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ABSTRACT involved in global transcription regulation. Since many essential
genes are highly conserved during evolution, the mammalian
homologues of genes originally defined and isolated in yeast can
be isolated by searching the EST collections. Then, full-length
cDNAs can be isolated by screening cDNA libraries with the EST
- clones as probes. Comparative sequencing of these genes from
normally from five exons encoded by chromosome 11. different species then furnishes insights into evolution. Using this
If(()are we dShOVSV th?;hazrelated Sequgf!cf or|1 chromosom'(;:h strategy, we have isolated the human and murine homologues of
Do Sz aprecseiies gore (et S S 0 i
POl emly-aup > Op . an identical 117 amino acid protein. Both the yeast SPT4 and the
site in the genome) with a different 5 " control region. derived human and murine SPT4 homologues have a conserved
Both the spliced gene, Supt4h, and the prc_)cessed zinc finger domain. Forty-three of the 117 amino acids in the
gene, Supt4hz, are expressed in each of four tissues human and murine SPT4 homologues are identical to the yeast
we examined. Supt4h2 encodes a 117 amino acid protein SPT4 gene (36.8% identity). In our studies oSupt4h we
nearly identical tothe ~ Supt4h gene product with only one isolated a highly homologous loc®Jpt4h2 Here we present the
amino acid difference, indicating extreme conservation isolation, characterization and sequencing of the highly-conserved

of this expressed processed gene with the spliced d isinal d d Ah2
gene over evolutionary time. This illustrates another and surprisingly expressed processed gapt

potential complexity of the mammalian genome, i.e. the
use of a processed gene under the control of a different MATERIALS AND METHODS

promoter region than the spliced gene. Isolation and sequencing of genomic clones

PCR primers derived from thé Bon-translated region of the

INTRODUCTION Supt4lcDNA sequence were used to screen a murine P1 genomic
The SPT4, SPT5 and SPT6 yeast proteins are a group library. The forward primer was‘&CTGAAAAGTCGAGGA-
architectural factors that function by interacting with histones t&TGG-3, and the reverse primer wadsGCAAAACCCTGAA-
assemble a repressive chromatin structiije Both histone CACAGGT-3. PCR amplification was conducted under the
mutants and SPT4, SPT5 and SPT6 mutants were shownfedowing conditions: denaturing, 92 (30 s); annealing and
suppresswi'snf mutations in yeast?]. The yeast SPT4 gene extension, 65C (90 s) for 29 cycles followed by a 5 min
encodes a 102 amino acid protein involved in the formatioaxtension at 78C. The isolated P1 DNAs were digested by
and/or maintenance of chromatin structijeBoth yeast SPT4p EcdRl or Xba and subcloned into pBluescriptll (Stratagene).
and human SUPT4Hp mediate transcription elongation witolony hybridization was performed using a probe derived from
SUPT4Hp interacting with RNA polymerase 8,4). Further, the PCR product mentioned above and the blot was hybridized at
Spt4p is required for faithful chromosome transmission and mab°C in Amersham Quick-Hyb buffer and washed i®GEC,
play a role in kinetochore functiof)( 0.1% SDS at 68C. The genomic clones were sequenced

We combined yeast genetics and the expressed sequenceaaipmatically (ABI 370A automatic sequencer and PRISM
(EST) project to isolate factors (chromatin structural proteindready Reaction Kit).

We show herein the transcription of a processed gene
that originated from a spliced transcript. Recently, we
isolated the human and murine homologues of the yeast
chromatin protein, SPT4. The Supt4h gene is spliced
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Interspecific backcross mapping #
tgcgatggcceggcaccggaageggaagctgegtgeccgacgegtetggecattetgggtaa 1847
* ok * * * * * deodk ok ok * ok

The B6XSpret QS?BL/GJ X Mus Spretup backcross mapplng aagctaagactaatacacactcaaccagttttaaaaatctatttggaacattaaacatga 2564
panels were obtained from Jackson Laboratories. O."gonU(.:leo“d?gc‘ggftac“Cctgf??SES—i‘zf‘;‘%iififEE?EEEES?%ES%EE‘;‘?‘,{E’:TSESSSTS 1909
prlmers for the DOIymorphlsupt4hlocus’ from a reglon WhICh tagaagtagaaaaaagcggctggaggaacctgtgttgtcgcatcggtgaggATGGCCCTG 2624
has no homology wittSupt4h? are F: 5ACAGCTGGGTCT-

CCAAGTGG-3 and R: 5ACGGACACAGCATATACACC-3. o s ingioas »o
To map théupt4h&]ene, we USEd a PCR product derived from GAGACGGTACCGAAGGACCTGCGGCATCTGCGGGCTTGTTTGCTGTGCTCGTTAGTCAAG 2684
the B region of theSupt4hyene, which has no homology to the //acratacaccacrTcGARTATGATGGETETGACAATTGCGATGCATACCTACARATGA 2525
Supt4tgene. The forward primer wasGTCTGCTCCTAGGT- ACTATAGACCAGTTTGAATATGATGGGTGTGACAATTGCGATGCATACCTACARATGA 2742

- i AAA - Il

CACTTG-3 and the I’EVEFS(? _pnmer WesGTCAATCTT, AGGGCAACAGAGAGATGGTTTATGACTGCACCAGCTCTTCATTTGATGG/ /AA’I‘CAT;GC 7105
GATGCATG-3. PCR amp||f|cat|on WaS CONAUCTEd UNOEE The »*xsssssassxsssssnsss kkassskaahbskkrkkxkkdhbkdkkrhk  Akrad *ok
following conditions: denaturing, 9z (30 S); annea"ng and  PCCCCAACAGAGAGATGGTTTATGACTGCACCAGCTCTTCATTTGATGG AATCAATGC 2800

Asn

extension, 65C (90 S) fOI’ 29 cycles fO”OWGd by ab min GATGATGAGTCCAGAGGACAGCTGGGTCTCCAAGTGGCAGCGAGTCA/ /GTAACTTTAAG 7369

hk ke k ok ok ko kkkkkkkkkk ko kkkhkkkkkhkkkkkk ko kb khkkhh  kkkd ok kokdok ok

extension at 78C. The probe was hybridized EzoRV-digested GATGATGAGTCCAGAGGACAGCTGGGTCTCCARGTGGCAGCGAGTCA  GTAACTTTAAG 2858
DNA of 160 IB progeny :(l) [(CBHf/.R]:Mng|_EN9Rg+ X CCAGGTGTATATGCTGTGTCCGTCACTGGTCGCCTGCCCCAAG/ / GAATCGTGCGGGAGE 7561
M.spretu$ X _C3,Hf/R!' The Segregatlon of a variant 6.2 kb CCAGGTGTATATGCTGTGTCCGTCACTGGTCGCCTGCCCCAAG  GAATCGTGCGGGAGC 2916
M.spretugestriction fragment (compared to a corresponiling

musculusfragment 4.2 kb in length) was used to nSapt4h2  To0 S oSS e s oty o
Myb was traced in thiS Cross through analysis Of ad4 kb VarianTGAAAAGTCGAGGAGTGGCCTACAAATCCAGAGACACAGCAATAAAGACCtagctaggtg 2976
fragment detected iM.spretus Tahdigests; a PCR-generated caggceatageatetegtecttcacttotgtacttgtttettgtgaactaaaceg-ty 7680
fragment, COFFeSpondlf}g to EXOH_S of the gene was used as prob,gggccatagcatcttgttcttcacttctgtacttgttttcttgtggaactaa

Hk1l was followed using a variarBanmHIl fragment (8 kb) ]
detected by a mouse embryo cDNA probe (|MAGE clone ID ??Tfffffff‘ffffffff%ffffffffffff‘ffffffgfi‘?fffffafgfff?ff?i?ff 7740
437155' 0bta|ned fl'0m Reseal’ch GenetICS, |nC) Thls CDNA Waggaccccaaagactccccgccctccatctccgaatcagcagactcctcgaaagcagcaca 3096
identified by its close match between an EST derived from thefgggsettazgtoatereactttetetgeccactagtgaagtyggagtgtetgageggat 7600
clone and the published sequence of full length mouse hexokinaseggccttaagteateteactttetetgeccactggtgaagtgggagtgtetgggeggat 3156
type I CDNA (DDB‘J/EMBL/GenBank acceSSIOn n0J05277) tctcagaggcetgtgtcaacagaggaagatgetgattteccacctgtgttecagggttttge 7860
DNA preparatlons, Southern blOtS and hybrldlzatlons Were*********rt**t**t*r****i—ﬁﬁ******f**********w***************r
Camed Out as prev|ou3|y descnbemx Mapplng data were tctcagaggctgtgtcaacagaggaagatgctgatttcccacctgtgttcagggttttge 3216
stored and map positions, with standard errors, were calculateff: ftciiiooocaogasiiiogtiaaicraiagonoentiiosiss v
using standard statistical methodg)(wn:h the aid of the Map ctttgtctatgggcaggactttggttcaaataccaataaagcgagectttggaacattaa 3276
Manager data ana|ySIS prOgI’aMX aaaaaaaaaaaaaaagaagtagaaaaaa 3312

accggtg 3036

AnaIySIS of tissue expression pattern c$upt4hand SUpt4h2 Figure 1. Sequence comparison and promoter predictions forStig4h

CLONTECH's Quick-Clone cDNAs (derived from poly A+ (upper) andSupt4h2(lower) genes. The identical nucleotides between these
RNAS) from mouse brain. heart. liver and 17-da pb y two sequences are marked by * The exon—intron boundari&ifdhare
, v -day embryo Welgnared by (/). The 13 nucleotide tandem repeats at'taeds3 ends of
used. Long PCR was performed using CLONTECH’s Advantag&upt4hzare underlined and italicized. The start of the promotetiptahwas
KlenTagDNA Polymerase mix that contains antibody agdiaqt ~ predicted by TSSW at nt 1794 (marked by # on top of the sequence) and the start
DNA polymerase for mimicking a ‘hot-start’ PCR reaction. In the °f “:e promoter fOS”pt“h)aN;"_i pred.'gfgddby 'LSSV‘\élat ”tt2.5t7.0 (m?;‘”@d by #
. . . on op O e sequence). e uni an S restriction sites are
50 “I PCR reaction mixtures, We, used LBOf Quick-Clone underlined. The protein coding region is capitalized and the only amino acid
cDNA, 1l of DNA polymerase mix, il of dNTPs at 10 MM gifference betweeSupt4handSupt4hds underlined.
each, 5yl of 10x PCR reaction buffer containing 100 mM
Tris—HCI (pH 8.3), 500 mM KCl, and 15 mM MgCPCR primers _
were designed from the common regioSapt4randSuptah2The ~ from the 3non-translated region 8upt4h One of the P1 clones
forward primer was'SAACCTGTGTTGTCGCATCGG-3and the showed a different restriction enzyme digestion pattern than the
reverse primer was'-ECAAAGTCCTGCCCATAGAC-3. This other two P1 clones (data not shown). Portions of the P1 clones
primer pair amplified a 649 bp fragment from b&hpt4hand ~ containing murine genomic DNA related ®uptdh were
Supt4h2The PCR amplification was conducted under the foIIowinqequenced and analyzed using the BLAST (homology searching;
conditions: 94C for 30 s, followed by 65 for 3 min for a total +>16) and TSSW programsL{; recognition of human Polll
with eitherAge or BsBI (New England BioLabs). We useqibof 0P ECORI fragment) and 3968 bixba fragment) were obtained
g g . X
PCR product for digestion in a PDvolume for 2 h at 37C. The  from the two different P1 clones (Materials and Methods). The
of theSuptdhgene (Figl). Exon 1 is 105 bp, exon 2 is 107 bp,
RESULTS exon 3 is 56 bp, exon 4 is 54 bp and exon 5 is 371 bp. The TSSW
program successfully predicted a promoter region from this
Isolation and sequencingSupt4hand Supt4h2genomic clones 11 327 bp sequence at nt 1794 (Fig.The 3968 bp fragment
contained a region which is almost identical toShpt4hcDNA
To isolate genomic sequences encompasSoptdh three  sequence without introns and with only six nucleotide differences in
independent P1 clones were isolated using PCR primers derividg coding and non-coding regions together (underlined irL¥-ig.
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Figure 2. (A) Haplotype figure from The Jackson BSS backcross showing part of chromosome 11 with loci IBieid_oci are listed in order with the most
proximal at the top. The black boxes represenCHigBLBJE:i allele and the white boxes tB€RETEI allele. The number of animals with each haplotype is given
at the bottom of each column of boxes. The percent recombination (R) between adjacent loci is given to the right ofuiith figengtandard error (SE) for each

R. Missing typings were inferred from surrounding data where assignment was unambig)udag. figure of central chromosome 11, using data from the Jackson
BSS cross. The map is depicted with the centromere toward the top. A 5 cM scale bar is shown to the right of the figappingto the same position are listed

in arbitrary order. Missing typings were inferred from surrounding data where assignment was unambiguous. Raw data fiworilbabdmatory were obtained
from the World Wide Web address http://www.jax.org/resources/documents/cm@atéssignment of the process&ilipt4dh2gene copy to proximal mouse
chromosome 10. The haplotype figure represents the types of chromosomes observed in the interspecific backcross premebngrsaitlow each column
representing numbers of animals observed to carry each type, as described above. Black boxedepresesatleles for a particular gene, while white boxes
represent alleles from the C3Hf parent of this cross. The position deduSegténZrom these data are depicted above, with calculated distances (given with standard
errors in parentheses) between each pair of probes shown at left of the map.

The second, third and fourth nucleotide differences are locatedTime sequence comparison also demonstrates the presence of ¢
the coding region, and only the fourth of these yields an amirduplicated region (13 bp) at thé &d 3 ends of theSupt4h2

acid difference (asparagine to isoleucine). The sequence encodeduence and a 25 nt poly (A) stretch in front of tlokiplicated

an uninterrupted open reading frame, suggestingShpt4h2 region. This suggests th&upt4h2arose as reintegration of a
was expressed rather than being a pseudo8apelhotentially  processed gene encodedSypt4h(Fig. 1).

encodes the same size protein (117 amino acid&)atdh with

only one amino acid difference between the two gene copigg.
Fortuitously, the third and fifth DNA sequence variations create
differences in restriction enzyme digestion patterns betweerhe Suptdhgene was mapped using a microsatellite marker
Supt4handSupt4h2 The nucleotide at position 2699%u1ipt4h2  located in intron 3 (Fig2A and B). Oligonucleotide primers

is a T instead of a C (the third nucleotide in the six differenianking the microsatellite identified a DNA-length polymorphism
nucleotides underlined in Fid). This change deletesBsBI betweernC57BL/6JandM.spretus The chromosomal location of
recognition site (5STTCGAA-3') that is present in thBuptdh the Supt4h gene was then obtained using an interspecific
sequenceSupt4h2also contains an extra G at nt 3033, in thebackcross [C57BL/6x Mus spretug=1 X Mus spretusthe BSS
untranslated region (the fifth nucleotide in the six differenpanel from the Jackson Laboratories] consisting of 94 first-
nucleotides underlined in Figl), creating anAgd site generation backcross progeny. The result of this experiment
(5'-ACCGGT-3). Therefore, theBsBI site is unique to the indicates thaSupt4his located in the central region of mouse
Supt4hcDNA and theAgd site is unique to th8upt4hZDNA.  chromosome 11, since no recombination events were identified

apping of Supt4hand Supt4h2
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betweerSupt4handD11Mit36 This location placed thsupt4h
genelB.5 cM centromeric to thBrcal gene (BSS chromosome
11 map).

Since no microsatellites were identified near the processed
Supt4hZyene copy, we mapped this sequence by hybridization of
a probe derived from the Begion of Supt4h2which has no
homology to th&Suptdhgene (Fig2C). TheSupt4hZrobe was
hybridized toEcaRV-digested DNA samples representing a third
interspecific backcross (IB11). The results of this analysis
localized Supt4h2to mouse chromosome 10, between the
previously-mapped genellyb andHk1, (110 and 7 cM from
those two genes, respectivelyyb is located in the center of a
large region of syntenic homology to human chromosome
6921—g24, whileHk1 maps to the proximal region of a
neighboring interval that is related to human chromosome
100921—92211,18,19).

Figure 3. Expression pattern analysis 8tiptdhand Supt4h2 The PCR
products were amplified from CLONTECH's Quick-Clone cDNAs from adult
mouse brain (lanes 1 and 2), heart (lanes 3 and 4), liver (lanes 5 and 6) and
mouse 17-day embryo (lanes 7 and 8). Lanes 9-12 are controlSugith
. . PCR product (lanes 9-10) aSdpt4h2PCR product (lanes 11-12). The PCR
Basefj solely on the pred|Ct|0n of the TSSW program, Fhere IS groducts fromSupt4hand Supt4h2were cloned into pCRII vector and the
putative promoter region f@uptdhzstarting at nt 2570 (Fid). identity of the isolated clones were confirmed by sequencing. Both controls
There is no similarity between the promoter regiorSupit4hand were derived by PCR using the isolated pCRII clones mentioned above. The
Supt4h2Fig. 1), so that the two sequences could have differenf\9¢ Site is unique to thBupt4hZDNA (lanes 2, 4, 6, 8 and 12) and BsB|

. . s . site is unique to th8upt4hcDNA (lanes 1, 3, 5, 7 and 9). The smaBstB
expression profiles. To determinéSifipt4h2s indeed expressed, digestion product could be seen after darker staining (data not shown). The
we analyzed Marathon cDNAs from day 17 mouse embryos angdiative intensity of the two bands cannot be taken to reflect the transcription
from adult mouse brain, heart and liver. The Marathon cDNAsstatusin vivo.
were generated from poly A+ RNA isolated from the respective

mouse tissues. PCR primers were derived from the common

regions ofSupt4handSupt4h2yielding a 649 bp product from | contrast, the extreme conservation betwSept4hand
both genes. PCR was performed using CLONTECH's Advantagspt4h2 extending from the'Sintranslated region through the
KlenTagDNA polymerase (which has proofreading activity) andpoly A tail in the 3untranslated region, resembles the high degree
followed by diagnostic restriction enzyme digestion to determingf conservation that marks the translated portion of the histone
which sequences were expressed. As shown in FRjuteth  gene families 22,23). It is possible that the high demand of
Supt4hand Supt4h2are expressed in each tissue. Each of thgjstone mRNA during S phase requires multiple copies of histone
CDNAs is digested by bothgd andBsBI. As expected, if both  genes. Although the coding regions of the histone genes are
Supt4handSupt4h2were expressed, only partial digestion wasgimost identical between different copies, the non-coding regions
achieved with each enzyme. Thus, a detectable fraction of thge significantly more divergent. For example, the three histone
PCR product showed the predictedptdhdigestion pattern in - H2p genes in mice differ by two amino acids from each other
all four tissues. I . (24). This similarity of the nucleotide sequences in the coding
To ensure that the restriction digests indeed detected transcrigigion of the histones likely results from gene conversion events
from both Supt4hand Supt4h2 we cloned the PCR products targeted at the coding region. The near identity bet@egivh
derived from mouse heart into the TA cloning vector, pCRIgnd Supt4h2presumably also results from gene conversion.
(_Inwtrogen). Multiple cDNA clones were _|solate(_j from the hearyowever, unlike the case fSupt4handSupt4h2the homology
tissue and PCR was performed to amplify the inserts from eaginongst the histone genes does not extend to the untranslated
of these clones. Some inserts were digested solehglyand  regions and there is no expression of a processed gene similar to
some solely bsBI. Sequence analysis of the clones giving thesuptah2 The conservation of the untranslated regions suggests
BsBl-only or theAgd-only restriction digest patterns confirmed that these regions are important Supt4hfunction.
that the nucleotide differences observed indeed representeqye do not know the significance of the relative frequency of

Expression pattern analysis oSupt4hand Supt4h2

transcription fromSupt4handSupt4h2 messages derived from both the spliGptdhgene and the
processedsuptdh2gene in different tissues. Nevertheless, we
DISCUSSION have observed the remarkable finding that a processed gene is

both conserved and expressed in all four tissues we examined. It
The presence of rare functional, but diverged, processed genepossible that the one amino acid difference bet&@egdhp
has been documented. The human testis-specific PGK gesmedSupt4h2gs significant.
(PGK-2) is a functional processed autosomal gene which showdn summary, a processed geSept4h2 shares virtually total
85 and 87% homology, respectively, to the X-linked constitutivelyhomology with the spliced murin8upt4h gene. Computer
expressed PGK gene (PGK-1) at the nucleotide and amino acidmparison of diverged sequence jusb3he genes shows that
levels, respectivel\2(). A processed N-myc gene (N-myc2) wasthe originalSupt4dhgene and the process8dpt4dh2gene have
isolated from woodchuck and ground squirrel WiB0% identity ~ different control sequences. Both genes are expressed, albeit at
to the N-myc1 gene at the protein level)( In both cases, the varying levels, in different tissues. The extreme conservation
processed genes diverged from the original genes. between the two genes demonstrates that gene conversion anc
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selection have exerted tight control to prevent significanté Chiang,P.-W., Wang,S.-Q., Smithivas,P., Song,W.-J., Crombez,E.,
diversion. The serendipitous placement of a highly conserved AkhtarA. ImR., Greenfield,J., Ramamoorthy,S., Van Keureeal.

. (1996)Genomics34, 368-375.
processed gene under the control of a different promoter than used Chiang,P-W., Qu.X., Jackson,C.L., Wang,S.-Q. and Kurnit,D.M. (1996)

by the spliced gene highlights the potential complexity of the Genomics3s, 421-424.

mammalian genome. 8 Chiang,P.-W., Wang,S.-Q., Smithivas,P., Song,W.-J., Ramamoorthy,S.,
Hillman,J., Puett,S., Van Keuren,M.L., Crombez,E. KumaefAal. (1996)
Genomics34, 368-375.
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