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With the great availability of sequences from RNA- and DNA-
dependent RNA and DNA polymerases, it has become possible
to delineate a few highly conserved regions for various
polymerase types. In this work a DNA polymerase sequence
from bacteriophage SPO2 was found to be homologous to the
polymerase domain of the Klenow fragment of polymerase
I from Escherichia coli, which is known to be closely related
to those from Staphylococcus pneumoniae, Thermus aquaticus
and bacteriophages T7 and TS. The alignment of the SPO2
polymerase with the other five sequences considerably
narrowed the conserved motifs in these proteins. Three of
the motifs matched reasonably all the conserved motifs of
another DNA polymerase type, characterized by human
polymerase «. It is also possible to find these three motifs
in monomeric DNA-dependent RNA polymerases and two of
them in DNA polymerase 3 and DNA terminal transferases.
These latter two motifs also matched two of the four motifs
recently identified in 84 RNA-dependent polymerases. From
the known tertiary architecture of the Klenow fragment of
E.coli pol 1, a spatial arrangement can be implied for these
motifs. In addition, numerous biochemical experiments sug-
gesting a role for the motifs in a common function (ANTP
binding) also support these inferences. This speculative
hypothesis, attempting to unify polymerase structure at least
locally, if not globally, under the pol I fold, should provide
a useful model to direct mutagenesis experiments to probe
template and substrate specificity in polymerases.
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Introduction

The number of available protein sequences is growing rapidly
due to the facility of nucleotide sequencing techniques. One
protein class often studied and sequenced is the polymerase family
which is central to the duplication and expression of genes.
Polymerases can use RNA or DNA as a template (RNA- or
DNA-dependent); the product can also be RNA or DNA.
Polymerases are found both in eukaryotes and prokaryotes,
though sequencing efforts have often concentrated on those from
viruses. One way to use the information contained in all these
sequences is to try to align them and thereby allocate them
amongst related families and subfamilies. This has been achieved
for DNA-dependent DNA polymerases, where three main sub-
families have been identified. One of them contains the Klenow
fragment of Escherichia coli polymerase I, whose three-
dimensional structure is known (Ollis et al., 1985a), and
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polymerases from phages T7 (Ollis et al., 1985b; Argos et al.,
1986) and T5 (Leavitt and Ito, 1989), and from Thermus
aquaticus (Lawyer et al., 1989) and Staphylococcus pneumoniae
(Lopez et al., 1989). This family will be referred to as the pol
I family. For another set of DNA-dependent DNA polymerases
(Wang er al.,, 1989), as those homologous to the human
polymerase « (hereafter referred to as pol as), more than 10
sequences from various species are known. A third subfamily
of DNA-dependent DNA polymerase, hereafter called the pol
B type, has only two members: DNA polymerase 3 (Matsukage
et al., 1987) and terminal transferase (Peterson et al., 1985;
Koiwai, 1986; Zmudzka et al., 1986). Until now, just one DNA-
dependent DNA polymerase sequence, from the SPO2 bacterio-
phage (Raden and Rutberg, 1984; Jung er al., 1987), resisted
alignment with any of the three aforementioned types.

Clearly, the aim of these alignments, apart from evolutionary
implications, is the identification of the regions essential for
polymerase function, since these sequence segments should
appear as the most conserved. Generally, a great number of
aligned sequences will ensure sufficient variability to identify the
functionally required regions. For the pol I type, the five
previously aligned (Ollis et al., 1985b; Argos et al., 1986;
Leavitt and Ito, 1989; Lopez eral., 1989) sequences are
sufficiently close so as not to allow confident delineation of the
absolutely required motifs.

In the present work, it has been found that the polymerase from
bacteriophage SPO2 can be aligned, using a sensitive method,
with the polymerase portion of the Klenow fragment in the C-
terminal part of the protein [the N-terminal domain has a 3'-5'
exonuclease function (Freemont et al., 1986)]. The total align-
ment of the C-terminal part of the six proteins of the pol I type
is presented. The relatedness of SPO2 polymerase with those from
phages T7 and TS5, S.pneumoniae, T.aquaticus and E.coli is
sufficiently distant that highly conserved regions can now be
reduced to five in number. Interestingly, three of the five regions
match reasonably with the three most conserved motifs of DNA-
dependent DNA pol as, suggesting that the two polymerase types
may share a common tertiary fold, or at least contain similar local
tertiary architecture required for similar functions. These motifs
are likely to represent modules required for the polymerase
structure and activity.

Searches were then performed to detect such sequence patterns
in other polymerase families. All three motifs could be found
in DNA-dependent RNA polymerases that consist of only one
subunit (see Masters et al., 1987); two motifs were found in pol
Bs, in the same linear arrangement and maintaining the strictly
conserved residues. In addition to this, an examination of several
aligned RNA-dependent RNA polymerases as well as reverse
transcriptases, for which four highly conserved motifs have been
highlighted (Kamer and Argos, 1984; Poch et al., 1989), allows
the suggestion that two of their motifs could match the two motifs
shared by DNA pol Is, pol as and pol 8s. These sequence
similarities are further supported by a statistically significant
alignment between the entire polymerase domain of two members
of these different families, namely a DNA-dependent DNA

461



M. Delarue ef al.

Ve /s 4 .
L // / .
§ 500/ Y s 7 \ 7 /
Q L y / N
E. 400 | v S
w L \/ /
2wt Ry >
: vl 7
g 2of J /
Sl J 7
L L/ /
1 1 | I I | 1 ( 1 1 / l/l ) ENUUR N | 1 1
100 200 300 400 500 600 700 800 800
DNA POLYMERASE 1 - E.COLI

Fig. 1. Homology search matrix (Argos, 1987) between the Klenow
fragment of DNA poly I from E.coli and DNA polymerase from
bacteriophage SPO2. The search window lengths ranged from 5 to 35 in
steps of 2; the search peaks are plotted over the entire window length, with
the largest value dominating when overlap occurs from the mululength
windows. The peak values (S) are scored as a number of standard
deviations (o) above the matrix mean for each window length. Thin lines
indicate 4.5¢ < S < 5.50 and thick lines refer to 5.50 < S< 6.00. The
path used as a basis to effect the alignment of Figure 2 is indicated by
arrows. The remaining alignments shown in Figure 2 are founded on
simultaneous inspection of all six sequences.

polymerase and an RNA-dependent DNA polymerase. The
alignment of the C-terminal most motif, containing two acidic
groups, is in agreement with those suggested by Argos (1988)
amongst RNA-dependent RNA polymerases, reverse tran-
scriptases, and DNA-dependent DNA pol as.

An examination of these conserved regions relative to the
known Klenow fragment tertiary architecture positions them in
areas likely to interact with nucleotides. In fact, many biochemical
data (Joyce and Steitz, 1987; Larder et al., 1987b) point to the
importance of these motifs in the catalytic process, in the different
families of polymerases. The design of site-directed mutagenesis
experiments should benefit from the model suggested here,
implying possible common tertiary segments for various
polymerases, if not a common topology.

Results

Pairwise sequence comparisons were done by a search procedure
based on residue characteristics (Argos, 1987). The resulting
alignments of the C-terminal polymerase portion of the Klenow
fragment of DNA-dependent DNA polymerase I from E.coli and
polymerases from bacteriophages T7, TS, S.pneumoniae and
T.aquaticus are similar to the ones given by Argos et al. (1986),
Leavitt and Ito (1989), Lopez er al. (1989) and Lawyer ez al.
(1989) respectively. The DNA polymerase sequence from
bacteriophage SPO2 was also compared to the E.coli,
S.pneumoniae, TS5 and T7 polymerases. The search matrix and
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Fig. 2. Multiple setjuence alignment of the C-terminal regions of E.coli DNA polymerase I, S.pneumoniae, T.aquaticus, bacteriophages SPO2, T5 and T7
polymerases. The major conserved motifs are numbered 1—5. The number of the first amino acid of the displayed sequence is: 554, 511, 458, 213, 352 and

310 for E.coli, S.pneumoniae, T.aquaticus, SPO2, TS and T7 respectively.
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alignment pattern taken for SPO2 and E.coli polymerases are
shown in Figure 1; it is clear that strong regions of homology
exist at the 4.5 SD or higher level. No such strong relationships
could be found between SPO2 and S.pneumoniae, T.aquaticus,
T7 or TS5 polymerases. Figure 2 shows the alignment of the C-
terminal part of these six polymerases sequences; this multiple
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alignment was obtained by manual adjustment of the different
but closest pairwise alignments. A conservation profile resulting
from this alignment was also calculated (data not shown); this
profile is based on a five-residue window and the score is simply
the normalized sum of the matrix elements corresponding to the
mutations observed in all the different pairwise alignments. The

------ Motif A Motif B -~=--------- --—- Motif C =----
=+ +—+ + + +— + +— + - — +++ DHA-DEP DHMA POL
HUM-ALFA 858 FILLL|D|FNSLYPSIIQFFNICFTTV 66 IRQKAL|K|LTA.NSM|YG|CLGFSYSRFYAK 25 NLEVIYG|D|TDSIMIN -
CAL-NPV 525 NAFSL|D{FNSLYLTIMIAICACLSNI. SO OKONSV|K|RTA.NSI|YG|YYGIFYKVLANY 34 YG|b | ThsTFVL
T4 403 YIMSF|D|LTELYPSIIRQUNISPETI 121 TNOLNR|K|ILI.NSL|YG|ALGNIHFRYYDL 33 EDFIAAG|D|TDSVYVC
EPST-B 579 PVLVV|D|FASLYPSIIGABNICYST™ 73 KQQLAI|K|CTC.NAV|YG|FTGVANGLFPCL 47 QLRVIYG|D|TDSLFIE
HERPES 717 PVVVF |D|FASLYPSIIQAENLCFSTL 70 KQQAAI|K|VVC.NSV|YG|FTGVQHGLLPCL 48 SMRIIYG|D|TDSIFVL
CYTOMEG 712 PVAVF|D|FASLYPSITMABNLCYSTL 71 KEQMAL|K|VIC.NAF|YG|FTGVVNGMPCL 71 EARVIYG|D|TDSVFVR
VACCINIA 519 NVLIF |D|YNSLYPNVCIFGNLSPETL 86 SMOYTY|K|IVA.NSV|YG|IMGFRNSALYSY 62 RFRSVYG|D|TDSVFTE | Pol Alpha’ s
VARIC-2Z 677 PVVVL|D|FASLYPSIIQABNLCFTTL 69 KQQAAI |K|VVC.NSV|YG|FTGVAQGFLPCL 48 EVEVIYG|D|TBSVFIR
ADENO 538 PLYVY|D{ICGMYASAL.THPMPWGPP 120 TLRSIA|K|LLS.NAL|YG|SFATKLDNKKIV 148 PLKSVYG|D|TDSLEVT
PHI29 244 EGMVF D|VNSLYPAQMYSRLLPYGEP 109 AIKQLA|K|LML.NSL|YG|KFASNPDVIGKV 46 YDRIIYC|D|TDSIHLT
PGKL1l 644 DVLCL|D|VKSLYPASMAFYDQPYGSF 109 VKRNVI[K|IIM.NSL WG|KFAQKWVNFEYF 63 GAECIYS|D|TDSIFVH
PRD1 215 DIKVY|D|{VNS4YPHAMRNFREPFSDE 94 FHNIFY|K|LIL.NSS|YG|KFAQMPENYKEW 61 AERPLYC|D|TDSIISR -
E.COLI 700 VIVSA|D|Y.SQIFIRIMAHLSRDKGL 30 EQRRSA|K|AINFGLI|YG|MSAFGLARQINI 101 RMINQVH|D|.ELVFEV -
S.PNEUM 648 VLLSS|D|Y.SQIELRVLAHISKDEHL 31 NDRRNA|K|AVNFGVV|YG|ISDFGLSNNLGI 101 KMLLQVH|D|.EIVLEV
T.AQUAT 605 LLVAL|D|Y.SQIFLRVLAHLSGDENL 30 IMRRAA|K|TINFGVL|YG|MSAHRLSQFIAT 99 RMLLQVH|D|.ELVLEA
SPO2 381 EFYVS|D|F.SAITEARVIARLAGEEWR 32 PLRQKG|K|VAELALG|YQ GGKGALIQMGAL 131 KTVMHVH(D|.EAVLLV | Pol I’ s
T5 496 RVIAW|D|L.TTAEVYYAAVLSGDRNM 42 ALRQAA(K|ATTFGIL|YG|SGPAKVAHSVNE 103 KIVMLVH|D|.SVVAIV
T7 470 VQAGI|D|A.SGLELRCLAHFMARFDN 24 PTBONA|K|TFIYGFL|YG|AGDEKIGQIVGA 104 AYMAWVH |D|.EIQVGC -
RAT~BETA 12 mn’o|m.vmnrmvm1m 147 mnzsm|o‘m_wmm ] Pol Beta’ a
MOUSE-TDT 165 NQLFT|D|ALLDILAENDELRENGSCL 146 RGEMTGH | D | VDFLITI
DMA-DEP BRA POL
T3 533 LPLAF|D|G.SCSGIQHFSAMIRDEVG 69 VTRSVT|K|RSVMTLA|YG|SKEFGFROQVID 152 ESFALIH|D|.SFGTIP
MITO 940 QPVHQ|D|G.TCNGLQHYARLGGDVEG 49 ITRKVV|K|QTVMTNV|YG|VTVVGATFQIAK 147 LDFASVH|D|.SYWTHA
— ROA-DEP DHA POL
DIRS-1 154 YMVKL|D|IKKAYLHVLVDPQYRDLFR 40 VSVIAYL|D|.DLLIVG ; Gypsy-like
GYPSY 252 FFTTL|D|LXSGYEQIYLAFHDREKTS 38 KICYVYV|D| .DVIIFS "
I-FAC 438 SLVTL|D|FSRAFDRVGVHSIIQQLQE 66 IKFNAYA|D|.DEFLII | Line-like
RTCHLA 180 VLVTF|D|LQAAYNSVDIKHLMQTLQL 52 MDFTIYA |D| .NFAGVV "
TY912 914 YITQL|D|ISSAYLYADIKEELYIRPP 55 VTICLEV|D| .DMVLFS | TY-like
HIV1 260 SVTVL|D|VGDAYFSVPLDEDFLDKVF 49 IVIYQYM|D| .DLYVGS | Retrovirus
W-HEPB 460 OWLSL|D|VSAAFYHIPISPAAVPHLL 94 CVVFARM|D| .DLVLGA | DNA virus
RA-DEP RRA POL
POLIO 1976 MFAF|D‘Y.'1‘G_!_DASISPM‘EAIM 70 mam_mlb| .DVIASY ]
COXV 1951 HLIAF |D|Y.SGYDASLSPVHEACLEM 7 FRMIAYG|D| .DVIASY ! Plus-Strand
BTV 633 LEQII|D|F.GYGEGRVANTLHNGKRR 99 LSEQYVG|D| .DTLFYT | Double-Strand
INFL 300 FTITG|D|N.TKRNENGNPRMFLAMIT 113 ¥DGLOSS |D| .DEALLV 4
SENDAT 658 CFLTT|D|L.KKYCLNWRFESTALFGQ 83 VSAMVOG |D| .NQRTAV - Minus-Strand

NK BETA 9 HELIX L HELIX O BETA 12 BETA 13
SK bbbbb b ttttasaaasaattttttt aaaasa a aaaasman aa tttttttttttt thbbbbt t .tttbbb
sl bbbblb> b bttttttasassaaaaana aaaaaa a at.tttt tt tttttttttttt ttbbbbt t ttbbbbb
82 bbbbb t t.ttaasaaasaaaaaaaa tttaaa a bbbbbbt tt tttttbbbbbtt bbobbbbt t .ttbbbb
83 bbbbl a aanaaanaasaaaaaaaaaa ttttttt t thbbbbb
s4 ttttt t t.ttttaaaaaaatttttt bbbbbb b bbbbbbt tt tbbbtttbbbtt aaaabbb b .tttttt
S5 bbbbb b t.ttttbbbbaaaaasaaa bbbbbbt t .thbbbb
.< 4 | | | |
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Fig. 3. Multiple alignments of various polymerase sequences for motifs A, B and C. The putative corresponding regions in the Klenow fragment of
E.coli pol | structure are shown in Figure 4 as blackened for motif A, vertically striped for motif B and horizontally striped for motif C. Strictly
conserved positions are boxed, highly conserved residues are bold and underlined, generally hydrophobic residues are indicated by a (+) (top line).
References for DNA-dependent DNA polymerases of pol a type can be found in Wang er al. (1989). The sequences are taken from human
polymerase alpha, Autographica californica nuclear polyhedrosis virus, phage T4, Epstein—Barr virus, cytomegalovirus, vaccinia virus,

varicella—Zoster virus, cytomegalovirus, adenovirus, phage 29, yeast plasmid PGKL! and phage PRD1. DNA polymerases of the pol I type come
from E.coli, S.pneumoniae, T.aquaticus and bacteriophages SPO2, TS5 and T7. Pol 8 type is represented by the rat DNA polymerase 8 and mouse
terminal transferase. Also included are DNA-dependent RNA polymerases from phage T3 and yeast mitochondria (Masters er al., 1987). The ones
from phages T5 and Sp6 were omitted since they are too close to the one from phage T3. The final set of RNA-dependent polymerases derive from
(references in Poch et al., 1989) D.discoideum transposon DIRS-1; D.melanogaster gypsy polyprotein; D.melanogaster 1 factor 2 transposon (Ifac)
C.rheinardiii intron (mitochondrial DNA) Richla; S.cerevisiae transposon Ty 912; human immunodeficiency virus pol polyprotein; Woodchuck
hepatitis B virus polymerase; poliovirus (strain Mahoney) genome polyprotein; Coxsackievirus B3 polyprotein; blue tongue polymerase, Pl protein
from influenza virus A; Sendai virus (strain Z) and L protein. The three motifs are identified as motif A (N-terminal), motif B and motif C
(C-termunal). The number of amino acids between motifs for each sequence is also indicated. The line NK shows the secondary structure as observed
in the tertiary structure of the E.coli Klenow fragment [see Figure 4 for fold and nomenclature and Ollis er al. (1985a) for the structure description).
Under SK, the observed Klenow secondary structure is given for each motif position where a = helix, b = strand and t = tumn; residues predicted
as turn or not predicted as helix or strand are designated turn. S1, S2, S3, S4 and S5 show the mean predicted secondary structure (Argos, 1985)
for pol a, pol I, pol 8 DNA-dependent DNA polymerases, DNA-dependent RNA polymerases and RNA-dependent polymerases respectively. Under
K # the amino acid sequence number according to the Klenow fragment tertiary structure is given for the highly conserved sites; this allows better
recognition of the site in the Klenow fold given in Figure 4.



M. Delarue ef al.

matrix is a rescaled Dayhoff matrix as used by Gribskov and
Burgess (1986). A threshold of 60% conservation leaves five
regions of high homology, which are indicated in Figure 2. These
regions are characterized by the conserved sequences
(F)NeeSee(Q)(L)e*eL for the first region [® refers to a given
alignment position occupied by any amino acid, (X) indicates
an amino acid almost universally conserved by the six sequences,
and a single letter refers to exact conservation in all the
sequences], (T)GR for region 2, De(S)**E for region 3,
KeeeeeeY(G) for region 4 and VHD(E) for region 5.

A multiple alignment was also built for 12 sequences of DNA-
dependent DNA polymerases as from man, yeast and several
viruses. These sequences are essentially the ones presented by
Wang et al. (1989) together with two recent additions to the
NBRF sequence data bank (one polymerase from another
adenovirus, Wmad12, and one from a nuclear polyhedrosis virus,
Npadnapma). The resulting conservation profile using a window
of five residues left three regions above a 60% conservation
threshold. They are characterized by Dee(S)L)Y(P)S),
KeeeN(5)*(Y)G and (Y)(G)DTDS, as previously noted by other
authors (Bernad er al., 1987). A comparison of the most
conserved sequences for the pol I and pol « types suggests an
overlap of these three regions of pol as with regions 3, 4 and
5 of the pol I type; these regions will hereafter be called motifs
A, B and C (Figure 3). These three motifs are centered on
invariant residues: motif A contains a strictly conserved aspar-
tate at the junction of a beta strand and an alpha helix, motif B
contains an alpha hclix with positive charges and motif C has
a doublet of negative charges located in a beta—turn—beta
secondary structure, as implied from the Klenow structure (Figure
4). Great variability in the lengths separating the different con-
served regions was observed for the pol as: 50—120 residues
between motifs A and B (average 70) and 25 — 150 residues bet-
ween motifs B and C (average 60). In the pol Is, these values
compare respectively with 30 and 100 residues, on average.

A rat DNA-dependent DNA polymerase 8 (Matsukage et al.,
1987) can be easily aligned with a mouse terminal deoxy-
nucleotidyltransferase (Koiwai et al., 1986). Though many
residues are identically conserved amongst the two sequences,
an N-terminal and a C-terminal fragment may be related to motifs
A and C of DNA polymerases (Figure 3).

For DNA-dependent RNA polymerases, the three motifs could
only be found in the proteins made of only one subunit. Four
different sequences of this type are known, the two most distantly
related being from phage T3 and yeast mitochondria (Masters
et al., 1987). The distances between motifs compares well with
the ones of the pol I type. The sequence fragments corresponding
to the motifs are presented in Figure 3, together with those found
in DNA pol as, pol Is and pol 8s.

Secondary structure predictions averaged over each set of
sequences (DNA pol. as, pol Is and pol 8s and DNA-dependent
RNA pols) were made according to the procedures of Argos
(1985) and are given in Figure 3. Except for pol 8s, for which
only two sequences are known, they often show agreement
amongst themselves as well as with the pol I structure, especially
for motifs A and C.

Recently, Poch et al. (1989) identified four motifs shared by
all RNA-dependent RNA, and DNA polymerases (84 different
sequences). Two of their motifs were found to be similar to two
of those contained in the DNA-dependent polymerases; namely,
motifs A and C. These two motifs maintain the strictly conserved
residues in the same environment. The mean secondary structure
predictions agree with the observed structure in the corresponding
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‘ig. 4. An illustration of the terdary folding patlern of the polymerase
domain from the E.coli Klenow fragment. The sketch is simular to that
given by Ollis er al. (1985a). The three differently shaded regions, in
moving from the N-terminus to the C-terminus, correspond respectively to
motifs A (black region), B (vertical stripes) and C (horizontal stripes),
whose sequences are given in Figure 3. Sequence positions relative to the
secondary structures are numbered. 8-strands are numbered sequentially and
a-helices are designated by letters according to the alphabet. The structural
position of the conserved amino acids 1s indicated in each of the motifs.

regions of the Klenow fragment (Poch et al., 1989). Sequence
fragments from 12 representative RNA-dependent polymerases
(i.e. from each of the subfamilies: reverse transcriptases, plus-,
minus- and double-strand RNA polymerases) are shown aligned
to those matched in the DNA pols (Figure 3).

Several viral RNA-dependent RNA polymerase and reverse
transcriptase sequences were then compared to those from pol
Is and pol as using the same sequence comparison technique as
above (Argos, 1987). Among the different pairwise comparijsons,
extensive sequence similarities were found between the viral
hepatitis B RNA-dependent DNA polymerase from Woodchuck
(Galibert ef al., 1982) and Herpes simplex virus DNA
polymerase, a member of the DNA pol « family (Gibbs et al.,
1985). The matrix is shown in Figure 5 and the resultant
alignment in Figure 6. It is noteworthy that 31% of the aligned
residues are identical. In this alignment, two conserved regions
can be delineated that correspond to motifs A and C. The
homology between these two sequences provides a possible link
between the DNA- and RNA-dependent polymerases.

Discussion

DNA-dependent DNA polymerases

Sequence similarities. In this work, a new member was added
to the pol I type of DNA-dependent DNA polymerases. An
analysis of the multiple alignments for the pol I type as well as
for the pol « type pointed to three conserved motifs held in
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REVERSE TRANSCRIPTASE - HEPATITIS VIRUS
g

Fig. 5. Homology search (Argos, 1987) between Woodchuck hepatitis B
RNA-dependent DNA polymerase and Herpes simplex DNA-dependent
DNA polymerase. The search window lengths ranged from 9 to 35 in steps
of 2; the search peaks are plotted over the entire window length, with the
largest value dominating when overlap occurs from the multiprobes. The
peak values (S) are scored as a number of standard deviations (o) above the
matrix mean for each window length. Thin lines indicate 3.2¢ < S < 3.9¢;
thick lines, 4.00 < S < 4.30; circles 4.40 < S < 4.70; and jagged lines,
4.80 < S < 5.00. The path used as a basis to effect the alignment shown
in Figure 6 is indicated by arrows.

common. The distances between these motifs are quite variable.
However, within each polymerase type, there is already great
variation in the distances between conserved regions. Moreover,
it would seem unlikely that three of five most conserved sequence
regions in the polymerase domain of pol Is (Figure 2) could be
aligned with the three most conserved regions of DNA pol as
purely by chance. A different piece of evidence pointing to a
possible link between the pol I and the pol « types comes from
sequence similarities within the exonuclease domain of the T5
polymerase and pol as (Leavitt and Ito, 1989). It is then
reasonable to expect their polymerase domains to be related also.
In fact, this observation has been recently extended to all
exonuclease domains of pol as and pol Is, including SPO2
(Bernad et al., 1989). In addition, the secondary structure predic-
tions, especially for motifs A and C, point to supersecondary
structures for pol as that coincide with those observed in the pol
I Klenow structure.

From the sequences to structure. The three motifs A, B and C
are clustered and consecutive in the C-terminal fraction of the
Klenow fragment and correspond to structural features likely to
interact with the DNA (Ollis er al., 1985b). Figure 4 highlights
the portions of the E.coli pol I tertiary structure corresponding
to the three shared motifs. Motif A, characterized by a conserved
Asp and Ser, corresponds to strand 9 and helix L. Motif B, with
conserved Lys, Tyr and Gly encompasses most of helix O and
the following long loop region. Motif C delineates strands 12
and 13 with the mostly conserved negative charges contained in
the connecting loop of the S-hairpin. Since the N-terminal Asp
of the doublet is the only one universally conserved, it is
presumed to be catalytically more important. It is clear that the
structural segments A and B are likely to come into contact with
DNA and that the strand 12— 13 hairpin loop could place at least
one catalytic residue in the polymerase active site. Model building
of DNA into the Klenow fragment structure also supports the
importance of these regions (Ollis et al., 1985a,b; Warwicker
et al., 1985). Furthermore, the C, atom of motif C Asp882 is

An attempt to unify the structure of polymerases

within 5.5 A of that from Asp70S, conserved in motif A [C,
atom coordinates given in Brookhaven database (Bernstein er al.
1977, file 1DPI)]. Their spatial proximity would allow both to
participate in catalysis. Region 2 of pol Is (sequence TGR between
strands 7 and 8—see Figures 2 and 4) is also located in the vicinity
of this area but no sequence homology with the pol o type could
be found for this region. Region 1 falls in an undefined part of
the electron density map (see Ollis et al., 1985a; Figure 4).
From structure to function. Considerable biochemical evidence
points to the importance of these three motifs in the DNA
polymerase activity. A synthesized E.coli pol 1 oligopeptide
corresponding to the N-terminal-most two-thirds of the loop
region connecting helices O and P (motif B—see Figure 4) has
been shown to bind deoxynucleotide triphosphate substrates of
pol I as well as duplex DNA (Mildvan, 1989). Furthermore,
photo-affinity labeling with 8-azido-dATP identifies Tyr766 as
a residue in the active site (Joyce and Steitz, 1987) while Lys758,
also part of this motif, succumbs to chemical labeling, this time
using pyridoxal phosphate (Basu and Modak, 1987). A further
synthesized peptide (Shenbagamurthi er al., 1988; Mildvan,
1989) corresponding to helix Q and strands 12 and 13 (motif C)
was not found to bind the pol I substrate, although it apparently
retains its proper folding; however, this result does not exclude
that this peptide, although unable to bind dNTP on its own, can
co-operate with other regions of the native protein and be just
part of the binding site. In fact, His881 of pol I, which is in the
loop joining strands 12 and 13 and sequentially ajdacent to the
conserved Asp882 of motif C, has been shown to be involved
in the binding of [**P}dTTP (Pandey et al., 1987). In addition,
the beginning of helix Q, which is close in space to the end of
helix O (motif B) and motifs A and C, can also be labeled by
phenylglyoxal (Mohan er al., 1988).

Similarily, for the pol a type, genetic studies of the Herpes
simplex virus polymerase (Larder er al., 1987a) revealed that
four out of the six identified drug-resistant polymerase mutants
cluster in motifs A and B. The drug used was a dNTP analog.
Other mutants involved in drug and substrate recognition were
also mapped by Gibbs er al. (1988) in motifs A and B. This is
in agreement with a central role of these motifs in ANTP binding
for the pol «a type, as is the case of the pol I type.

Finally, for the third DNA polymerase type (pol B), a chemical
affinity-labeled [*2P]8-azido-dATP) peptide in the terminal
transferase allowed the mapping of the dNTP binding site; this
peptide contained the sequence GHDVD that is part of motif C
(Evans et al., 1989) and that resembles both YGDTD and
VHDE. This supports the alignment given in Figure 3, even
though motif B could not be found with certainty in this pol 8
type of DNA polymerases. Furthermore, the number of residues
between motifs A and C in the transferase ( ~ 150) matches well
the corresponding number in the Klenow pol Is averaging about
170 residues.

Structural implications of the distance variability between
motifs. Figure 3 shows the number of residues contained between
each of the motifs for all the DNA pol « sequences and for the
Klenow polymerase I domains. Between motifs A and B a
comparable number of residues is found for both pol I and
types, while between B and C the pol o sequences generally
contain considerably fewer amino acids than their putative
Klenow counterparts. This region of the structure encompasses
helix P, strands 10 and 11, and helix Q. Apart from the beginning
of helix Q, these regions are unlikely to be in contact with the
DNA, according to model building studies (Warwicker et al.,
1985; Figure 4), suggesting that this region could be considerably
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Fig. 6. Alignment of hepatitis B reverse transcriptase (RNA-dependent DNA polymerase) from Woodchuck (HepBWo) with the DNA-dependent
DNA polymerase from Herpes simplex virus (Herpes). (*), residue identity; (//), an insertion in the Herpes sequence, namely, in single letter code,

IEVGGRRLFFVKAHVRESLLSILLRDWLAMRKQI.

deleted without apparent catalytic harm. The shortest segment
between motifs B and C is 25 amino acids in the human pol «
sequence; a peptide of this size could easily connect le779 at
the C-terminus of the Klenow motif B to Arg875 at the N-
terminus of motif C; i.e. connect the loop following helix O with
strands 12 and 13 of motif C. In fact, given the 49 A distance
between the C, atoms of Ile779 and Arg875 in the F.coli pol
I tertiary structure (Ollis ez al., 1985a), 17 residues in helical
conformation (mean C, distance of 1.5 A) and eight in a coil
stucture (mean C, distance of 2.9 A) could span the required
49 A. This ‘helical model’ would allow the maintenance of the
N-terminal region of helix Q, whose sequence is also reasonably
conserved in the six type I DNA polymerase sequences (see
Figure 2).

The distance between motifs A and B can also vary from 50
to 120 residues in the pol « family; this region corresponds to
helices M and N of the Klenow structure. In the pol I family,
this distance ranges from 20 to 40 residues. An inspection of
Figure 4 suggests the possibility of insertions in this region.

DNA-dependent RNA polymerases

In this family, three conserved regions that matched the three
motifs A, B and C could be found, invariant residues are
maintained and the residue lengths between them compare well
with those of DNA-dependent DNA polymerases. However,
since this family is composed of four members with only two
sufficiently distant ones, more sequences are needed in order to
narrow the number of conserved regions that are truly functionally
essential.

RNA-dependent polymerases

Of the four motifs of viral RNA-dependent RNA polymerases,
as well as reverse transcriptase sequences recently identified by
Poch et al. (1989), two match motifs A and C of DNA-dependent
polymerases. [These motifs are the only sequence features shared
by all these sequences.] The 31% identity alignment of the
hepatitis B reverse transcriptase from Woodchuck (Galibert ez al.,
1982) with the Herpes simplex virus DNA pol « (Gibbs er al.,
1985) strongly supports the relationships between DNA- and
RNA-dependent polymerases. The closeness of these two
sequences is also sensible on evolutionary grounds, because
reverse transcriptases have already been postulated to be an
essential intermediary step in going from an RNA-dependent
RNA polymerase to a DNA-dependent DNA polymerase
(Lazcano et al., 1988). Furthermore, it should be pointed out
that hepatitis B viruses are the only viruses encoding reverse tran-
scriptase activity that have a DNA genome.

A site-directed mutagenesis experiment has pointed to the
catalytic importance of the Asp— Asp doublet in motif C of RNA-
dependent polymerases (Inokuchi and Hirashima, 1987). In
addition, site-specific mutagenesis of the human immuno-
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deficiency virus reverse transcriptase revealed that mutation of
the first conserved Asp of motif C into His completely destroyed
activity (Larder ez al., 1987b). The mutation of the other strictly
conserved Asp residue in motif A into Gln had a similar effect.

The sequence length between motifs A and C in the RNA-
dependent polymerases averages ~70 residues, which is
considerably shorter than the 150—170 amino acids in the pol
Is, though one sequence from influenza virus contains 118 spacer
residues, comparable with some pol as (Figure 3). Once again,
helix P and part of the helix Q and strands 10 and 11 are possible
candidates for deletion. The shortest of all the distances (38
residues) suggests that deletions can occur in the M and N helices
and in the loop following helix O, in this family.
Perspectives and conclusion

Argos (1988) previously discusscd the conservation of motif C
in pol s and RNA-dependent polymerases; we extend this
observation to the pol Is, pol 8s and some DNA-dependent RNA
polymerases. Apparently the fully conserved first Asp of the
Asp—Asp doublet of motif C is catalytically more important than
the second. We also contend that there is at least another motif
upstream (motif A), with another strictly conserved aspartate
located in a turn between a beta strand and an alpha helix, in
spatial proximity of motif C; genetic experiments suggest that
this motif might also be involved in the catalytic process. One
of the many possible functional roles for these residues is that
the strictly conserved Asp residue in motif C may co-operate with
the one of motif A to bind a magnesium ion that would be part
of the dNTP binding site. This site would be located at the bottom
of a cleft containing the DNA. This cleft, similar to the one of
the Klenow fragment, is already apparent in a 4 A map of T7
DNA-dependent RNA polymerases (Soos et al., 1989). If this
is true, the different families of polymerases could be the result
of divergence from a common ancestor, with essentially the same
folding; or the conservation of conserved residues in the same
spatial arrangernent in the catalytic site could be due to convergent
evolution, as observed in the subtilisin and chymotrypsin active
site.

In spite of wide apparent sequence variability (likely to reflect
a very ancient divergence), it is very tempting to adopt the strong,
structurally unifying principle stating that many polymerases may
fold like the known tertiary architecture of the E.coli pol I. Con-
sistent with this hypothesis is the experimental observation that
it is possible to change the template or substrate specificity of
certain polymerase types if Mg?" is replaced by Mn?* (see
Lazcano er al., 1988). This model, however, should be viewed
as speculative, even though several lines of evidence point to this
unifying conclusion. We believe it deserves attention, because
site-directed mutagenesis experiments aimed at probing the
catalytic site and template specificity should benefit from our
hypothesis, which gives a possible structural framework for



future experiments. If reported crystals of a heterodimer of the
reverse transcriptase for human immunodeficiency virus prove
to be diffraction worthy (Lowe et al., 1988) and if the high
resolution structure of T7 RNA polymerase soon becomes
available, then the final test for the hypothesis made here should
be forthcoming.
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