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Abstract. The complete macronuclear DNA polymer- Introduction
asea gene, previously sequenced@xytricha novahas

been cloned from a genomic macronuclear library andrayonomists have defined ciliate taxonomic groups us-
sequenced for the hypotridD. trifallax. Macronuclear 4 morphological criteria, primarily of the cell cortex.

DNA clones of DNA polymerasex encodingl1000  pjtferent classification schemes emphasizing a variety
amino acids, or approximately two-thirds of the open morphological features have identified from three to
reading frame, have been obtained by PCR and S€ight major classes (Corliss 1979; Lynn and Sogin 1988).
quenced forHaI_tr?zn_a grandlnel_la, Holostichaspecies,  pore recently, the two primary schemes have been
Paraurostyla viridis, Pleurotricha lanceolata, Stylo- nifieq using a combination of classical phylogenetic
nychia lemnaeTeller, Sty. mytilus, Uroleptus gallina, analysis and molecular data from rRNA sequences

and Urostyla grandis.Phylogenetic relationships in- jsojated from a few species (Lynn and Corliss 1991). The
ferred from DNA polymerase amino acid sequences mgjecylar data include nucleotide sequences of the

have been used to clarify taxonomic relationships previg ) sybunit rRNA ofEuplotes aediculatus, Halteria

ously determined by morphology of the cell cortex. Hy- graninella, Stylonychia pustulatand Oxytricha nova,
potrich phylogenies based on DNA polymerasamino  5nq nycleotide sequences of the large subunit rRNE of
acid sequences are incongruent with morphological an%ediculatus, H. grandinella, Paraurostylapecies,S.
other molecular phylogenies. Based upon these data, Wemnae, Urostylspecies, antironychiaspecies. These
assert that, contrary to morphological daa,novaand  gequences represent a beginning to the definition of phy-
O. trifallax are different species, and we propose that th%genetic relationships among members of the order Hy-
oligotrich Halteria grandinellabe reclassified as a hy- potrichida using molecular data (Elwood et al. 1985;
potrich. This work also extends the available data base oliynn and Sogin 1988; Schlegel et al. 1991; Baroin-
eukaryotic DNA polymerase sequences, and SUGQests 1o rancheau et al. 1992). We have extended the analysis
new amino acid sequence targets for mutagenesis expeiy nhyjogenetic relationships in 10 hypotrichs with the
ments to continue the functional dissection of DNA pol .4 -ronuclear gene that encodes DNA polymerase
a biochemistry at the molecular level. (DNA pol ).

) The eukaryotic DNA pok holoenzyme is composed
Key words:  DNA polymerasea gene — Hypotri- ot 4 |arge catalytic subunit carrying the polymerase ac-
chous ciliates — Macronuclear genes — Phylogenetics;y iy of (1180 kilodaltons (kDa) and three accessory sub-
units of 070 kDa, (60 kDa, andb0 kDa (Lehman and
Kaguni 1989; Kornberg and Baker 1992). DNA peol
Correspondence tdD.M. Prescott has been classified as a family B DNA polymerase,
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based upon amino acid sequence similarityBech-  Braithwaite and Ito 1993), and with eukaryotic DNA
erichia coli DNA polymerase Il (Braithwaite and Ito polymerasesy in particular (White et al. 1993). These
1993). The two smallest polypeptides exhibit DNA pri- sequence comparisons revealed 11 additional, unreported
mase activity (Kaguni et al. 1983; Plevani et al. 1985;putative functional domains conserved among eukary-
Lucchini et al. 1987), and th&70 kDa subunit is thought otes, as well as domains conserved only among the hy-
to have a regulatory function (Cotterill et al. 1987). The potrichs. Thus this work extends the available data base
DNA pol a holoenzyme lacks a'@&’ proofreading exo- Of eukaryotic DNA polymerase sequences, and sug-
nuclease, and displays only moderate processivity, polygests new amino acid sequence targets for mutagenesis
merizing from (200 to CRO00 nucleotides per binding €Xxperiments to continue the functional dissection of
event (Kaguni et al. 1983; Plevani et al. 1985; LucchiniDNA pol a biochemistry at the molecular level.

et al. 1987; Blow 1989; Kornberg and Baker 1992). Be-

cause of its associated DNA primase activity and mod-

erate processivity, DNA pak is thought to polymerize Materials and Methods

the lagging strand; it may be also required to prime lead-

ing strand synthesis (So and Downey 1988). However, Cell Culture, Isolation of Nuclei, and Preparation of Genomic

additional work has demonstrated that DNA polymerase> VA Cultivation of the various hypotrich species, preparation of
macro- and micronuclei and isolation of macro- and micronuclear DNA

I, _the yeast homolog of eUkaryO_ﬂC DNA pel is €~ were done as described elsewhere (Prescott and Greslin 1992).
quired for chromosomal DNA replication in the budding

yeast SaCCharomY_C_eS cerevisigéraki et a' 1992). Library Construction, Screening, andPhage PreparationGeno-
Temperature-sensitive mutants of tBecerevisiaddNA mic macronuclear libraries were prepared usiggl0 (Promega, Madi-
pol € have an elongated S phase and arrest with a pheson, WI) as described elsewhere (Hoffman 1996). Plaque lifts were
notype characteristic of DNA replication mutants, done using Nitropure-supported nitrocellulose membranes (Micron

| . hat DNA 'h le i h Separations Inc., Westboro, MA) according to standard procedures, and
strongly suggesting that pe has a role in chro- hybridized to radiolabelled probe (prepared as described below) in NES

mosomal replication irs. cerevisiagAraki et al. 1992), (0.5 M NaHPO,, pH 7.2/1 mM EDTA/7% SDS). Lifts were washed in
raising the possibility that DNA pok may be only re- SSC (1 x SSC= 0.15 M NaCl/0.015 M Ng- citrate) and exposed to

quired for primer synthesis during DNA replication. Kodak X-Omat X ray film (Eastman-Kodak) at =70°C with a Dupont
Lightning intensifying screen (DuPont/New England Nuclear). Purified

Previous amino acid Sequence comparisons of fam)-\ clones were amplified and purified by equilibrium density gradient

ily B DNA polymerases from a variety of sources iden- centrifugation in a linear CsCl gradient (Amersham Life Sciences,
tified numerous putative functional domains based upomvriington Heights, IL; Sambrook et al. 1989).

varying degrees of amino acid sequence conservation

(from 116 to [B8% identity; Wong et al. 1988; Wang et Southern HybridizationAll restriction enzymes were purchased
al. 1989; Braithwaite and Ito 1993; White et al. 1993). from New England Biolabs (NEB). DNA was electrophoresed through

Subsequent functional analysis of these conserved rggarose gels (FMC Bioproducts, Rockland, ME) of an appropriate per-
centage containing ethidium bromide at @&/ml. DNA was trans-

gions by site-directed mutagenesis has shown that SOMErred to Zetabind-supported nitrocellulose (Life Science Products Inc.,
of these amino acid sequences are involved in magnedenver, CO) by capillary blotting with 0.4 M NaOH. Membranes were
sium (Mg2+), deoxynucleotide triphosphate (dNTP), or then neutralized in 1.5 M NaCl/0.5 M Tris-HCI (pH 7.5) and cross-
primer/template binding, as well as in the interaction 0flinked under UV light in a StrataLinker (Stratagene, La Jolla, CA_)._

. . . . Probe fragments were electrophoresed through agarose and purified
the polymerase ?‘{b“”'t_ with the SUbumt_S Carryl.ng theusing the Qiaquick gel extraction kit (Qiagen, Chatsworth, CA), and
DNA primase activity (Gibbs et al. 1988; Pizzagalli et al. japeled by incorporation ofef-*2PJdATP and §-22P]dTTP (DuPont/
1988; Copeland and Wang 1993; Copeland et al. 1993yew England Nuclear, Wilmington, DE) using either random hexamers
Dong et al. 1993a,b; Dong and Wang 1995)_ (Pharmacia Corp., Piscataway, NJ) or specific DNA primers (DNA

In this article, we describe the isolation and Charac_lnterna?tlonal, Lake Oswego, OR or Integrated pNA Technologies Inc.,
Coralville, I1A) and the Klenow fragment d&. coli DNA polymerase |

terization of a Complete macronuclear DNA pﬂbene (NEB). Hybridizations were performed using a Hybaid hybridization

sequence fronDxytricha trifallax and of partial macro- oven (National Labnet, Woodbridge, NJ) or a water bath in NES.
nuclear DNA polx gene sequences from eight additional Washes were generally done to a final stringency of 0.1x SSC/0.1%
species of hypotrichous ciliates. The complete gene se2PS at the hybridization temperature (52°-65°C).

guence of a tenth specigd, nova,was previously pub-

lished (Mansour et al. 1994). Clones were obtained by Subcloning Restriction fragments were excised from agarose gels

. . L . and purified with the Qiaquick gel extraction kit (Qiagen). PCR prod-
either screening a genomic librarp(trifallax) or the ucts were purified with the Qiaquick PCR Cleanup Kit (Qiagen); those

polymerase Ch?-in rea}Ction (P_CR) using .degenera.te d&ith restriction sites incorporated into the primers were digested with
oxyoligonucleotide primers (eight hypotrichs). Derived restriction enzymes and repurified with the PCR Cleanup Kit. Ligations
DNA pol o amino acid sequences were used to inferwere performed using T4 DNA Ligase (NEB), and ligation mixtures
phylogenetic relationships among the hypotrichs. In ad\ere used to transform competest coli (strain DH&x) prepared by

diti l t of dicted . id the method of Hanahan (Hanahan 1983). Transformations were done
iion, “alignment ol predicted amino acl Sequencesoy either the standard heat-shock method as described elsewhere

identified both functional domains associated with fam-(Hanahan 1983) or a high-efficiency method without heat-shock (Pope
ily B DNA polymerases in general (Wang et al. 1989; and Kent 1996).
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Plasmid DNA Preparation and Sequencirigmall-scale prepara- (conserved in all 15 species) identified by this analysis were included
tions of plasmid DNA were obtained by the alkaline lysis method usingin the alignment as well. The amino acid sequences FIVDDDG (region
the Qiaprep Spin Plasmid Miniprep Kit (Qiagen). Plasmid sequenceA) and VVYGDTD (region |) specified by the degenerate primers
was obtained by the dideoxynucleotide chain termination method usingpdRA and mdR1 were not included in the alignment; a total of 284
Sequenase DNA polymerase (Amersham Life Sciences) and [ amino acid characters were utilized in this analysis.
35S]dATP (Dupont/New England Nuclear) incorporation. PCR product ~ Using Felsenstein’s PHYLIP program package (version 3.572),
sequence was obtained by the same method using the Sequenase P@iiR/logenetic trees were constructed by the neighbor-joining method
Product Sequencing Kit (Amersham Life Sciences). Sequencing prim{Saitou and Nei 1987; Felsenstein 1989). Specifically, amino acid se-
ers were obtained from either DNA International, Integrated DNA quence alignments were converted to the PHYLIP input format using
Technologies Inc., GIBCO Life Sciences (Grand Island, NY), or Only ClustalW v1.6 on an Apple Macintosh Performa 6300 (Thompson et al.
DNA (Midland, TX). All sequencing gels were prepared using Long 1994). One hundred bootstrap samples were generated using the
Ranger acrylamide solution (FMC Bioproducts). Plasmid sequencingSEQBOOT program. Using the PROTDIST program, the bootstrapped
gels were 6% Long Ranger/7 M urea/1x TBE (89 mM Tris-borate/89 alignments were converted into distance matrices corrected for multiple
mM boric acid/2 mM EDTA, pH 8.0). PCR product sequencing gels substitutions by the Dayhoff-PAM method (Dayhoff 1979). Positions
were 6% Long Ranger/7 M urea/1x GTB (89 mM Tris-HCI/29 mM with gaps were excluded from the analysis. The resulting matrices were
taurine/0.54 mM EDTA, pH 8.0). Sequence alignments and analysientered into the NEIGHBOR program and used to construct phyloge-
were performed on an Apple Macintosh computer with the Assem-netic trees by the neighbor-joining method of Saitou and Nei (1987).
blyLIGN/MacVector sequence analysis package (IBl-Kodak, Roches-Lastly, those 100 trees were reduced to the majority-rule consensus tree
ter, NY). using the CONSENSE program. Phylogenetic trees constructed with

PHYLIP were drawn on a Performa 6300 using the program TreeView

Degenerate PCRDNA polymerasex clones were obtained from (Page 1996).
hypotrich species with a PCR strategy utilizing degenerate primers
designed from the two most highly conserved sequences-type

DNA polymerases: Results and Discussion

pdR2-3-GGG GAA TTC GAY TTY AAY WSI YTI TAY CC-3’ ) )
The Macronuclear Gene Encoding the Catalytic

mdR1-8-CCC CGG ATC CTC IGT RTC ICC RTA IAC IAC-3 Subunit of DNA Polymerase in Hypotrichous Ciliates

Primer pdR2 is 128-fold degenerate, contain&aaRI restriction site, T_he DNA _p0|a gen_e has been det?Cted in all 13 hypo-

and amplifies all nucleotide sequences specifying the amino acid set-”Ch species examined thus far (Fig. 1; Mansour et al.
guence DFNSLYP, from conserved region Il (Wong et al. 1988). 1994). Macronuclear gene-sized molecules encoding
Primer mdR1 is fourfold degenerate, contairBaanH] restriction site, DNA pol « in various species range froi#.8- to (5.2

and amplifies all nucleotide sequences specifying the amino acid segpy jn Iength. The observed size variation is not unex-

quence VVYGDTD, from conserved region | (Wong et al. 1988). The . .
PCR mixture was 60 mM Tris-SP(pH 9.1 at 25°C). 18 mM pected because family B DNA polymerase polypeptides

(NH,),SO,, and 1-2 mM MgSQ containing all 4 dNTPs at 125 mMm &€ generally co_mposed of multiple conserved regions
and 100 pmol of each primer. Typicallfl0 ng of macronuclear DNA ~ Separated by variable length “spacer” sequences (Wong

was used as template. After a 3- to 5-min hot start at 94°@l af et al. 1988; Kornberg and Baker 1992; Braithwaite and
eLONGase enzyme mix (GIBCO-BRL) was added, and the thermaljtq 1993). In addition, in hypotrich macronuclear genes

cycling was initiated. Thermal cycling was done in an Ericomp thermal ' .
reactor (San Diego, CA) according to the following protocol (modified the 5 nontranslated leader or’ fiontranslated trailer

from Asai and Criswell 1995): 5 cycles of 94°C/30 s, 50°C/1 min, SEQUENCES May vary considerably in length among spe-
68°C/1 min and 40 cycles of 94°C/30 s, 42°C/1 min, 68°C/1 min. ~ cies (Hoffman et al. 1995).
Genomic walking toward the Niterminus of the DNA polymer-
asea gene employed a similar strategy. Using a specific primer de-
signed to amplify sequences within conserved region Ill (containedThe Macronuclear DNA pak Gene in Two
within the pdR2/mdR1 PCR product) and a third degenerate primerOxytrichaSpecies
PCR products containing approximately two-thirds of the DNA @ol

open reading frame were amplified. The third degenerate primer wasThe complete nucleotide sequence of the macronuclear
designed to amplify all nucleotide sequences specifying the amino aci(bNA pol o gene has previously been determined for
sequence FIVDDDG, from conserved region A: . .

au Y ° Oxytricha nova(Genbank accession number U02001;
Mansour et al. 1994). Th®. trifallax DNA pol o« mac-
ronuclear clone was isolated from a genomic library us-
Primer pdRA is 48-fold degenerate and containBamH | site. The ing the O. novagene as a pmbe' A single clone was

PCR protocol was the same, with two exceptions: only 10 pmol of thePUrified by ultracentrifugation in a linear CsCl gradient,
specific primer were added per reaction, and the extension time wasubcloned, sequenced, and shown to contain an insert of
increased from 1 to 3 min. 4952 bp, not including 20 bp of telomeric repeats at the
5" end and 28 bp at the’ 3nd of the insert (data not
Phylogenetic Analysissmino acid sequence alignments were gen- shown). The presence of telomeres indicates thaithe
erated with the Pileup function of the GCG sequence analysis packag(aone contained an intact gene-sized molecule. The com-
using a gap creation penalty of 3.0 and a gap extension penalty of 0.1 . . .
(GCG 1994). Only previously reported amino acid sequences t:onplete nucleotide sequence has been (_jep03|ted in the Gen-
served in all 15 species were included in the alignment (regions I-Iv,Bank sequence data base, accession number U59426
VI, A, B, D, and E). Eleven newly reported amino acid sequences(Hoffman 1996).

pdRA-5-CGC GGA TCC TTY ATH GTI GAY GAY GAY GG-3



which contains the 12 conserved domains found in both
prokaryotic and eukaryotic family B DNA polymerases

OA ON OT
(data not shown; Wong et al. 1988; Damagnez et al.
— - 3321 1991; Braithwaite and Ito 1993; White et al. 1993). The
—6551 bp | _oseewp ORF contains 35 TAA and 16 TAG codons, which
et 2027 bp specify glutamine in most hypotrichs, rather than trans-
e lation termination (reviewed in Hoffman et al. 1995).
P
A Comparison of th®. novaand O. trifallax DNA pol
a Polypeptides
S . . .
GY%)Q»O%\’ &%?5”08%& Overall, the amino acid sequences of the two proteins are

=68% identical; the amino termina350 amino acids

extending from the initiator methionine to conserved re-

gion E diverge considerably=46% identity) compared

to the remaining=1150 amino acids{72% identity; data

not shown). The 12 conserved domains are separated by

“spacers” of variable sequence and length; some “spac-

ers” are more variable than others. It is possible to define

a core catalytic domain extending from region E through

region V, in which theD. novaandO. trifallax polypep-

HA PL PV tides are 80% identical. This domain separates a highly

variable amino-terminal domain (46% identical) and a

less variable carboxy-terminal domain (63% identical).
Another feature conserved between thenovaand

O. trifallax DNA pol « proteins is a cysteine-rich domain

near the carboxy-terminus. The domain encompasses

amino acids 1314-1398 i®@. novaand amino acids

1344-1428 inO. trifallax (Mansour et al. 1994). The

' - . spacing between cysteine residues is £¢X,5-C-X,-
Fig. 1. A An ethidium-stained agarose gel of macronuclear DNA CpX ?: X -C-X )(/: % -C wh X £XX 3 ; Z
from threeOxytrichaspecies and the corresponding Southern blot. The ™™ /}30"~ "7~ "/A 127" /Ag7, where represents any

blot was probed with the full-length macronuclear DNA polgene ~ @Mino acid except cysteine. This arrangement closely

from O. nova,and washed to a final stringency of 0.2x SSC/0.1% SDS matches that of th8a. cerevisiagC-X,-C-X,5-C-X,-C-

at 45°C. _O_A= O._sp. AspenON = O. nova;OTB = O. trifallax. X35-C-X4-C-X;5C-X,-C) and the human (C-XC-X,4

E An gthldlum-§ta|ned agarose gel of _macronuclear DNA from SevenC-X4-C-X32-C-X4-C-X17-C-X2-C) proteins (Wang et al.
ypotrich species and the corresponding Southern blot. The blot Wai.989) The C-%-C-Xpq-C-X,-C and C-X-C-X,,-C-

probed with a 2.7-kb carboxy-termin&lcoR| restriction fragment of : . 23 2 - 12

the macronuclear DNA pak gene fromO. trifallax, and washed to a  X4-C motifs are capable of forming a tetrahedral box

final stringency of 0.1x SSC/0.1% SDS at 52°C. GASGastrostyla  structure with an extended protein loop characteristic of

sp.; HO = Holostichasp.; SLC = Stylonychia lemna€SH; SLT = Zn_finger DNA b|nd|ng proteins (Wang et al. 1989;
S. lemna€Teller; UGA = Uroleptus gallina;UGA = Urostyla gran- Mansour et al 1994)

dis.C An ethidium-stained agarose gel of macronuclear DNA from two
hypotrich and a single oligotrich species and the corresponding South-

ern blot. The blot was probed with a 2.7-kb carboxy-termiBebR| . .
restriction fragment of the macronuclear DNA polgene fromO. Generation of Partial Macronuclear DNA pd

trifallax, and washed to a final stringency of 0.1x SSC/0.1% SDs atClones with PCR
45°C. HA = Halteria grandinella(the oligotrich); PL= Pleurotricha
lanceolata;PV = Paraurostyla viridis. Degenerate oligonucleotide primers (Preston 1993) were

used to amplify specific, conserved amino acid se-
quences by the polymerase chain reaction (PCR). Prim-
The gene-sized molecule 1. trifallax consists of a ers were synthesized to account for all possible permu-
5" nontranslated leader (LDR) of 255 bp, an open readindations of nucleotide sequence that specify particular
frame (ORF) of 4542 bp (including the TGA codon), and amino acid sequences, and were designed to amplify the
a 3 nontranslated trailer (TLR) of 162 bp. The BDR  two most highly conserved amino acid sequences in
is 65% A+T, and lacks conventional eukaryotic promoterfamily B DNA polymerases (designated regions | and |
sequences; the’ ILR is 77% A+T, and lacks the eu- in Wang et al. 1989; Braithwaite and Ito 1993). Prim-
karyotic poly(A) addition signal. The 4542-bp ORF is er pdR2 is 128-fold degenerate and amplifies all nucleo-
64% A+T, contains no introns, and specifies a putativetide sequences specifying the amino acid sequence
polypeptide of 1513 amino acids=173 kilodaltons), DFNSLYP in conserved region Il (Fig. 2; Wang et al.
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- 1
de2 m::l_R
——————
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: =
~2700 bp

Fig. 2. Diagram of the DNA pokx polypeptide and the arrangement designed to amplify all possible nucleotide sequences encoding the
of conserved domains along the protein. Conserved domains are indamino acid sequence FIVDDDG (from regidx), and used with a
cated by black rectangles. A degenerate PCR and genomic walkingpecific nucleotide sequence primer designed to amplify sequences
strategy was used to obtain partial DNA potlones from eight ciliate  from region Il (contained within PCR produet). This primer pair
species. The PCR product labelédvas obtained first using degener- amplified the PCR product labeld8l from total macronuclear DNA.

ate primers designed to amplify all possible nucleotide sequences erpdR2 = plus strand degenerate primer for region Il; mdR1minus
coding the highly conserved amino acid sequences DFNSLYP (fromstrand degenerate primer for region I; pdRAplus strand degenerate
region Il) and VVYGDTD (from region I). After sequencing the short primer for region A; msslll= minus strand specific sequence primer
clones, a walking strategy was devised using a third degenerate primdor region Il1.

1989). Primer mdR1 is fourfold degenerate and amplifies

all nucleotide sequences specifying the amino acid se
guence VVYGDTD in conserved region | (Fig. 2; Wang

et al. 1989). The latter sequence is a portion of the DNA
polymerase family B signature that has been observed i
higher eukaryotic DNA polymerasesandd, yeast DNA
polymerases I, Il, and llIE. coli DNA polymerase II,

and herpes-, adeno-, and baculovirus DNA polymerase
(Wong et al. 1988; Wang et al., 1989; Braithwaite and Ito
1993).

After sequencing PCR products from the macro-
nuclear DNA pola gene generated with the primer pair
pdR2/mdR1, larger DNA pok clones were obtained
from eight species by genomic walking. Using a specific
primer designed to amplify sequences from conserve(
region Il (contained within the pdR2/mdR1 PCR prod-
uct) and a third degenerate primer, PCR products con
taining approximately two-thirds of the DNA palopen
reading frame were amplified (Fig. 2). Primer pdRA 3k
(48-fold degenerate) was designed to amplify all nucleo-
tide sequences specifying the amino acid sequencec
FIVDDDG in conserved region A (Damagnez et al. Fig. 3. A An ethidium-stained agarose gel with partial DNA pol
1991; White et al. 1993)_ Figure 3a shows an ethidium-clones obtained using dggenerate I_DCR as described in Figure 3.
stained agarose gel of the long PCR product from eighE Southern_bl_ot of the gel iA prob_ed with a 2.7-kb, carboxy-terminal

. . . coRlI restriction fragment oD. trifallax DNA pol «, and washed to
hypOt”Ch species, and Figure 3b shows the COrrespong; fing) stringency of 0.1 x SSC/0.1% SDS at 60°C. HA Halteria
ing Southern blot probed with th@. novamacronuclear grandinella;HO = Holostichasp.; PL= Pleurotricha lanceolataPV
gene. Because of the large size of these PCR products; Paraurostyla viridis;SLT = Stylonychia lemna&; SM = Stylo-
they were not sequenced directly, but were cloned firstnychia mytilusUGA = Uroleptus gallina;UGR = Urostyla grandis.
Of the eight species for which large PCR clones were

s » &
FEPL YIS

—4 kb
—3kb

—2kb
—1.6kb

—4 kb
—3kb

obtained, only théaraurostyla viridisandUrol. gallina Figure 4 contains an alignment of conserved amino
PCR products were cloned intact. PCR products for theacid sequences present in the long PCR products (regions
remaining species were cloned in either twdalteria  1-1V, VI, A, B, D, and E) obtained by the strategy out-

grandinella, Holostichasp., Pleurotricha lanceolata, lined above and in Figure 2. Also included are 11 newly
Sty. mytilusandUros. grandi$ or three Bty. lemnad’)  discovered conserved amino acid sequences identified in
pieces. Specific sequence PCR primers were designed this analysis. Ten hypotrich species are included, as well
amplify a product across the restriction sites used foras the corresponding sequences of DNA @gbroteins
cloning to test whether any small restriction fragmentsfrom human,Mus musculus, Drosophila melanogaster,
were missed during cloning. In every case, the short PCFBa. cerevisiaeand Sc. pombe.

products contained only a single restriction site for the Region A is moderately conserved among all species,
appropriate enzyme (data not shown). although the last four amino acids have diverged in the
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A E D
0. nova FIVDDDGYGYRDHG VFGKI VSCSIKVN FVLP KYAFE GNTFECIFGANQSMLESFILKRKIR GPCWM
0. trifallax @ = .c.ieiesanecass Toeee eeeeMeee YAl. tevee veeneeeeeSTeeeeelioennaaes sanne
P1. lanceolata cecsssenans eee Leeee secveess Aie tone sennnes eeCeeeleelicscocns K....u
Ha. grandinella eeeeeeelieeeees ToooV eveeleee YAur tieee eveseslioneeeslocliceeee K cunnn
Pa. viridis cececsscsceese Lovee eoeBLeee YAi. s eoSieeLlieesenseellioneans K....I
Sty. lemnae T eeessesFoceees Towae eeeeMiese YAl tiiee teenne L..Covvcnnn Lecevees K .eono
Sty. mytilus = ...e... Foveunn Toeer eeo.Mo.. YA, ..., eeeeD-VI.LeveeooLoeooo . IK o.ua.
Urol. gallina @ .c..eeeeecans F. I...V .. AL.T. ¢Act teeee vvvsssassssssesclioceeeRK sunn
Holosticha sp. ceveceveceseNe sV oo MI. YA, tiiee ceeeeelieTeeeeelionnnns K ooees
Uros. grandis seeesesI..KEK. L...V ....Leoe YAsr ceee. oS....L.NTQ.....ILLL..Q..K ....I
human Weeeoo.I..VED. L...V ...CVM.K YF.. N.... .E..SHV..T.T.S..L.LMN...K ....L
M. musculus Weeeoo.I..VED. L...V ...CVM.K YF.. N.... .E..SHV..T.T.S..L.IMN...K ....L
D. melanogaster W.-EE..T..AEDL L..R- K.VCLR.Q YL.. SF.HH Y.SIAH....TTNA..R.L.D...K ....L
Sa. cerevisiae Veooa. V..V.R. L...V ..AMVQI. .F.. ..S.. SD..YHV..G.SNIF...V.QNR.M ....L
Sc. pombe .V...N.A..V.N. L...V ...FL..D YF.. ..... .SS.SHV..T.TALF.Q.V.SRRVM ....L

v

0. nova PPLT IQFFQHERQLIEAFVAKIYQLDPDLMVAHNLCGGMFDLLLAR WSRIGRL TCGRL TAKELIRETNYDL
0. trifallax eese «oKiEN.o Moo o T VFIV. .o eVeieeeeeeeoneaoes seensee ssoes SeeaaVieoSene
Pl. lanceolata N.o TY.MQ...Me.. oIS VeeToieeeloeeeneeeleeeeoee coneens eeeee Sereenncsnnns
Ha. grandinella «A.S VIY.PS.KeeeoeeIN.VI.T.oo oLl eeeeeelliErvnas sannnne eoeee oasens sesenes
Pa. viridis eeeS LeeeTN.e o M.D..INRLTVV. e eLeeveeenseeBerans saeeeeM HAVD= tivveeeennann
Sty. lemnae T eeee oY ITNee . M.DL. . TR.FeTeeoeTeennnanns Teeeasoe canees F ..... S....V...S...
Sty. mytilus eeee ++oY¥.TN...M.DL.. TR.F.T.o.eTeeeeunnn R e =
Urol. gallina ceee «o¥Y.TN...M....ISRLHLT. e elTlceeveeeleennnns seeeesF teeee Seveeenannans
Holosticha sp. seee oY Neo Moo . IS.LFLT eeeleeeeneeneeananss saseeeF tiene Seeevennns
Uros. grandis seees FT..N.KA.L.N.ISRLHLI.¢ .MLI¢oesoeeeIlEceeee soeliees Seunee SeveeeaasSenn
human ...V VEVAAT..T.LGF.L..VHKI...II.G..IY.FELEV..Q. ..Ki¢eet ¢2..M S......CKS.H.
M. musculus ...V VEIAAT..T..GF.L..VHKI...IL.G..I.SFELEV..Q. ..K.... ....M S..... HCKS.H.

D. melanogaster «s++ VHKHDS..A.LSW.L.QYQKI.A..I.TFDSMDCQLNVITDQ ...M... FV..M S.E.C..ARS...
Sa. cerevisiae .N.R VRL.NN.KAMLSC.C.MLKVE...VIIG.R.QNVYL.V.AH. F.S...R CS... GQSLTPKCQSW. .

Sc. pombe ..M. FCE-RS.VS.LNN.LN.VRTY...VYFG.DFE-MCYSV..S. ..S.... IA... GRSMI-KAQSWS.
B

0. nova PLTKQLTNI AGNLWFRSLONARAERNEMLLLHEFKKKKFVLPDKK RKKAA
0. trifallax seeliieees ceveoscsannccnne eesesescscceselecene soene
Pl. lanceolata esseccsss eseMiceeiRiceeenennnnnns o
Ha. grandinella ....eeeee soessoessssscnsssasssssssssssolocens aonee
Pa. viridis Ceseceess sessssssasssstssssssessastaens Toveee e0a.Q
Sty. lemnae T L - cerecnsan [ SR 4
Sty. mytilusS = = cieiecese ceeens cesseacasannse sesesesessselecees o0k
Urol. gallina ceseeveee sssvsvsseeseVCioeeeeresensensselocane seeeQ
Holosticha sp. ssesetves sesseasaans e A
Uros. grandis teeeeeeSe seeeeYiereeenencnnnnnssss¥YG. YICimt c0.aQ
human ..AL.I... ...IMS.T.MGG.S....F....A.YENNYIV...Q ...G.
M. musculus ..AL.T... ...IMS.T.MGG.S....F....A.YENNYIV...Q ....T
D. melanogaster ..AL.I... C..TMT.T..GG.S....F....ASTE.NYIV...K K....
Sa. cerevisiae Teeooaone L ...A.AQT.GGT..G...YI.....SRNG.IV...E -...K
Sc. pombe Q.S.N.... ...S.A.T.TGT..ees.¥Il.0se...NGYIV...Q ~..DK

Fig. 4. An alignment of conserved amino acid sequences present irsame as in thé@. novagene are indicated with dots (.). Complete

the long PCR products (regions |-V, VI, A, B, D, and E) obtained by sequences have been submitted to the GenBank sequence data base
the strategy described in Figure 2. Also included are 11 newly identi-under the accession numbers U02001 ifovg, U59426 Q. trifallax),

fied amino acid sequences identified in this analysis. Ten hypotrichU89699 Halteria grandinelld, U89700 Holostichaspecies), U89701
species are included, as well as the corresponding sequences of DN@araurostyla viridig, U89702 Pleurotricha lanceolaty U89703

pol a proteins from humaniM. musculus, D. melanogaster, Sa. cer- (Stylonychia lemngeU89704 Stylonychia mytilys U89705 Urolep-
evisiaeandSc. pombeGaps introduced during sequence alignment aretus galling, and U89706 Wrostyla grandi$.

indicated with dashes (-); amino acids at any position that are the

nonciliate species. Region E is five amino acids long inserved in all 15 organisms in Figure 4. Two substitutions
all species except fdD. melanogasterBased upon this have occurred in the last position: isoleucine for leucine
alignment, it contains a core sequence of three aminin Pa. viridis,and leucine for methionine in all five non-
acids (FGK) that is almost absolutely conserved, withciliate species.

Drosophilathe lone exception. The first and last amino  Region IV is 42 amino acids long and is centered
acids in region E can vary, although all observed substiaround the nearly invariant sequence DPD, a motif re-
tutions are conservative: valine for isoleucine (and vicesembling one absolutely required for DNA pohctivity
versa) and leucine for isoleucine. The first four positionsin vitro which is present in conserved region | (DTD;
of region D, including the essential G are exactly con-Copeland and Wang 1993; Copeland et al. 1993). Al-
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II VI
O. nova YAGGLVIEPKAGFYDNIILLLDFNSLYPSIIQEYNLCFTTV LPD AVLPMVLRDLVQKRKAV
0. trifallax ceseesssresatcsesennsrsnacsnsens S
Pl. lanceolata @ ..eeee.. ceeseesestssetesettseseanennns e eee seeeNesseo R
Ha. grandinella evecencsnesnsas Sececesecrsscccscsssssesecs ooe ceseNeseoossoanone
Pa. viridis cessesssresesstesrensrennanans S .R..
Sty. lemnae T = ...... seersesseseVeeeroneeecanosonnonns e ooe sseeNeeoea.R..
Sty. mytilusS = cieeeeececcccanann cesececteretnstnennanns S .
Urol. gallina eSeeeseDeecRiceraneacnans eeeecseVhoeeseee eoe saaoNovons ....R..
Holosticha sp. St iecececeessassctetesacenannans S
Uros. grandis I ceeeccsssss oss +I..N..KN.v.ooo I.
human ..., IDeeVeeeeKFeeeooeoosennannn F.I..... «.. GI..REI.K..ER..Q.
M. musculus cecean ID..VeeeeKRFeoeooooaossnsnans F.I..... «ss GI..REI.K..ER..Q.
D. melanogaster esssseL. .MR.L.EKYV..M.L...... eesassls .NP. ... GI..IQ.KR..ES..E.
Sa. cerevisiae Q....F..EK.LHKNYV.VM...cvcee.e..F.I..... V.P G...RL.AN..DR.RE.
Sc. pombe Keeo oFo e QKLLYETC. VMoot eveeecnsnne I..... T.S GIF.RLIAN..ER.RQTI

ITI I
0. nova EIRQKATKLTANSMYGCLGFGSSRFHA-QATAALITRTGRETL, VVYGDTDS
0. trifallaX = = eeeeeeesences [ LR KeeeDeo eveennnne
P1. lanceolata ceeesecnasenanes
Ha. grandinella cecsrecssrsssssssveeSeceess=Kireoeo Koo Now o
Pa. viridis = = ....... eevecsssesreesQieiiee=Kitiiioanetenee vonns
Sty. lemnae T Neeoeeannn ceeecceseSeKeo=S.aaan Keveosso e0es
Sty. mytilus sessstessttnenananne Seeeeee—S.
Urol. gallina @ ..... ceseestetsssnoeesennas “Keveeoooosaosee anonn
Holosticha sp. tesesesenesnnns eeeeeSees . Y.FRR..... ceeesSe.
Uros. grandis A Seeeeee=KiveeeoKonenn « eeee
human D.c.w LiceeoeeeeeeesSY.. . Y.-KPL...V.YK...I. .I......
M. musculus DeceeeliceeeeeeaseessSY.. . Y. -KPL...V.YK...I. .I......

D. melanogaster H...M.L.ece.veeeess.BH...F.—,HL...V.HK..D-. ..cccu..
Sa. cerevisiae DieeeQeLeesscseseeeaYUN.o oY -KPL.M.V.NK..T. ceececes
Sc. pombe D.Q.Q.Liceeeeseses s YIK...Y.-RPL. V... YK...A. .T.c.con

Fig. 4. Continued.

though the sequence is generally well conserved among

the hypotrichs, the ciliate sequence bears little resem-

blance to that of the other organisms; orfi2 positions

(=29%) are well conserved in both groups. Sty. lemnae

Region B is 36 amino acids long. It is highly con- Sty. mytilus
served in the hypotrichs, although only short sections o
the sequence are conserved between ciliates and oth
eukaryotes. Region Il is 41 amino acids long and cen-  p; janceolata
tered around the invariant core sequence DFNSLYPSII
The remaining sequence is also well conserved. Many o
the substitutions are conservative: leucine for isoleucine
valine for alanine or leucine, phenylalanine for tyrosine, Pa. viridis
and isoleucine for leucine. Region Il has been implicatec
in binding of dNTP and primer annealed to template
(Dong et al. 1993a,b).

Region VI was identified previously as the region
with the lowest amount of sequence conservation amon
eukaryotic, viral, and bacteriophage DNA pelgenes
(Wong et al. 1988, Wang et al. 1989). However, among
the hypotrichs region VI is highly conserved, with amino
acid substitutions at only two of 16 positions, except for
Uros. grandisin which four positions have been altered.
However, the sequence has diverged in the hypotrich
compared to the other eukaryotes, with substitutions
occurring at 12 of 16 positions (75%). Region Ill, which
is centered around the invariant core sequence o
KLTANSMYGCLG is highly conserved in all species = =10aminoacid changes
examined. Fig. 5. Neighbor-joining tree inferred from the amino acid sequence

The alignment in Figure 4 clearly shows that the hy-alignment in Figure 4.

Urol. gallina  Holosticha sp.

O. trifallax

0. nova

Ha. grandinella

Uros. grandis

Sa. cerevisiae

D. melanogaster
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Sty. mytilus O. trifallax

Sty. mytilus

Urol. gallina Sty. lemnae

Sty. lemnae
Urol. gallina

Pa. viridis

Ha. grandinella

0. nova

0. nova Ha. grandinella

O. trifallax

D. melanogaster Sa. cerevisiae

Sc. pombe

human
Sc. pombe
Sa. cerevisiae M. musculus

human p D. melanogaster

H =10 amino acid changes
M. musculus

Fig. 6. A Neighbor-joining tree inferred from a subset of the DNA posequences aligned in Figure 4, and including the same outgrBups.
Neighbor-joining tree inferred from actin | sequences of the same species included in

potrich species analyzed are rather closely related, witl{1987), using the NEIGHBOR program of the PHYLIP
the exception ofUros. grandis.Alignment of the full-  sequence analysis package (v. 3.572) for the Macintosh
length sequences identified several sequences conservBdwerPC (Felsenstein 1989). One hundred bootstrap
only among the hypotrichs (e.g., théi30 amino acids data sets were converted to distance matrices corrected
between regions E and D, th&10 amino acids between for multiple substitutions by the Dayhoff-PAM method
regions D and 1V, and thél120 amino acids between using the PROTDIST program of PHYLIP (Dayhoff
regions IV and D; data not shown). Although it is not 1979; Felsenstein 1989). Trees were constructed using
clear what role these sequences play in DNAg@d®&inc-  the NEIGHBOR program of PHYLIP, and the majority-
tion, given the fundamentally different organization of rule consensus tree was identified using the CONSENSE
macronuclear DNA synthesis into replication bands, it isprogram of PHYLIP (Felsenstein 1989).

possible that these amino acid sequences are required to Figure 5 contains a neighbor-joining tree inferred
establish or maintain interactions between DNA pol from the amino acid sequence alignment in Figure 4,
and other components of the replication band. Most ofincluding human,M. musculus, D. melanogaster, Sa.
the protein constituents of the replication band have noterevisiae andSc. pombes outgroups. Previous analy-
been characterized biochemically, although antibodyses have concluded that the major groups within the cili-
staining has demonstrated localization of both PCNA/ates are widely separated based upon divergence of
cyclin and acetylated histone H4 in the replication bandrRNA sequences, in accordance with classical systemat-
in Euplotes eurystomu@Olins et al. 1989; Olins and ics, and that each group is essentially monophyletic
Olins 1994). (Lynn and Sogin 1988; Baroin-Tourancheau et al. 1992).
Comparison of DNA polkx amino acid sequences con-
firms this result, with the possible exceptionldfostyla
grandis.

Alignment of amino acid sequences was done with the An attempt to clarify taxonomic relationships among
PILEUP function of the GCG sequence analysis packagéhe hypotrichs with protein sequences was made previ-
(GCG 1994). Pileup multiple sequence format aminoously with the actin | gene (DuBois 1995). Figure 6A
acid alignments were then used to infer phylogenetiacontains a neighbor-joining tree inferred from DNA pol
trees by the neighbor-joining method of Saitou and Neia amino acid sequences of seven of the hypotrich species

Phylogenetic Analysis
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aligned in Figure 4 compared to a similar tree inferredAsai DJ, Criswell PG (1995) Identification of new dynein heavy-chain

from actin | amino acid sequences obtained from the genes by RNA-directed polymerase chain reaction. Methods Cell
. . . . Biol 47:579-585
same seven species (F|gure GB)’ using the same Spemsgroin—Tourancheau A, Delgado P, Perasso R, Adoutte A (1992) A

as outgroups. DNA pal sequences frorhlolosu;hasp., broad molecular phylogeny of ciliates: identification of major evo-
Pleurotricha lanceolata,and Urostyla grandiswere lutionary trends and radiations within the phylum. Proc Natl Acad

omitted from Figure 6A because actin | has not been Sci USA 89:9764-9768
sequenced in those species. Comparison of the two treddow J (1989) Eukaryotic chromosome replication requires loémd
reveals two notable differences. First, based upon actin | ® DNA polymerases. Trends Genet 5:134-136

ncesHalteri randinella. which is cl ified Braithwaite DK, Ito J (1993) Compilation, alignment, and phylogenetic
sequencesiiaiteria gra ella, ch Is classilied as relationships of DNA polymerases. Nucl Acids Res 21:787-802

an oligotrich by morphological criteria, has diverged copejand wc, Wang TS-F (1993) Mutational analysis of the human

widely from the hypotrichs, while DNA pak sequences DNA polymerasea: the most conserved region ie-like DNA
p|ace it unambiguous|y with the hypotrichs_ Second, ac- polymerases is involved in metal-specific catalysis. J Biol Chem
tin | sequences indicate thax. trifallax is most closely 268:11028-11040

Copeland WC, Lam NK, Wang TS-F (1993) Fidelity studies of the
human DNA polymerase: the most conserved region amoag
like DNA polymerases is responsible for metal-induced infidelity in

related toSty. mytilusvithin the main grouping that also
containsSty. lemnae, Uroleptusand Paraurostyla.In

contrast, DNA polx sequences indicate th@t trifallax DNA synthesis. J Biol Chem 268:11041-11049

is most closely related t@. nova,and that both are Corliss JO (1979) The ciliated protozoa—characterization, classifica-

separated from the two remaining groupingsUsblep- tion, and guide to the literature. Pergamon Press, New York, New
York

tus and Stylonychiaand Paraurostylaand Halteria. ) _
Phvlogenetic comparison using molecular se uencéﬁotterlll SM,_ReyIand ME, Loeb LA, Lehman IR_ (1987) A cryptic
ylog P g ; q_ proofreading 35’ exonuclease associated with the polymerase
data from DNA pola has resolved two questions raised  sypunit of the DNA polymerase-primase fradnosophila melano-
by classical systematic analyses of the hypotrichs. Based gaster.Proc Natl Acad Sci USA 84:5635-5639
upon morphological criterigQxytricha novaandO. tri- Damagnez V, Tillit J, de Recondo A-M, Baldacci G (1991) R@L1
fallax have been considered to be the same species (W. 9en€ ”OVL‘ the_ﬂSSiOr,‘dVslagi‘:hizos"’_‘;?d‘faromykces F;?mgﬁzws |
. . . conservea amino acl OCKS SpecITfiC Tor eukaryotic poly-
Foissner, per;onal communication). Thg mo!ecular data . Mol Gen Genet 226:182-189
from both actin | and DNA pOb‘ contradict this asser- Dayhoff MO (1979) Atlas of Protein Sequence and Structure, Volume
tion; clearlyO. novaandO. trifallax are different species 5, Supplement 3. National Biomedical Research Foundation, Wash-
(this report and DuBois 1995Halteria grandinellahas ington, DC
been previously classified as an oligotrich based uporPong Q, Copeland WC, Wang TS-F (1993a) Mutational studies of
cell cortex morphology (Corliss 1979). We propose that human DNA polymerase: identification of residues critical for
. g . deoxynucleotide binding and misinsertion fidelity. J Biol Chem
H. grandinellabe reclassified as a hypotrich based upon  ,¢o54163 54174
three criteria: (1) It contains macronuclear DNA as 9€Nepong Q, Copeland WC, Wang TS-F (1993b) Mutational studies of
sized molecules. (2) Macronuclear DNA replication 0C-  human DNA polymerase: serine 867 in the second most con-
curs via replication bands. (3) Molecular data from DNA  served region among-like DNA polymerases is involved in
p0| «, and small and Iarge subunit rRNA sequences place primer binding and mispair primer extension. J Biol Chem 268:
it among the hypotrichs (Lynn and Sogin 1988). 24175-24182

Dong Q, Wang TS-F (1995) Mutational studies of human DNA poly-
Although DNA pol a sequences have enabled the " "o . lysine 950 in the third most conserved regionoafike

resolution of two issues raised in the above paragraph, DpnA polymerases is involved in binding the deoxynucleotide tri-

the differences between the relationships described by phosphate. J Biol Chem 270:21563-21570

the actin | and DNA pola sequence data emphasize DuBois ML (1995) The unusual structure and evolution of the germline

the importance of analyzing muItipIe genes in order to  9enome of hypotrichous ciliates. PhD thesis, University of Colo-
. . , . . . do, Bould

establish evolutionary relationships with security. We rado, Bourder

. . . . _Elwood HJ, Olsen GJ, Sogin ML (1985) The small-subunit ribosomal
are continuing the StUdy of phleQeneUC relatlonshlps RNA gene sequences from the hypotrichous cili@&gtricha nova

among the hypotrichs using the genes encoding:taed and Stylonychia pustulataviol Biol Evol 2:399-410
B subunits of the telomere binding protein heterodimer.Felsenstein J (1989) PHYLIP—Phylogeny Inference Package (Version
3.2). Cladistics 5:164-166
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