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In the mouse, Sry is expressed by germ cells in the adult
testis and by somatic cells in the genital ridge. Transcripts
in the former exist as circular RNA molecules of 1.23 kb,
which are unlikely to be efficiently translated. We have
used RNase protection to map the extent of the less
abundant Sry transcript in the developing gonad. We
demonstrate that it is a linear mRNA derived from a single
exon. This begins in the unique region 5′ of the protein
coding region and extends several kilobases into the 3′ arm
of the large inverted repeat which bounds the Sry genomic
locus. Knowledge of this transcript, which is very different
from that of the human SRY gene, allows us to predict its
protein product and reveals several features which may be
involved in translational control. Our data is also consis-
tent with there being two promoters for the Sry gene, a
proximal one that gives functional transcripts in the genital
ridge and a distal promoter used in germ cells in the adult

testis. As RNase protection is a quantitative technique, a
detailed timecourse of Sry expression was carried out using
accurately staged samples. Sry transcripts are first
detectable just after 10.5 days post coitum, they reach a
peak at 11.5 days and then decline sharply so that none are
detected 24 hours later. This was compared with anti-
Müllerian hormone gene expression, an early marker of
Sertoli cells and the first known downstream gene of Sry.
Amh expression begins 20 hours after the onset of Sry
expression at a time when Sry transcripts are at their peak.
While this result does not prove a direct interaction
between the two genes, it defines the critical period during
which Sry must act to initiate Sertoli cell differentiation.
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SUMMARY
INTRODUCTION

Testis determination in mammals occurs in the gonadal anlage
due to the action of the Y-linked gene Sry. Sry encodes a
protein with an HMG box DNA binding domain and is
believed to act within cells of the supporting cell lineage of the
indifferent gonad to trigger a cascade of events resulting in the
differentiation of these cells into Sertoli rather than follicle
cells. The differentiating Sertoli cells then trigger other cell
lineages within the gonad to follow the testicular pathway.

In terms of SRY function most of what is known concerns
the HMG box. In vitro experiments have demonstrated that the
HMG box has the ability to bind to specific target sequences,
preferentially to AACAAT, and to induce a bend of about 90°
in the DNA (Nasrin et al., 1991; Ferrari et al., 1992; Harley et
al., 1992; King and Weiss, 1993; Natesan and Gilman, 1993).
In approximately 20% of humans with gonadal dysgenesis,
mutations have been identified within the HMG box (for
review see Hawkins, 1993; Poulat et al., 1994). Some of these
mutations have been found to disrupt the interaction of SRY
with DNA, affecting binding affinity or the angle of bend
induced (Nasrin et al., 1991; Harley et al., 1992; Pontiggia et
al., 1994; Poulat et al., 1994). These findings are consistent
with SRY having a role as the critical signal in the sex-deter-
mining pathway through an effect on transcription of one or
more target genes, perhaps by organising local chromatin
structure and facilitating other protein DNA interactions
(Nasrin et al., 1991; Giese et al., 1992; Harley et al., 1992;
Pontiggia et al., 1994). So far, very few mutations have been
found in non-box regions of the SRY gene. Tajima et al. (1994)
describe one mutation in the C-terminal domain and McEl-
reavey et al. (1992) report a large 5′ deletion which is presumed
to affect regulation. However, of the other 80% of individuals
with gonadal dysgenesis, some are likely to have mutations in
as yet undefined regions of the SRY locus, while others may
have mutations in genes elsewhere in the testis determining
pathway.

To understand SRY in more detail it is necessary to identify
other features of the locus and the protein it encodes. However,
comparisons of the predicted SRY protein sequences from
different species has shown that the only region conserved is
the HMG box DNA binding domain. Regions N-terminal and
C-terminal of this domain are highly divergent even amongst
closely related species. Comparison of human and mouse
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sequences is especially difficult since there is no region of
extended homology apparent outside the HMG box and
therefore no other reference points for alignment (Tucker and
Lundrigan, 1993; Whitfield et al., 1993). This lack of
homology makes it difficult to identify common regulatory
regions that may control transcription or translation. It has
therefore been necessary to characterize the genes indepen-
dently.

There have been considerable efforts to identify the human
SRY transcript (Vilain et al., 1992; Behlke et al., 1993; Clépet
et al., 1993; Su and Lau, 1993). Each study is consistent with
the human SRY transcript comprising a single exon with a
single polyadenylation site. However, at the 5′ end there is dis-
agreement over the location and number of transcription
initiation sites. These differences may reflect variations in the
source of RNA used in experiments which include adult testis,
a teratocarcinoma cell line NTERA-2 cl.D1 and a mouse
fibroblast cell line transfected with a human SRY-containing
cosmid. In addition, much of the data relied only on poly-
merase chain reaction (PCR) based techniques. These can be
prone to artifacts, such as selection and amplification of
specific products, which if they are rare or shortened transcripts
will give misleading information. To date, no experiments have
described the transcript present in the human developing
gonad. Foetal gonad material is difficult to obtain in sufficient
quantities and condition necessary for a detailed RNA analysis
during the period when SRY is believed to be active, about 6
weeks post coitum just prior to testis cord formation.

In the mouse, Sry is expressed in the germ cells of the adult
testis and the somatic cells of the genital ridge (Koopman et
al., 1990). Northern analysis has demonstrated that the testis
transcript is a relatively abundant 1.3 kb molecule, but such
experiments have been too insensitive to detect Sry transcripts
in the developing gonad. Characterization of the adult testis
transcript using a variety of techniques demonstrated that it is
a circular RNA molecule. We proposed (Capel et al., 1993)
that such an unusual transcript might arise as a result of the
structure of the mouse Sry genomic locus which consists of a
large inverted repeat (absent in the human locus) extending for
at least 15.5 kb 5′ and 3′ of a 2.8 kb unique region. The latter
region contains a long open reading frame which could
produce a protein of 395 amino acids including the HMG box
DNA binding motif (Gubbay et al., 1990). However, tran-
scription initiation in the 5′ arm of the inverted repeat would
produce large primary transcripts, able to form a stem loop
structure from which the circle is spliced. These circles contain
most of the ORF and are localised to the cytoplasm, but trans-
lation is unlikely to occur as we could not detect them loaded
onto polysomes (Capel et al., 1993). Furthermore, it seems that
the gene has no critical cell autonomous function in spermato-
genesis, as XY germ cells deleted for Sry, within the founder
male chimaera carrying the Tdym1 mutation, were able to give
rise to offspring (Lovell-Badge and Robertson, 1990). These
data imply that there must be at least two transcripts, one
expressed in the adult testis which is not translated, and one
specific to the developing gonad where the gene functions.
This would not be very surprising as many genes are expressed
in different forms in the adult testis where they have no obvious
function (e.g. Meijer et al., 1987; Fischman et al., 1990; Rubin
and Nguyen-Huu, 1991; Sargent et al., 1991; Ruppert et al.,
1992).
A number of different approaches have been used by us in
an attempt to define the extent of the functional transcript
expressed in the mouse genital ridge. The screening of 11.5
dpc genital ridge phage and plasmid cDNA libraries failed to
identify any positive clones. This may have been partly due to
low cloning efficiency and the instability of this particular
insert DNA (as was seen for many genomic clones of Sry), but
may also be due to the low level of Sry expression (Koopman
et al., 1990; Capel et al., 1993). Attempts to over-express Sry
from genomic DNA in tissue culture systems have either failed
to produce any Sry transcripts or have produced them in the
circular adult testis form (Capel et al., 1993). Reverse-tran-
scription-PCR (RT-PCR) primer walking was also attempted
along the Sry locus but, due to the presence of repeat sequences
and microsatellites, results were highly variable and too unre-
liable to draw any conclusions. Similarly, because 5′ and 3′
rapid amplification of cDNA ends, RACE-PCR work effi-
ciently only when the specific primers are close to the tran-
script ends we obtained many spurious results (unpublished
observations). Primer extension at a number of sites 5′ of the
HMG box failed to yield any signal above background.

The low level of Sry expression and the spurious results
obtained from other techniques has forced us to adopt the
rigorous technique of RNase protection to analyze 11.5 dpc
genital ridge RNA and map the extent of the Sry transcript.
RACE-PCR could then be used to confirm the precise locations
of transcription initiation and polyadenylation sites. The Sry
transcript which we have mapped in the genital ridge is
different from the circular transcript in the adult testis. The vast
majority of transcripts show no splicing within the long ORF
confirming assumptions made by us and others on the likely
nature of the protein (Tucker and Lundrigan, 1993; Whitfield
et al., 1993; Coward et al., 1994; Dubin and Ostrer, 1994). We
are also able to identify several features of the Sry sequence
that may be involved in transcriptional and translational regu-
lation. Our results are consistent with the notion that a more
distal promoter is used in the adult testis. Furthermore, RNase
protection was used as a quantitative assay of Sry expression
using samples dissected from accurately staged embryos, and
it has been possible to compare the timecourse of Sry
expression with that of the anti-Müllerian hormone gene, Amh,
an early marker of Sertoli cells.

MATERIALS AND METHODS

Animals and tissues
Samples were dissected from Parkes outbred mice unless otherwise
stated. Experiments involving the p741 transgene (Koopman et al.,
1991) used line 32.10 which contains approx. 12 copies of the 14.6
kb mouse Sry genomic fragment. This line was maintained as a
backcross to MF1 outbred mice where sex-reversal is not seen. 32.10
females were then crossed either to CBA males to look for the
transgene expression in the genital ridge or to C57BL6/YAKR males
to look for expression in adult testes. For all embryo dissections it
was assumed that matings took place mid-way through the dark
period; therefore midday on the day of appearance of the vaginal plug
is approximately 0.5 dpc. For more accurate staging, e.g. Fig. 5, uro-
genital ridges were dissected from embryos after counting the number
of tail somites posterior to the hind limb bud. Under this scheme, an
embryo with 8 tail somites is approximately 10.5 dpc, 18 somites is
11.5 dpc and 30 somites is approximately 12.5 dpc.
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Genotypic sex was ascertained by staining for sex chromatin in
amniotic cell nuclei as described by Palmer and Burgoyne (1991). For
the experiment involving transgenic mice, embryos were genotyped
from crude tail lysate by multi-gene PCR. The primers used were
specific for Zfy-1 (5′-CCTAT TGCAT GGACA GCAGT CTTATG-
3′ and 5′-GACTA GACAT GTCTT AACAT CTGTCC-3′) to identify
Y chromosome carriers and for the p741 Sry transgene (5′-GAGGG
CATGG TCAGT TGAAC-3′ and 5′-CTCAG TGTGG AATTC
ATCTG C-3′), the latter pair making use of the head-to-tail con-
catamer arrangement of the 14.6 kb sequences in this line. PCR con-
ditions were as in Koopman et al. (1991), except that reactions were
carried out in 25 µl final volumes. Primers for myogenin were
included in each reaction as a positive control for the quality of the
lysate generated from each embryo.

RNA extraction
RNA from post partum tissue samples was prepared by the guani-
dinium thiocyanate-cesium chloride method (Chirgwin et al., 1979).
For embryonic samples we used the method described by Sargent et
al. (1986) except that the first phenol/chloroform extraction was
carried out by mixing the homogenate with 0.5 volumes of water-
saturated phenol, and then adding 0.5 volumes of chloroform before
centrifugation at 4°C. RNA samples were stored at −70°C in iso-
propanol.

RNase protection probes
The probes used were as follows: probe 2, NheI (at base pair 6937 in
the p741 Sry genomic sequence) – XbaI (bp 8298) genomic fragment
subcloned into the XbaI site of pTZ18R (Pharmacia), the phagemid was
linearised with BspH1 (bp 7927) and transcribed with T7 RNA poly-
merase; probe 4, BglII (bp 8211) – PstI (bp 8575) fragment subcloned
into PstI/BamHI sites of pBluescriptKS (Stratagene), linearised with
NotI in the polylinker and transcribed with T3 RNA polymerase; probe
8, EcoRV (bp 8714) – HindIII (bp 9666) fragment, subcloned into
EcoRV/HindIII sites of pBluescriptSK (Stratagene), linearised with
SfaNI (bp 9150) and transcribed with T7 RNA polymerase; probe 16,
AflII (bp 11317) – AvaII (bp 11694) fragment, subcloned blunt into
EcoRV site of pBluescriptSK, linearised with HindIII in polylinker and
transcribed with T3 RNA polymerase; probe 21, MspI (bp 10154) –
BglII (bp 13152) fragment, subcloned blunt into EcoRV site of pBlue-
scriptSK, linearised with HindIII (bp 12791) and transcribed with T3
RNA polymerase; probe 19 (sense), FokI (bp12185) – XbaI (bp 12629),
subcloned blunt into EcoRV site of pBluescriptSK, linearised with
HindIII in the polylinker (so that a sense riboprobe is transcribed when
T3 RNA polymerase is used); Amh probe, 315 bp PstI SacI Amh
fragment (over the transcription start site) was sub-cloned into pBlue-
script KS, linearised with HindIII (in the polylinker) and transcribed
with T7 RNA polymerase. Transcription was carried out in the presence
of 800 Ci/mmole [32P]UTP (Amersham) as described in Krieg and
Melton (1987). Riboprobes were electrophoresed on a 6% polyacry-
lamide, 8 M urea gel, full length probe was excised and eluted from gel
in a solution of 0.5 M ammonium acetate, 1 mM EDTA, 0.1% SDS;
before being precipitated in ethanol (details of other probes shown in
Fig. 1B are available on request).

RNase protection
Between 2 µg and 5 µg of total RNA was hybridized for 8-18 hours
with 4×105 cpm of RNA probe in 20 µl of 80% formamide, 40 mM
Pipes (pH 6.7), 0.4 M NaCl, 1 mM EDTA and then digested with 400
µl of 0.5 M NaCl, 10 mM Tris pH 7.5, 1 mM EDTA and 100 U RNase
T1 and 2.5 µg RNase A per ml at 37°C for 30 minutes. After pro-
teinase K treatment and phenol-chloroform extraction, samples were
ethanol precipitated and electrophoresed on 6% polyacrylamide, 8 M
urea gels. Gels were exposed on PhosphorImager screens for a period
of two to seven days for quantitative analysis (ImageQuant software)
before being autoradiographed for seven days at −70°C with intensi-
fying screens. For critical points in the protection walk experiments
were repeated at least ten times, and more than twice elsewhere. The
complete timecourse experiments as shown in Fig. 5A,B were
repeated twice with independent samples (and a number of partial
experiments gave comparable results).

RACE-PCR
3′ RACE-PCR
Experiments were undertaken over a number of sites 3′ to the Sry
ORF. RACE-PCR products were obtained at two sites. The major
polyadenylation site (at bp 12970) was located as follows. Genital
ridge RNA was reverse transcribed using the dT17-R1-R0 adaptor
primer (Frohman et al., 1988) as described previously (Koopman et
al., 1990). Primers R0 and Y54A (from bp 12768; 5′-CCCTG
GGATA CTGTT CTTCT GG-3′) were incubated for 7 minutes at
95°C, Taq polymerase was added and second strand cDNA synthesis
carried out at 75°C for 5 minutes, 50°C for 2 minutes and 72°C for
15 seconds, followed by amplification for 30 cycles (91°C 45 seconds,
50°C 45 seconds, 72°C 1 minutes). Southern analysis of the PCR
products showed a discrete band. PCR products were digested with
HindIII, which cuts the Sry sequence immediately downstream of the
primer Y54A, and ClaI (which cuts in the adaptor primer) and cloned
into HindIII/ClaI pBluescript SK (Stratagene). One in forty clones
was positive after screening by hybridization with HindIII (bp
12790)/BglII (bp13149) probe. Two of the positive clones were
sequenced and found to contain identical Sry inserts.

The minor 3′ RACE-PCR product (at bp 11575/6) was obtained
using a similar method as above but with two rounds of PCR. The
first round of PCR was undertaken with primers R0 and Y53A (from
bp 11395; 5′-CAGTT AAAAG ACTGT TCTCT AG-3′), and the
second round with R1 and Y48A (from bp 11421; 5′-CAATG
GAACA GTTAG CTGGC A-3′). PCR products were ligated into
HincII digested pBluescript SK and 20 colonies were minipreped and
digested, and two were sequenced.

5′ RACE-PCR
Genital ridge RNA was analyzed as described in Capel et al. (1993).
The first round of PCR was carried out using R0 and BY1A (from bp
8236; 5′-TGTAG GGCTG AACAC TA-3′) for 30 cycles, followed
by a second round using R1 and BY1A. PCR products were digested
with BglII (this cuts in the Sry sequence upstream of the primer
BY1A) and ClaI (which cuts in the adaptor primer) and cloned into
BglII/ClaI digested pBluescript SK. 36 clones were screened for
hybridization with labelled oligonucleotide Y15A (from bp 8068; 5′-
AAGTT TTGAC TTCTG TATCT GTCTG-3′) which lies upstream
of BY1A.

RESULTS

Analysis of the Sry transcript in the developing
gonad
RNase protection experiments were initially carried out using
probe 4 (Fig. 1A) which spans the HMG box region. A pro-
tection walk was then carried out moving in both directions
using overlapping probes. A subset of the probes used is shown
in Fig. 1A. In all experiments the RNAs used were from pooled
11.5 dpc genital ridges; adult testis (>6 weeks); SN18, a stably
transfected cell line known to give the same Sry transcript as
adult testis (Capel et al., 1993); and liver, as a negative control.
Position within the Sry locus is according to the numbering of
Genbank accession number, X67204.

5′ analysis of Sry
A protected fragment of 97 nucleotides (nt) seen with probe 2
reveals the use of the splice acceptor site (see Capel et al.,



1606 A. Hacker and others

(14625)

EcoRI

14430
142341141710024

85468310

625934133220954(0)

HMG Box

8310 8546

BspHI
7833 BglII

XbaI
PstI SfaNI Hind III

Afl II Ava II Hind III
BglII

13149

4
1

3

2

5
6

7
8

9
10

11
12

13

14
15

16
17

18
19

20
21

Inverted repeatInverted repeat

Inverted repeat
10219

Genital ridge

176

361377516364

270

Testis
361377516

282

364

97
371

A

B

Fig. 1. RNase protection walk
through the Sry genomic locus.
(A) Diagram of the Sry
genomic locus. RNase
protection probes have been
used in a walk 5′ and 3′ of the
sequence encoding the HMG
box (box at bp 8310-8546) to
map Sry transcripts in the
developing male gonad and the
adult testis. The highlighted
probes are those used for
experiments shown in C, and
restriction sites used to
generate these probes are
indicated. (B) Summary of the
RNase protection results for
testis and genital ridge samples
using probes highlighted in A.
Numbers refer to the sizes of
the protected fragments. The
major RNA species detected
are represented by the solid
line and minor species (<10%)
by the dashed line. (C) RNase protection using probes highlighted in A. Probe 4 protects the region encoding the HMG box; probes 2 and 21
highlight the multiple transcriptional start sites and the polyadenylation site of the genital ridge transcript; probe 2 and probe 8 mark the splice
acceptor and splice donor of the testis transcript; probe 16 gives a partially protected fragment (d) representing the minor polyadenylation site
(<10%) of the genital ridge transcript (as identified by RACE-PCR). The multiple bands seen with probe 2 using testis RNA are due to
‘breathing’ in the RNase digestion, other probes give a single band. Total RNA was hybridized; 5 µg of testis (T), liver (L); 2 µg SN18 (S) or 5
pairs of pooled unsexed 11.5 dpc genital ridges (G). In addition an RNase protection using probe 19 (sense) located within the 5′ arm of the
inverted repeat is shown. Total RNA was hybridized; 5 µg of tesis (T), liver (L) and 5 pairs of 11.5 dpc XY genital ridges (G).

C
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1993) at position bp 8201 in adult testis RNA (Fig. 1C). Using
genital ridge RNA, no 97 nt fragment was observed with this
probe, indicating that there is no splicing at this site. However,
three major and one minor protected fragments of 259-272 nt
were seen, which we believe correspond to
multiple transcription start sites. Consistent
results have been obtained by repeating this
protection at least ten times. In addition,
three different probes of varying sizes over
this region have revealed the use of the same
sites (data not shown), which map between
bp 8027-8039. None of these sites are
adjacent to an AG characteristic of splice
acceptors, so transcription from these sites
could be due to two upstream AT rich regions
which are possibly degenerate TATA boxes
(see Fig. 2A). There may also be some tran-
scription initiation further 5′, as shown by the
faint band at 371 nt corresponding to
complete protection of the Sry sequences in
the probe. However, this is a very minor
component of the total transcripts (less than
5%). The use of the sense probe 19, which
due to the inverted repeat is identical to using
an antisense probe over the region bp 5046-
5490, demonstrates that no genital ridge tran-
scripts extend into the 5′ arm of the inverted
repeat (Fig. 1C) unlike in the adult testis (see
below).

In order to verify further the RNase pro-
tection data, 5′ RACE-PCR was carried out
using primers just 5′ of the HMG box. A
broad band was detected at the size
expected from the RNase protection data.
The band was excised, ligated into a
BglII/ClaI digested vector and a number of
clones were obtained and sequenced. The
majority (7 out of 11 clones) demonstrate
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Fig. 2. (A) Features of the mouse Sry locus. The
nucleotide 1 (and also amino acid 1) corresponds to
bp 8303 within the 14.625 kb genomic clone. The
long open reading frame of the gene is shown as a
large box with the initiator methionine (M); red
bands mark glutamine repeats; the HMG box is
highlighted in pink; the 5′ and 3′ untranslated
regions are shown as thin blue boxes. Features of
interest are shown: the TATTA degenerate
promoter element, three transcription initiation
points, two short open reading frames (m); the SA
and SD refer to the splice acceptor and splice donor
sites used by the transcript expressed in the adult
testis; transcript instability sequences (ATTTA) and
polyadenylation signals (AATAAA). The inverted
repeat is shown by arrows. Also marked is the TAG
stop codon identified in domesticus type Sry
sequences and the position of the variable number
of glutamines (−). (B) The Sry open reading frame.
The diagram shows the Sry open reading frame
emphasizing the nature of the large
glutamine/histidine repeat region at the carboxy
terminal. The HMG box is highlighted in red.
transcription initiation between bp 8035 and 8039. This is in
approximate agreement with the protection data. Although
the protection identified two additional neighbouring sites it
is possible that the PCR amplification does not favour these.
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Four shorter clones were obtained that begin further 3′, two
at bp 8107 and two at bp 8099. These may correspond to rare
transcription initiation sites not detected by the protection
assay or, more likely, may arise due to PCR slippage along
the very T rich microsatellite. No clones were identified as
extending beyond bp 8035, which, in combination with the
protection data, implies that there is no additional exon
spliced to this site.

3′ analysis of Sry
3′ of the HMG box, probes 5, 6 and 7 show complete protec-
tion of Sry sequences with both genital ridge and testis
samples. As expected, protection of probe 8 with testis RNA
gives a major 282 nt fragment (Fig. 1C) which is consistent
with use of the splice donor at position bp 9432 (Capel et al.,
1993). In the genital ridge a minor proportion (<10%) of the
transcripts also appear to splice here. These do not seem to cor-
respond to the circle as shown by RT-PCR (Capel et al., 1993
and data not shown). Attempts to use 3′ RACE-PCR to identify
sequences spliced to this donor site have consistently failed.
However, the vast majority of transcripts extend further 3′. In
fact, full protection of Sry sequences is observed with probes
9 to 20. Despite the presence of two AATAAA consensus
polyadenylation sequences, which are spanned by probes 11
and 14, no major site of splicing or polyadenylation is apparent
until probe 21. With this probe a 176 nt protected fragment can
be observed. We believe this corresponds to the major
polyadenylation site of the genital ridge transcript although
approx. 25% of the transcripts extend further.

3′ RACE-PCR confirmed the position of the major genital
ridge polyadenylation site to be at bp 12969, 16 nt down-
stream from an AATAAA consensus polyadenylation signal.
3′ RACE analysis of regions throughout the 3′ end of the
genomic locus identified another site at bp 11575/6, but this
is clearly a minor polyadenylation site. When the probe
covering this region (probe 16) was used in RNase protection
it gave a protected fragment of expected size (d on Fig. 1C)
at low levels (<10% of total signal). Furthermore, two rounds
of PCR amplification were required to recover this RACE
product compared with just one for the major polyadenylation
site.

In the adult testis, the major RNA species detected is the
exon comprising the circular transcript; however, a minor pro-
portion (<5%) of unspliced transcripts were also found. These
transcripts are not artefacts of the protection assay as they are
resistant to digestion with DNase and the signal is completely
absent in assays using adult liver RNA prepared in the same
way. The Sry sequences in all probes used (e.g. 2, 8, 16, 21
and probe 19s in Fig. 1C) have been completely protected;
demonstrating the presence of large transcripts extending from
at least bp 5046 in the 5′ arm of the inverted repeat to bp 13149
in the 3′ arm. We believe that the circular transcripts are spliced
from these large (>8103 bp) transcripts. In contrast to the cyto-
plasmic localisation of the circular transcript, these large
possibly primary transcripts have been localised to the nucleus
(Capel et al., 1993).

The data presented above are consistent with the majority of
the Sry transcripts within the genital ridge comprising a single
exon beginning 5′ of the HMG box at approximately bp 8035
extending through the HMG box DNA binding motif, CAG
repeat and into the 3′ arm of the inverted repeat to bp 12969.
Analysis of the ORF
There are three ATGs 5′ of the region encoding the HMG box
(Fig. 2A). The first and second ATGs are followed by short
ORFs of 9 and 3 amino acids respectively. The third ATG (at
position 8295) is followed by a large ORF of 395 amino acids
(Fig. 2B), encoding a protein containing the HMG box DNA
binding domain. This binding domain is flanked by a short 2
amino acid N-terminal domain and a large 314 amino acid C-
terminal domain which is characterized by a large repeat, rich
in glutamines and histidines. In Mus musculus domesticus Sry
alleles this glutamine repeat is truncated by the presence of a
stop codon (Fig. 2A) thereby producing an ORF of 234 amino
acids (see Discussion). Downstream of this region the next
largest ORF within the Sry transcription unit could encode 141
amino acids. However, this ORF, which begins at bp 11475,
contains a large microsatellite with a variable TC nucleotide
repeat and has a poor translation initiation consensus sequence
around the ATG.

Comparisons between mouse and human SRY
Regions of homology may denote functional protein domains
or positions of common regulatory elements. However, com-
parison of the human adult testis transcript with the mouse
genital ridge transcript reveals a surprising number of differ-
ences. Mouse Sry has a large 5′ UTR of approx. 273 nt
followed by an ORF of 395 amino acids and a large 3′ UTR
of 3481 nt. Human SRY has a shorter 5′ UTR of approx. 77 nt,
an ORF of only 204 amino acids and a short 137 nt 3′ UTR.
Within the transcription units the only region of homology is
the HMG box domains (89% identity). However, two short
regions of lower homology have been identified outside the
transcripts, both lying 5′ to the HMG box. One region of
approx. 150 bp in length is located at the human and mouse
transcription start sites and shows 62% homology; a second
region lies approx. 1520 bp upstream of the human and approx.
1900 bp upstream of the mouse start sites and is 68% homol-
ogous over 95 bp (Fig. 3). Examination of the GCG Wisconsin
data base has failed to identify any transcription factor binding
sites at either location common to both human and mouse.

Sry transcripts in transgenic mice
We have examined expression of Sry in mice transgenic for the
14.6 kb genomic Sry clone, p741. This transgene is known to
be capable of producing XX sex-reversal and expression of the
transgene at 11.5 dpc had previously been shown by RT-PCR.
However, it was not known whether the transgene contained
all elements necessary to elicit the correct pattern of expression
or the nature of the transcripts in genital ridge and adult testis.

Because XX Sry male mice lack germ cells in the adult
testis we have examined expression of the transgene in XY
transgenic mice. In order to distinguish transgene expression
from endogenous Sry expression we have made use of the
fact that p741 was derived from strain 129 mice and can be
distinguished from the Sry locus in the AKR strain by virtue
of a number of polymorphisms within the CAG repeat region
3′ of the HMG box (our data not shown; Coward et al.,
1994). To obtain transgenic animals of the correct genotype,
we made use of one of our lines of mice, 32.10, which shows
incomplete penetrance, producing XX Sry transgenic
females or males, depending largely on genetic background
(Vivian and R. L.-B., unpublished data). Female transgenics
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.         .         .         .         .
  GTTTTGCTTGACAGTATCTAGGTTCATGAGATGGCTTCAAAGTAGATTAG  7949 M
||||||||||| | |   ||  ||  | ||    ||      |||  | |    

  GTTTTGCTTGAGAATGAATACATTG.TCAGGGTACTAGGGGGTAGGCTGG  7894 H

.         .         .         .         .
  TTGGGCTGGACTAGGGAGGTCCTGAAGGAGGAGGGATAAATATTTTCTTA  7999 M
|||||| ||  |  || |||  ||| || ||||  ||  |  |||  |||

  TTGGGCGGGGTTGAGGGGGTGTTGAGGGCGGAGAAATGCAAGTTTCATTA  7944 H

.         .         .         .       
  CACACGTTAA.ATATTAAAATCTTTGTTACAAGCACATTTTGGTCAGT  8046 M
|| | |||||  ||  |||   | || || |||    ||||||  |||

  CAAAAGTTAACGTAACAAAGAATCTGGTAGAAGTGAGTTTTGGATAGT  7992 H

.         .         .         .         .
  AATCCACAAATGACATGGAGAAACAAT.AGCAGAAACTCTCCAGAG....  6083 M
||||| |||| || |  | | | | |  ||||| ||||| ||| |      

  AATCCTCAAAAGAAACCGTGCATCCACCAGCAGTAACTCCCCACAACCTC  6398 H

.         .         .         .         .
  ....AAAGAGACATAAGCACCCATTGGGATGGATATA.TTTGTATTCATT  6128 M

|   || | | |||| |||||    ||| | || | | ||||||||
  TTTCATCCAGTCCTTAGCAACCATTAATCTGGTTTTAGTCTCTATTCATT  6448 H

  TGTGTT  6134 M
||  || 

  TGCCTT  6454 H

 3. Regions of homology between mouse and human Sry. Two areas of
ology between mouse and human Sry 5′ of the HMG box are shown,

first abuts the transcriptional start sites, the second lies 2-3 kb further
ream.
can be crossed with XYAKR males to produce XYAKRSry
transgenic males which have normal testes. By using a probe
over the polymorphic region (probe 8) it was possible to dis-
tinguish transgene expression from endogenous AKR Sry
expression in an RNase protection assay. The transgene was
expressed in the adult testis using the splice donor, thereby
implying that the transcript exists in its circular form (Fig.
4A).

We have also confirmed by RNase protection that expression
of Sry in the 11.5 dpc developing gonad of XXSry transgenics
gives rise to the linear form using the same transcription start
sites but at approximately 40% of the level as their XY siblings
(Fig. 4B). This low level of expression may be responsible for
the incomplete penetrance of the sex-reversal in the 32.10
transgenic line, but given the profile of Sry expression as
revealed below, many more samples and an accurate time-
course need to be analysed.

Quantitative time course of Sry and Amh expression
Previous experiments examining the expression of Sry have
used a non-quantitative method of RT-PCR which defined the
window of expression loosely. We have used RNase protec-
tion assays as a quantitative method and have accurately staged
samples so that a fine timecourse of Sry expression can be
achieved. This timecourse has been carried out using probe 2
(Fig. 1) which can distinguish a spliced (97 nt protected
fragment) testis type of transcript from a linear (approx. 270
nt protection) genital ridge transcript.

Sry expression is first observed in its linear form at 11/12
tail somite stage, expression peaks at 18 somites, turning off
just after the 27 tail somite stage (these stages are equivalent
to about 10.5 dpc, 11.5 dpc and just before 12.5 dpc respec-
tively). Sry in the post partum testis gives rise to the circular
transcript at 28 dpc, approximately coincident with the
first wave of spermatogenesis and development of round
spermatids (Fig. 5A).

Anti-Müllerian hormone has been proposed as a
direct target for the action of SRY (see for example
Haqq et al., 1993, 1994). An Amh timecourse was
undertaken to define its temporal window of expression
precisely in relation to the expression of Sry. A probe
over the region of the Amh transcription start site was
used for this analysis (Münsterberg and Lovell-Badge,
1991). We have identified at least three start sites, the
major one lies approx. 10 nt upstream of the ATG
(similar to that observed in human AMH). Full protec-
tion of Amh sequences in the probe corresponds to a
mRNA being transcribed from a neighbouring ubiqui-
tously expressed gene (Dresser et al. unpublished data).
We have used this signal as a ‘loading control’
allowing us to normalise for the quantity of RNA used.
Using the same samples as were used for Sry,
expression of Amh is just detectable at the 18 tail
somite stage and increases. After 7 dpp, transcript
number gradually declines, reaching a low level at 43
dpp (Fig. 5B). Phosphoimager quantitation of the Sry
timecourse and an Amh timecourse normalised with the
loading control, has allowed expression to be repre-
sented graphically (Fig. 5C). Amh expression initiates
when Sry expression is at its peak but continues to
increase after Sry transcription is turned off.
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DISCUSSION

Methodical use of RNase protection mapping in combination
with 5′ and 3′ RACE-PCR has been used to accurately
determine the transcription unit of the Mus musculus musculus
Sry gene within the developing gonad. The majority of tran-
scripts comprise a single exon of 4942 bp, which initiate 283
bp 5′ of the HMG box and extend into the 3′ arm of the inverted
repeat. This confirms at least two predictions. First, there is no
splicing within the single long ORF. Secondly, we show that
the genital ridge transcript starts within the unique region of
the Sry genomic locus, whereas the testis transcript initiates
somewhere within the 5′ arm of the inverted repeat. This
suggests that there must be two promoters for mouse Sry, a
distal one, specific to the germ cells of the adult testis, and a
proximal one, specific to the somatic cells of the genital ridge.
Large transcripts produced from the distal promoter would
lead, via an unusual splicing event, to the formation of a
circular transcript which is unlikely to be efficiently translated,
whereas transcription initiating from the proximal promoter
would lead to a normal linear transcript presumed to give rise
to functional SRY protein.

The protein encoded by Sry can now be predicted with more
certainty, based on this detailed analysis of the transcription
unit. 5′ of the HMG box within the transcription unit, there are
three ATGs at bp 8193, 8242 and 8304. From these ATGs
extend ORFs of 9, 3 and 395 amino acids respectively. It is the
third of these ATGs that lies in an almost optimum locale, (as
defined by mutational analysis, see Kozak, 1986b, 1987a, b;
Grünert and Jackson, 1994) from which a large ORF, contain-
ing the HMG box, extends. However, the first ATG is flanked
by a reasonable translational initiation sequence and must be
considered as a site from which some translation might occur.
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The short ORF associated with this ATG may, in the event of
translation being initiated, allow scanning of the ribosomal 40S
unit to resume until the next suitable ATG is reached (Kozak,
1983). A feature of the 5′ UTR is the presence of a TCTG
microsatellite. This might give rise to secondary structure
which could reduce translational efficiency from any of the
Fig. 4. Expression of Sry in mice transgenic for a 14.6 kb genomic
fragment. (A) RNase protection assay on total adult testis RNA (5
µg) was carried out using antisense probe 8 (derived from a 129 Sry
genomic clone). The AKR adult testis RNA shows no protected
fragments. The 32.10 × AKR adult testis RNA shows a major
protected 282 nt and a minor 516 nt fragment corresponding to the
circular and unspliced transcripts. The expression is entirely due to
the transgene. (B) RNase protection assay was carried out using
antisense probe 2. XX transgenic (Tg) and their XY sibling 11.5 dpc
gonads (G) were assayed (the number of genital ridges used in each
lane are indicated). A protected fragment of approx. 270 nt
demonstrates normal linear Sry transcription in the transgenics. The
97 nt fragment representative of the splice donor of the testis
transcript is not seen in any of the gonad lanes.

B

A

ATGs (Pelletier and Sonenberg, 1985; Kozak, 1986a, 1990).
The presence of multiple upstream ATGs and possible
secondary structure might act to downregulate translation of an
already rare Sry transcript. The 5′ UTR of human SRY as
defined in testis, NTERA-2 cl.D1 and transfected cell lines
does not show any of these features (Vilain et al., 1992; Behlke
et al., 1993; Clépet et al., 1993; Su and Lau, 1993). However,
the single ATG lies in a non-optimal context which may also
lead to inefficient translation.

The large ORF of mouse SRY (395 amino acids) is
composed of the 79 amino acid HMG box flanked by a short
two amino acid N-terminal domain and a 314 amino acid C-
terminal domain characterized by a glutamine/histidine rich
repeat region. The human SRY ORF is completely different.
It is considerably smaller, consisting of only 204 amino acids
with the HMG box flanked by a 57 amino acid N-terminal
domain and a 68 amino acid C-terminal domain. Furthermore,
the glutamine repeat, which appears as the major feature of the
C-terminal domain of the mouse SRY protein, is completely
absent in human SRY. Glutamine repeats, such as the one
present in mouse SRY, have been identified in the context of
genes that are associated with a number of diseases including
spinal bulbar muscular atrophy, Huntington’s disease and
Spinocerebellar ataxia type 1 (for brief review see Green,
1993). A direct correlation between the number of glutamines
and the onset of disease has been made. This can be either by
expansion or by contraction of repeats (Huntington’s Disease
Collaborative Research Group, 1993; Mhatre et al., 1993; Orr
et al., 1993; Schoenberg et al., 1994)). The role of glutamine
repeats in the function of proteins is yet to be fully understood.
Glutamine repeats that occur in transcription factors may act
as an activation domain (Gerber et al., 1994); removal or
addition of extra glutamines modifies the properties of such a
region (Mitchell and Tjian, 1989). As human SRY lacks a
glutamine repeat its mode of action may be different from the
mouse protein. Perhaps the human protein needs to interact
with an additional protein that contributes an activation
domain. However, the importance of the glutamine rich
domain to SRY function in the mouse is difficult to understand.
Sequence analysis of the ORF of SRY in a variety of mouse
species (Coward et al., 1994, and our observations) has iden-
tified a mutation (marked by TAG at amino acid 234 in Fig.
2A) within the glutamine repeat of mice with a Mus musculus
domesticus Y chromosome. This would lead to a truncated
protein with loss of approximately half of the repeat region.
Such Sry alleles clearly function, suggesting that this domain
is not very important. It has been proposed that the presence
of other polymorphisms within the locus may be responsible,
in conjunction with this stop codon, for cases of sex-reversal
when the Y chromosome of certain M.m.domesticus mice is
placed on a C57BL6 background. For example, in Sry from the
Poschiavinus Y chromosome one particular glutamine repeat
region (marked by ‘-’ in Fig. 2A) is contracted by a single
amino acid, in the case of AKR an additional glutamine is
present. The modification of the glutamine repeat may result
in alteration of an activation domain thereby altering the inter-
action of SRY with target DNA or other proteins. However,
recent data by P. Tucker (personal communications and Miller
et al., 1994) has suggested polymorphisms are frequent within
this region of the SRY ORF in wild mice. Sex-reversal seen
with Sry alleles which have variations in the repeat sequence
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B

A
may therefore simply reflect differences
elsewhere, for example in regulatory regions.

Within the large 3′ UTR (3481 nt) there are
several features that may affect the stability of
the RNA and efficiency of its translation. The
presence of four ATTTA sequences, occurring
between bp 9720 and 9790, may have a role in
destabilising the RNA. Such sequences have
been found in other genes e.g. GM-CSF and c-
fos (Shaw and Kamen, 1986; Wilson and
Treisman, 1988) where it is believed that an
ARE-binding protein interacts with them to
stimulate deadenylation (for review see Sachs,
1993; Decker and Parker, 1994). Polyadenyla-
tion itself is also likely to be carefully controlled.
Within the long 3′ UTR there are three
AATAAA consensus polyadenylation signals
but the first two are not used. The third, at which
the majority of transcripts are polyadenylated,
also has a (GT)n (T)n domain 17 nt downstream
of the AATAAA thought to be important in
poly(A) site selection (Levitt et al., 1989).
Clearly there is selective use of a polyadenyla-
tion site. By using the third AATAAA signal a
large 3′ region extending into the inverted repeat
is maintained within the transcript. We also
identified an additional polyadenylation site at
bp 11575/6. This is representative of a minor
(<10%) proportion of the total transcripts and is
preceded by an unusual AATATA signal. This
site has also been identified independently by P.
Koopman (personal communications). RNA
specific oligonucleotides for RT-PCR can be
designed based on either the major or minor
polyadenylation sites. Unfortunately, the former
is very AT rich and gives inconsistant results,
however the latter is reliable (data not shown,
and P.Koopman, personal communications).
The human SRY transcript is different in this
respect as well. All transcripts polyadenylate at
the first AATAAA signal outside the ORF.

The presence of a wide variety of features
contained within the Sry transcript, namely
multiple ATGs, microsatellites in the 3′ and 5′
UTRs, ATTTA destability sequences and
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Fig. 5. Timecourse of expression of Sry and Amh in the developing
gonad and testis. Total RNA was prepared using four pairs of sexed
male genital ridges, 3/4 of the RNA was used in A, 1/4 used in B; 5 µg
of post partum testis and liver (L) were used in hybridizations.
(A) Sry expression was analysed using antisense probe 2 to
distinguish linear (large 270 nt protection) and circular (small 97 nt
protection) transcripts. B=225 blastocysts. (B) Expression was
analysed using an antisense probe over the 5′ end of Amh. One major
(d) and two minor (s) transcriptional start sites are observed.
Expression of Amh at the 18 tail somite stage is more obvious with
longer exposures. (C) RNase protection data for expression of Sry
and Amh in males were quantitated using a Molecular Dynamics
computer imaging system. The relative amounts of Sry and Amh
transcripts were plotted taking expression of Sry at 18 tail somites
and of Amh at 30 tail somites to be 100%.
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specific choice of polyadenylation sites, all imply posttran-
scriptional regulation that may have a role influencing the rate
and period of translation. This is in addition to the precise
temporal and quantitative transcriptional regulation of the
gene. In humans, there is no evidence for tight regulation of
expression, in fact expression has been observed using RT-
PCR in both adult and fetal tissues (Clépet et al., 1993). This
could support the idea that the presence of an interacting
protein is necessary to trigger the activity of human SRY in a
tissue specific manner. 

From 28 dpp Sry transcripts are seen in the testis in their
circular form. This coincides approximately with the first
occurrence of round spermatids (Nebel et al., 1961; Bellvé et
al., 1977). Such data are consistent with expression of Sry in
purified round spermatids in testis cell separations (Rossi et al.,
1993) and the fact that Sry expression is absent in adult testes
of XX Sxr males which are devoid of germ cells (Koopman et
al., 1990). It seems likely that these transcripts are non-func-
tional and may just reflect deregulated expression of genes on
the Y chromosome (see Introduction). We have shown here
that there are large perhaps primary transcripts in adult testis
of more than 8 kb. Analysis of the 32.10 transgenic line on an
AKR background suggests that a distal promoter element that
gives rise to these transcripts lies in the 5′ arm of the inverted
repeat within the p741 14.6 kb clone. This is presumed to be
different from that used in somatic cells of the genital ridge.
The latter is presumed to be in the unique region flanking the
observed initiation sites. The distal promoter gives a transcript
containing both 5′ and 3′ arms of the inverted repeat which
could hybridize to form a stem loop structure allowing splicing
from splice donor and acceptor to give a circular exon. No
circular transcripts have been identified in the genital ridge as
the splice acceptor is not used (probe 2, Fig. 1), despite the
transcript containing both splice acceptor and donor. The
simple explanation is that the genital ridge RNA cannot form
a stem loop as it lacks 5′ inverted repeat sequences.

We have been unable to demonstrate any transcription ter-
mination or polyadenylation for the adult testis transcript. Pre-
sumably when the RNA is spliced to give the 1.23 kb circle
the remaining ‘intron’, which will be mostly double stranded
RNA, is rapidly degraded. Under these circumstances the
presence or absence of a poly(A) tail would have no affect on
the stability of the remaining transcript fragments. We have
been unable to define the transcription initiation site used in
adult testis, although it probably lies in the 5′ arm of the
inverted repeat within the 14.6 kb clone. Since the sequence
surrounding this promoter is repeated at the 3′ end of the Sry
locus it might be expected that antisense transcripts would
arise. We have not detected antisense transcripts over the
region of the HMG box (data not shown). By sequencing
further into the 3′ repeat it may be possible to identify poly-
morphisms which serve to prevent antisense transcripts from
occurring. Similarly, despite the knowledge that the promoter
of the genital ridge transcript lies within the unique region, the
whereabouts of any enhancer elements is unknown but their
location within the inverted repeat would result in the presence
of two copies, possibly acting synergistically. This could
explain why the inverted repeat structure is maintained. Alter-
natively it could be a relic of multiple copies of Sry, as has
been observed in other rodent species (Nagamine, 1994).

Recently, using RT-PCR analysis (Gaudette et al., 1993;
Zwingman et al., 1993; Boyer and Erickson, 1994), expression
of Sry has been observed at a third site, namely the pre-implan-
tation embryo. We have used RNase protection to analyse blas-
tocysts for expression of Sry but have been unable to detect
any transcripts (e.g. lane B Fig. 5A). Our RNase protection
assays should have been sensitive enough to detect the 3.2×105

copies of Sry that Gaudette et al. (1993) suggest are present in
a single blastocyst. There is no obvious role for Sry in pre-
implantation development. Although it has been proposed that
it could account for differences in embryonic growth rate of
XY and XX embryos (e.g. Zwingman et al., 1993), this now
seems unlikely as lack of Sry has been shown to have no effect
(Burgoyne et al. unpublished data). Perhaps any transcription
of Sry in the pre-implantation embryo is the same as in sper-
matids and reflects de-regulated expression.

Since we know the initiation sites for the mouse and human
transcripts it is possible to align sequences 5′. This reveals two
regions of limited homology. One abuts these initiation sites,
but considerable differences are still apparent. In human SRY
there is no obvious TATAA box element, whereas in the mouse
this region is very AT rich, containing the sequence
TTAAATATTAAAAT, which may represent a slightly degen-
erate and expanded TATA box. The lack of any consensus
TATA box may be responsible for the presence of multiple
initiation sites for both human and mouse SRY. Additional
elements often associated with promoter regions appear to be
lacking, for example there are no obvious Sp1 binding sites.
The other region of homology lies 1520 bp 5′ of the mouse and
1900 bp from the human transcription initiation sites.
However, a search of the transcription factor binding site
database (GCG Wisconsin) identified no sites common to both
sequences in this region.

The regulation of Sry must involve a combination of tran-
scription factors, which define the level of expression, and the
spatial and temporal pattern. Such factors must be present in
both male and female embryos. It is important to define the
profile of Sry expression precisely to correlate it with cellular
and molecular events. The data presented here are in approxi-
mate agreement with those reported previously (Koopman et
al., 1990; Rossi et al., 1993), however such data were obtained
with pooled material from only crudely staged embryos. The
use of carefully staged embryos allows independent compar-
isons with expression profiles of other genes. We find that Sry
transcription begins after the genital ridge has developed as a
prominent structure (approx. 10.5 dpc, 11/12 tail somites). This
process is believed by many to involve an epithelial to mes-
enchymal transition. This must however, begin at approxi-
mately 10 dpc. From our data, it appears that Sry expression is
not coincident with this, but occurs later, presumably within
cells committed to the supporting cell lineage. Sry transcripts
accumulate over the next 24 hours, reaching a peak at approx.
11.5 dpc (18 tail somites) and then decline sharply so that none
are detected 22 hours later. Morphological organisation of cells
in the genital ridge to form testis cords occurs over this period.
It is assumed that Sry is responsible for triggering the differ-
entiation of Sertoli cells, but it is clearly not required for the
maintenance of the differentiated state. Conversely, if testicu-
lar differentiation fails, as with B6-YDOM sex-reversal,
expression of Sry is prolonged (Lee and Taketo, 1994).

Any direct downstream target gene for SRY would be
expected to begin its expression shortly after Sry expression is
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initiated. One of the first products known to be made by Sertoli
cells is AMH. Previous experiments had suggested that there
was little or no overlap between Sry and Amh expression
(Koopman et al., 1990; Münsterberg and Lovell-Badge, 1991)
making it unlikely that there was a direct link between the two.
However, we show here that Amh transcripts begin to accu-
mulate once Sry transcription is at its peak. There is still a 20-
hour delay after Sry transcription has started, which allows
room for intervening step(s), but it is at least formally possible
that there is a direct interaction between SRY and Amh. We
and others have been unable to demonstrate significant binding
of SRY to the Amh promoter region (Harley et al., 1994; Shen
et al., 1994), although others do report binding in vitro (Haqq
et al., 1993, 1994). The regulatory regions of Amh have not
been well defined in vivo, although recent co-transfection
experiments reported by Haqq et al. (1994) are consistent with
SRY acting indirectly rather than directly on Amh expression.
A recent candidate for a role in activating Amh is the steroido-
genic factor SF1. Expression studies in the rat have demon-
strated that there is a sexually dimorphic pattern of expression,
presumably triggered by Sry, which may regulate Amh (Hatano
et al., 1994; Shen et al., 1994). We are examining SF1
expression in the mouse, and if such a hypothesis is true, then
just such a dimorphic expression pattern should be seen during
the window of expression defined by Sry and Amh. In the
context of the precise pattern of Sry expression which we have
now established, it will be possible to understand whether a
role in testis development is likely for other genes expressed
in the developing gonad.

We are indebted to Amanda Swain, Silvia Nicolis, Nigel Vivian
and Paul Burgoyne for their help and advice and to all members of
the laboratories, past and present, who have given moral support and
devoted time, effort and brain cells to the many problems encountered
along the way.
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