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Summary. We report the isolation and nucleotide
sequence determination of clones derived from five
ZFY -related zinc-finger genes from birds and mam-
mals. These sequences are analyzed with reference
to the previously published human genes, ZFX and
ZFY, and mouse genes, Zfx, Zfa, Zfy-1, and Zfy-2.
The analysis indicates that ZFY -related genes are
highly conserved in birds and mammals, and that
the rate of nucleotide substitution in the Y-linked
genes is not as high as predicted. However, the mouse
Zfy-1 and Zfy-2 genes are markedly divergent mem-
bers of the ZFY gene family; we suggest this relates
to X-inactivation of the mouse gene Zfx.
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Introduction

ZFY is a human gene located on the Y chromosome
near the pseudoautosomal boundary (Page et al.
1987). Although ZFY was initially thought to be the
testis-determining factor, TDF, this suggestion has
been recently refuted (Koopman et al. 1989; Palmer
et al. 1989). ZFY consists of four exons; the last of
which encodes 13 zinc-finger domains with an un-
usual odd and even double repeat periodicity. There
is also a closely related gene on the X-chromosome
designated ZFX (Schneider-Gédicke et al. 1989).
The gene family is more complex in mice with two
closely related genes on the Y-chromosome (Zfy-1
and Zfy-2), one gene on the X-chromosome (Zfx),
and a retroposon derived from Zfx on chromosome
10 (Zfa; Ashworth et al. 1989; Mardon and Page
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1989). Southern analysis suggests that in all other
eutherian mammals, the number of ZFY-related
genes and their organization is similar to humans
(Page et al. 1987). Sequences capable of hybridizing
to ZFY-related gene probes are also present in mar-
supials (Sinclair et al. 1988), chicken (Page et al.
1987), reptiles (Bull et al. 1988), fish (Ferreiro et al.
1989), and echinoderms (J.L., unpublished); how-
ever, in each case these are probably located auto-
somally and are not sex-linked.

The six ZFY-related gene sequences published to
date allow the mammalian gene family members to
be classified into two distinct subfamilies; one com-
prising Zfy-1 and Zfy-2, the other comprising ZFY,
ZFX, Zfx, and Zfa (Page et al. 1987; Ashworth et
al. 1989, 1990; Mardon and Page 1989; Schneider-
Gédicke et al. 1989; Mardon et al. 1990). To elu-
cidate the evolutionary basis for this division, it is
necessary to compare homologous DNA sequences
from vertebrates other than mouse and human. In
addition, because rates and modes of molecular evo-
lution may be affected by sex linkage (Miyata et al.
1987), it will be interesting to compare the nucle-
otide sequences of autosomal ZFY homologues in
nonmammalian vertebrates. To enable these com-
parisons, we have employed the polymerase chain
reaction (PCR; Saiki et al. 1988) to isolate genomic
DNA clones derived from ZFY -related genes from
two additional species of mammal (hamster and
crab-eating fox) and two species of bird (great tit
and lesser black-backed gull). Nucleotide sequence
analyses reveal striking evolutionary conservation
in the zinc-finger region of ZFY -related genes from
birds and mammals, irrespective of their chromo-
somal location. Furthermore, the great-tit Zf, gull
Zf, hamster ZFX, fox ZFX, and fox ZFY sequences
are all characteristic of the ZFY/ZFX gene subfam-
ily, indicating that the mouse Zfy-1 and Zfy-2 genes
underwent rapid. recent sequence divergence.



311

Table 1. Details of all clones analyzed
Number
Band with Number
sizes Number Number Number sequences of dif-
produced of recom- of colonies Number Number containing homol- erent
Species by ampli- binant screened of clones containing contam-  ogous genes
and sex Notation fication colonies (I) sequenced artifacts inants to ZFY present
Chinese
hamster
(female) ZFX~(CHA) 360 98 98 5 0 0 S 1
Crab-cating
. fox (male) ZFX/Y-(FOX) 360 16 16 10 1 0 9 2
Great tit
(female) ZF-(PM) 360 180 115 29 14 6 9 1
Great tit
(male) ZF-(PM) 360 25 25 6 3 0 3 1
Lesser gull
(male) ZF-(LF) 360 200 8 4 1 0 3 1

Materials and Methods

Materials. Male and female crab-eating fox (Dusicyon thous) DNA
was prepared from blood. Hamster DNA was isolated from the
CHO (Chinese hamster ovary) cell line, and was provided by
Mark Meuth (ICRF, Clare Hall, UK). The avian DNAs were
isolated from blood samples collected under license from wild
birds by standard methods (Griffiths and Holland 1990).
The two oligonucleotide primers (positive strand 5'-
CACATTTGTGGNGAATGNGGNAAAGG-3’' and negative
strand 5'-GGGGTATTCACACTNTACACG-3’) matched to the
cysteine pair region of fingers § and 9, respectively, and were
synthesized on a Milligen/Biosearch 7500 DNA synthesizer.

Methods. PCR-mediated DNA amplification reactions were
carried out on a Techne PHC-2 programmable dri-block using
the Amplitaq enzyme (Perkin-Elmer Ltd.) and the cycle param-
eters recommended by the enzyme supplier. The major amplified
products (360 bp) were purified via preparative agarose gel elec-
trophoresis, kinased with T4 polynucleotide kinase, blunt-ended
using Klenow fragment, ligated into phosphatased Smal-digested
pUC13 vector (Gibco BRL), and transformed into competent
Escherichia coli DH5«. Multiple clones were sequenced from
each transformation, using T7 DNA polymerase and 7-deaza-
dGTP sequencing mixes (Pharmacia). Direct sequencing was car-
ried out as described by Winship (1989). The parameter K¢ (the

number of nucleotide substitutions in conserved codons per silent
site) was calculated by hand (Miyata and Yasunaga 1980; Miyata
et al. 1987).

Results and Discussion

Amplification and Cloning of ZFY-Related
Genes

Using the primers described above in the PCR, we
have amplified and cloned DNA fragments homol-
ogous to human ZFY from a Chinese hamster ovar-
ian cell line, male crab-eating fox (Dusicyon thous),
male and female great tit (Parus major), and a male
lesser black-backed gull (Larus fuscus). All species
generated DNA fragments of the expected size (360
bp). Table 1 shows the details of all recombinant
clones analyzed. In total, 262 recombinant clones
were analyzed (54 of these via DNA sequencing)
representing five novel ZFY -related genes.

Table 2. Percentage similarity of nucleotides (upper right) and amino acids (lower left) between the DNA and predicted protein

sequences of ZFY -related genes

ZFY- ZFX-  ZFX- Zf- Zf-
ZFY ZFX  (FOX) (FOX) (CHA) Zf Zfa Zfy-l  Zf-2 (PM) (P

ZFY - 92 90 90 92 90 89 83 83 82 82
ZFX 95 - 94 96 93 92 91 83 83 83 84
ZFY-(FOX) 94 99 - 95 90 90 89 81 81 82 84
ZFX-(FOX) 93 98 99 - 89 91 92 84 84 83 84
ZFX-(CHA) 88 93 94 93 - 94 94 83 83 81 82
Zfx 94 97 98 97 98 - 98 83 83 82 84
Zfa 91 94 95 94 91 98 - 82 82 81 83
Ziy-1 82 84 83 83 79 84 81 - 99 78 77
Zfy-2 82 84 83 83 79 84 81 99 - 78 77
ZE(PM) 91 93 92 91 88 91 88 82 82 - 95
ZE(LF) 91 93 94 93 89 93 90 80 80 98 -

ZFY-related genes: ZFY and ZFX from human; Zfx, Zfy-1, Zfy-2, and Zfa from mouse; ZFY-(FOX) and ZFX-(FOX) from the crab-
cating fox; ZFX-(CHA) from the Chinese hamster; Zf-(PM) from the great tit; and ZF-(LF) from the lesser black-backed gull
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Fig. 1. Continued on next page
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FY Phe Arg His Pro Ser Glu Leu Arg Lys|His[Met Arg Thr Gly Clu
IFX - - = = = - - lys = | -1 - - - - -
ZFY- (FOX) - - - - - - - Lys =~ - - - - -
FINGER 5 LFX- {FOX) - - = - - - - Lys -|-]- - - - -
ify-1 ~ = = =~ = Ala - Llys - Il - - - -
Ity-2 - = = = = Ala - Llys - le - - - -
1143 - - - - - - Lys - - - - - -
zfa - Cys - - - - « lys - - - - - - -
22~ (CHA) - = - -« - - iy =)= - - - -
ze-{PM) - - e s - - - Lys - -] - - - - -
Zf-{LA) - - - = = - - Lys - - - - - - -
/] A
IFY Lys Pro Tyr Gln|Cys|Gln Tyr|Cys|Glu Tyr Arg Ser Ala Asp Ser Ser Asn Leu lys Thr (His|Ile Lys Thr Lys Ser Lys Glu
2FX - - - - - - - - - - - - - - -~ - - - - - - fval - - - - - -
ZFY-{FOX) - - = = |-y “}l-]- - - - - < -~ < - - - -l-jival ~ - - - - -
FINGER 6 LEX-(FOX} - = = = |-t ~-f-|- - sex - - - ~ - - - - -l-lva - - - - - -
ty-1 - - = Glu] - ~ - - - - Llys - - - - - - - - ~{-{1{- -~ Ser - - - -
iiy-2 - - = Glu| - - - ~-f{- - iys - - - - - - - - - -1 - ~ Ser - - - -
tx - - - gGuwl-|- -y-|- - - = - - - - - - e var -~ - - - - -
zta - - - Gly| - - - - - - - - The - - - - - |Tyrival -~ - - - - -
LEX-{CHA) = - = Glu|l -] - - |-§- =~ - - - - < - - - R T Y e - -
ze-q¢p) - - - -|=-|=- -q{-{- - - - - - - - - - - ~-[f-lvd - - - - -
gLk} - - - -}-f- -]-}- - - - - - - - - - |var - - - - - -
2FY Mat Pro Phe Lys|Cys|Asp Ile[Cys|Leu Leu Thr Phe Ser Asp Thr Lys Glu val Gln Gln (Hls|Thr Leu Val (Hie[Gln Glu Ser
IFX - - - - - - - - - - - - - - - - - - - - -~ [Ala - Ile| - - - -
ZEY-{FOX) - - - = - - - - - - - - - - - - - - - - -~ [Ala - lle] - - - -
FINGER 7 IFX-{FOX) - - - - - - - - - - - - - - - - - - - - - |Ala - 1le| - - - -
tty-1 Ile =~ Leu - - |Gy - - - - - - - ~ - - - Ala - - - [Ala Val Leu| - - - -
LLy-2 lle - leu - - - - - - - - - - - - - - Ala - - - |Ala Val Leu| - - - -
Lrx e T EE T e L R SR TN S BE R .Y U RN B B
ita - - - =]~} -]t - - = = - - -~ - - - ~-J-|Ma - |-} - -
Fx-1ceAl - - - - |-{- -}-]- Het - - - - - - - - - - l-yAls - Ne|l-f- - -
2f-{P4} Thr - Leu =~ |~ j§ - - - |phe Gln - - - - - - Leu - =11 - HMet| - - - -
2¢-{tA) Thtr - - ~-ft-|- -j-|phesl - - - - - - - Lew - = [~-] - - KMet|-j - - -
IFY Lys Thr His Gln|Cys|Leu His|Cys|Asp Leu Lys Ser Ser Asn Sar Ser Asp Leu Lys Arg(His Val Ile Se Thr Lys Asp Tyr
2FX N R I e e T R S N T B - - - -
2FY-(FOX) = = O o T I A B 3 U IR - - - -
FINGER 8 ZFX-(FOX}) - = - ~ |-}l - -J-l- me - « - - - - - - - -l-Ille - - - - - -
2fy-1 Arg - - - | ~Ser -}~ tiABSPRD -~ - - - - - - - - =] =-|1le - - - - Ala
2fy-2 Arg - - - - |Ser - - {Asn - - - - . - Jlle - Ala
Iix - - - - - - - - - His - - - - = {1le -
ifa - - - - - - - - - Bis - - - - - -~ |ile - -
ZFx-(CHA) - - - - | -] - ~-|-|~- B8 - - ~ - - - - e {ule - - - - -
f-pM) - - - - |- -l -] - W - -~ - - - - - -] ~lnle - - - - . - .
b - - - - =4=-]- -]-71- 8B - - - - - - - - -« -|-|fe - - - - - - -
Fig. 1. a Genomic DNA sequence of ZFY, ZFX, Zfx, Zfy-1, Zfy-2, Zfa, ZFX-(FOX), ZFY-(FOX), ZFX-(CHA), Zf-(PM), and Zf-

(LF) aligned over the amplified region. Dashes indicate sites identical to ZFY. b Predicted translation products from the above

sequences. Dashes indicate identities with ZFY.

Numbers of ZFY-Related Genes in
Each Species

Cloning of the product generated by PCR amplifi-
cation of fox DNA resulted in the isolation of two
types of ZFY-related recombinant clones. This re-
sult is as predicted, because the individual was a
male and would be expected to possess one X-linked
and one Y-linked gene. Sequence comparisons, Ta-
ble 2, reveal that these two genes are closely related
to each other (95% nucleotide sequence identity).
Thus, to determine which of the fragments gener-
ated derives from the X-chromosome, a PCR was
carried out on DNA from a female fox, and the
product directly sequenced (data not shown). This
allowed one of the genes isolated from the male to
be definitively ascribed to the X-chromosome, ZFX-
(FOX), and the other to the Y-chromosome, ZFY-
(FOX).

In all other species analyzed, a single type of ZFY -
related recombinant clone was generated. In the
hamster, this is particularly interesting because it
reveals that the divergence of mice and hamsters
predates the retroposition of Zfx to form Zfa, in-
dicating that the Zfx/Zfa retroposition is of recent
origin.

To determine whether the avian homologue of
ZFY is located on an autosome or on a sex chro-
mosome, analysis of a female bird is necessary [in

birds, the heterogametic sex is female (ZW) whereas
males are homogametic (ZZ)]. Therefore, a total of
115 recombinant clones derived from PCR ampli-
fication of female great tit DNA was screened, of
which 31 were sequenced. Fourteen contained ar-
tifactual sequences unrelated to ZFY. These non-
homologous sequences were presumably generated
through nonspecific binding of the primers, al-
though why this phenomenon should be so preva-
lent in this species is unknown. The remaining clones
all contained equivalent sequences, which, com-
bined with the Southern blot data from great tits
(data not shown) and chickens (Page et al. 1987),
definitively ascribes the avian homologue of ZFY
to either an autosome or the pseudoautosomal re-
gion of the sex chromosomes. Similarly, only one
class of ZFY-related recombinant clones was iso-
lated from the male lesser black-backed gull (Table
1).

ZFY Is Highly Conserved in Birds and Mammals

The nucleotide sequences from the five novel ZFY-
related genes isolated in this study are aligned with
those of six of the published homologues in Fig. 1a.
Translations of these sequences are aligned in Fig.
1b, with conserved residues and structural motifs
boxed.

As shown in Fig. 1b and Table 2, the three new



314

mammalian sequences are closely related to both
human genes and to the mouse genes Zfx and Zfa.
Interestingly, the mouse Y genes, Zfy-1 and Zfy-2,
are clearly dissimilar from both ZFY-(FOX) and
ZFY-(human), despite the fact that all three taxa
diverged at the same time, around 70 million years
ago (Benton 1990). This indicates that divergence
of the Y-linked genes occurred in the lineage leading
to mice and prior to the duplication event that led
to the two genes on the mouse chromosome. The
avian sequences are also closely related to each other
(95% nucleotide similarity), despite the fact that these
two species diverged around 50-70 million years
ago (Feduccia 1983).

Interestingly, of seven amino acid differences be-
tween ZFX and Zf-(PM), six are in the region of
finger 7. This localization of differences suggests that
finger 7 is either redundant in mammals or birds,
or that its role has subtly changed during vertebrate
evolution. Finger 7 apart, the level of similarity sug-
gests that ZFX and its avian counterpart may share
a common function, as is also supported by the
similarity in expression patterns by human ZFX
{Schneider-Gédicke et al. 1989) and chicken Zf (Di-
lella et al. 1989),

The unusual odd and even two-finger periodicity,
characteristic of ZFY, is evident in all of its homo-
logues (Fig. 1b). Furthermore, its presence in the
great tit and gull ZFY homologues indicates that it
is an ancient feature of the gene family, which has
been conserved for at least 300 million years (Ben-
ton 1990).

Nucleotide Substitution Rates in the ZFY
Gene Family

We have estimated the rate of nucleotide substitu-
tion in the X-linked and Y-linked ZFY-related genes
by calculating the rates of nucleotide substitution at
silent nucleotide sites in conserved codons, as pro-
posed by Miyata et al. (1987). Using this measure,
Miyata et al. demonstrated that genes on the
X-chromosome evolve more slowly than similar
genes on autosomes, in accordance with their the-
oretical predictions. Miyata et al. also predicted that
genes on the Y chromosome should experience a
rate of nucleotide substitution twice that of auto-
somal genes, but were unable to adequately test this
due to lack of data. Both predictions can be tested
for the ZFY-related gene family.

The K¢ value for the mouse and human X-linked
ZFY -related genes, over the amplified region, is 0.17.
This is similar to the K¢ value for other X-linked
genes [0.18 (Myelin phospholipoprotein-PLP), 0.31
(Hypocanthine phosphombosyltransferase-HPRT),
0.33 (Phosphoglycerate kinase 1-PGK1), 0.51 (Or-
nithine transcarbamoylase-OTC); Miyata et al.

1987]. A Y-linked sequence would be predicted to
have a rate of nucleotide substitution three times
that of an X-linked sequence (Miyata et al. 1987).
The K¢ value of human ZFY and mouse Zfy-1 over
the amplified region is 0.34; this is two times that
of the X-linked sequences, not three times as pre-
dicted by the model of Miyata et al.

The rate of nucleotide substitution of the Y-linked
genes in human and mouse at silent sites is, there-
fore, lower than expected; yet, paradoxically, the
mouse Y-linked genes are particularly divergent from
all other mouse, human, fox, great-tit, and lesser
black-backed gull ZFY-related genes at the protein
level. It is therefore unlikely that the divergence of
the mouse sequence is solely due to the random
accumulation of nucleotide substitutions.

A possible explanation is connected with the dif-
ference in expression patterns between ZFY/X and
Zfy-1,2. The two human genes are expressed ubig-
uitously in adult tissues (Palmer et al. 1989; Schnei-
der-Giédicke et al. 1989) whereas Zfy-1 and Zfy-2
are expressed, respectively, in fetal and adult testis
only (Palmer et al. 1989; Koopman et al. 1989).
This change in the gene regulation suggests that
mouse Zfy-1 and Zfy-2 are not functionally equiv-
alent to human ZFY. Furthermore, as suggested by
Burgoyne (1989), mouse Zfx, unlike human ZFX
(Schneider-Gédicke et al. 1989; Page et al. 1990),
may be subject to X-inactivation. It is proposed here
that the observed divergence of sequence and ex-
pression patterns of mouse Zfy-1,2 is related to the
possible X-inactivation of mouse Zfx.

We suggest that, in most mammals, ZFY and
ZFX are functionally equivalent (as suggested by the
similarity of these sequences both in human and in
fox; Fig. 1). However, in the lineage leading to mice,
Zfx has adopted X-inactivation, such that equal gene
dosage between the sexes is fulfilled by Zfx alone.
This would allow selection to act rapidly on the
sequence and regulation of the Y-linked gene, such
that it acquired a new, or more specific, function.

An alternative viewpoint is that ZFY and ZFX
are not functionally interchangeable. For example,
Palmer et al. (1990) pointed out that of 11 differ-
ences between ZFX and ZFY, five affect zinc-finger
residues implicated in DNA sequence recognition
(Lee et al. 1989). However, our analysis of the two
fox genes is not consistent with this interpretation
because these two genes differ by only one amino
acid substitution over the amplified region.

Conclusions
We report the isolation and sequence determination

of clones derived from five novel ZFY-related genes,
from two species of mammal and two species of



bird. Sequence comparisons between these genes and
their homologues from mouse and human indicate
that ZFY-related gene sequences have been re-
markably conserved since the divergence of birds
and mammals (approximately 300 million years)
with the exception of the sequence encoding the 7th
zinc finger. However, our analyses reveal that the
mouse Zfy-1 and Zfy-2 genes have undergone sig-
nificant divergence away from the ancestral mam-
malian ZFY gene subfamily. Furthermore, this di-
vergence has occurred despite a lower than predicted
mutation rate in Y-linked ZFY-related genes.
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