" extent of clone 23 (see Fig.2). Use of a synthetic
30-mer primer (nucleotides 80-110) confirmed the position of the exten-
ded product and suggested, in addition, the existence of three possible
mRNA start sites within about 10 nucleotides (not shown). ¢, Distribu-
tion of charged residues and the hydropathicity profile of the predicted
X-CGD protein. +, H and — refer to cationic (Arg, His, Lys), hydro-
phobic (Ala, Ile, Met, Trp, Val, Phe, Pro, Leu) and anionic (Glu, Ser,
Tyr, Asp, Thr) amino acids, respectively. In the hydrophobicity profile,
shown at the bottom, upward deflections indicate hydrophabic regions.
Methods. b, The indicated 70-nt MstII-Pst] restriction fragment was
5'-end-labelled with [ y->*PJATP using polynucleotide kinase*’, hybrid-
ized with RNA, and extended with AMYV reverse transcriptase using
methods described previously*’. Reaction products were phenol-
extracted, ethanol-precipitated and separated in an 8% urea/acrylamide
gel. Marker DNAs were pBR322 digested with Hinfl. Autoradiography
was performed overnight with an intensifying screen.
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have implicated an unusual b-type cytochrome in the oxidase
system''2%*! As such, it represented a plausible candidate for
the protein mutated in the X-linked form of CGD'"**?*, Qur
results, however, argue against this conclusion. First, the amino-
acid composition of the protein predicted by our sequence does
not resemble that reported for purified cytochrome b*°. Second,
the predicted protein encoded by the 379 RNA does not show
significant homology to previously sequenced cytochromes of
several origins. No evidence for a haem-binding region was
evident from analysis of the predicted protein. Third, although
its spectrum is absent in CGD granulocytes, the proposed cyto-
chrome b protein has been reported to be present in extracts of
neutrophils from affected individuals®'. This finding is not in
accord with the apparently frequent observation of RNA-nega-
tive X-CGD patients. Whether the predicted protein is related
to the flavoprotein found in phagocytes'> must await further
biochemical characterization of the latter.

We propose that the 379-encoded protein, which we designate
the X-CGD protein, is an essential component of the oxidase
system of the phagocyte and probably interacts with other pro-
teins to form an active complex. Among those components that
may interact with the X-CGD protein are the membrane-associ-
ated cytochrome b and a flavoprotein. Spectral abnormalities
of cytochrome b in CGD phagocytes are probably secondary
to the absence (or abnormal structure) of the predicted X-CGD
protein.

Characterization of the X-CGD protein in wvivo and
examination of proteins with which it associates should help
to elucidate the organization and function of the oxidase system
of the phagocyte. Analysis of the predicted sequence of the
X-CGD protein has provided few clues, as yet, to the nature of
the protein itself. The protein has an estimated M, of a minimum
54K, and is probably basic. Modification at the four potential
N-linked glycosylation sites may alter the apparent size of the
observed protein in vivo. One marked hydrophobic region noted
above (amino acids 65-92) may represent a transmembrane
segment. Finally, the interstitial deletion found in patient J.W.
may serve to locate an important functional domain at the
carboxy-terminus of the protein, as the deletion is predicted to
remove the last 50 amino acids (distal to the EcoRI site at
nucleotide 1,571). Further characterization of the X-CGD pro-
tein and delineation of its functional domains will ultimately
require the introduction and expression of the c¢cDNA in
phagocytic cells of X-CGD patients.
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A QSO with redshift 3.8 found on a
UK Schmidt telescope IIIa-F prism plate
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High-redshift QSOs (quasi-stellar objects) are important because
of the information they provide on the early history and evolution
of the Universe; the brighter ones are particularly valuable as
probes of the intervening material. During the past 20 years much
effort has been devoted to trying to discover QSOs at redshifts
7> 3.5, but progress has been so slow that it has been suggested
that there is a cutoff in the QSO distribution at z =3.5 (ref. 1).
However, we have already demonstrated>™ how unfiltered UK
Schmidt telescope (UKST) IIla-F low-dispersion objective prism
plates can be used successfully in such searches up to at least
2=3.7 (ref. 3). We report here the use of this technique to discover
a QSO, 1208+ 1011, with a redshift z =3.80. The highest redshift
previously known was that of the radio-selected QSO, PKS2000—
330 with z =3.78 (ref. 5). In two UKST fields we have now dis-
covered six QSOs with redshifts between 3.3 and 3.8, of which
four have z23.50; including PKS2000—330, only four other
QSOs with z 2 3.50 are known over the whole sky*"'®. Our success
up to z =3.8 indicates that redshifts >4 could soon be attained.

Up to z=13.3, searches for high-z QSOs by their Ly-a + NV
emission are best carried out on I1Ia-J prism plates, which have
a red cutoff to their spectral response at ~5,200 A. The I1Ia-F
plates, with a corresponding limit at 6,800 A, extend the range
above z=3.3 to a possible maximum of z=4.6. However, to
avoid confusion with cool stars our searches on these plates
have been restricted to the interval 3.3 < z =< 3.9. With this restric-
tion and using auxiliary I1Ia-D and IIla-J prism and direct J
and R or I plates to check the spectral features and colours of
the IIla-F-selected objects we have shown how high-redshift
QSOs can be selected with complete reliability’*. For these
prime selections we require that the reality of the emission line
in the IIIa-F spectrum be confirmed by the presence of a corre-
sponding emission line in the Ila-D spectrum and that its iden-
tification with Ly-a + N v be confirmed by the detection of O VI
emission on the IIla-J spectrum. We also look for a fall in the
continuum level going from red to blue across Ly-a + N v and
check for, but do not demand, a cutoff near the Lyman limit.
When these conditions are met, the selections are no longer
candidate high-redshift QSOs but certain QSOs with redshifts
within about +0.05 of those measured from the prism spectra;
the accurate redshifts now available for our other high-z selec-
tions have allowed us to correct a slight systematic bias of +0.03
in our earlier prism redshifts. These prime selections are
necessarily restricted to bright QSOs with strong O vI as well
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Fig.1 Finding chart of 1208+ 1011, 8 x 8 arc min reproduced from
a direct IITa-J UKST plate (courtesy of the UKST unit). North is
up, and east is to the left.

as strong Ly-a+ NV emission and including 1208 +1011 we
have so far found only five objects™ which could confidently
be classified as QSOs with z= 3.3 from the prism data alone; a
sixth, the broad absorption line (BAL) QSO 01052634 with
z=3.50, appeared a certain QSO from the prism data but was
relegated to the ‘candidate’ category because of its unusual
colours*. As among the numerous IIla-F selected candidates
there may be high-z QSOs with weak O v1, and because we are
still refining our selection criteria, we have not confined our
follow-up slit spectroscopy to the certain selections. However,

Table 1 Measured wavelengths of emission lines, with corresponding

redshifts
Wavelength*

Emulsion  Feature (A) Identification Redshift*
II1a-F Emission 5860+50 Ly-a+Nv 3.82+0.04
[Ia-D Emission ~5,950% Ly-a+Nv ~3.89
Ila-J% Emission 4,980+ 80 Oowvi 3.82+0.08

Adopted redshift ~ 3.82+0.04

* The errors are maximum errors. The calibration curve for the I1Ia-F
spectra was normalized using Ly-a + N v in QSOs of known redshift,
assuming the wavelength of the blend to be 1,216 A. It automatically
takes into account the N v contribution unless it differs markedly from
the average.

1 Ly-a + N Vv is too close to the red limit of the I1a-D spectrum to be
accurately measured. The quoted wavelength is based on measurements
relative to nearby stars.

1 The I1Ia-J spectrum dispersion is perpendicular to that of the I1la-F
spectrum, and is thus not confused with the nearby star.
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