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divergence of Acinetobacter calcoaceticus chromosomal benABC and
Pseudomonas putida TOL pWWO0 plasmid xyIXYZ, genes encoding
benzoate dioxygenases
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Abstract

The xylXYZ DNA region is carried on the TOL pWWO plasmid in Pseudomonas putida and
encodes a benzoate dioxygenase with broad substrate specificity. The DNA sequence of the
region is presented and compared with benABC, the chromosomal region encoding the
benzoate dioxygenase of Acinetobacter calcoaceticus. Corresponding genes from the two
biological sources share common ancestry: comparison of aligned XylX-BenA, XylY-BenB,
and XylZ-BenC amino acid sequences revealed respective identities of 58.3, 61.3, and 53%.
The aligned genes have diverged to assume G+C contents that differ by 14.0 to 14.9%.
Usage of the unusual arginine codons AGA and AGG appears to have been selected in the P.
putida xylX gene as it diverged from the ancestor it shared with A. calcoaceticus benA.
Homologous A. calcoaceticus and P. putida genes exhibit different patterns of DNA sequence
repetition, and analysis of one such pattern suggests that mutations creating different DNA
slippage structures made a significant contribution to the evolutionary divergence of xylX.
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The xylXYZ DNA region is carried on the TOL pWWO plasmid in Pseudomonas putida and encodes a
benzoate dioxygenase with broad substrate specificity. The DNA sequence of the region is presented and
compared with benABC, the chromosomal region encoding the benzoate dioxygenase of Acinetobacter calco-
aceticus. Corresponding genes from the two biological sources share common ancestry: comparison of aligned
XylX-BenA, XylY-BenB, and XylZ-BenC amino acid sequences revealed respective identities of 58.3, 61.3, and
53%. The aligned genes have diverged to assume G+C contents that differ by 14.0 to 14.9%. Usage of the
unusual arginine codons AGA and AGG appears to have been selected in the P. putida xylX gene as it diverged
from the ancestor it shared with A. calcoaceticus benA. Homologous A. calcoaceticus and P. putida genes exhibit
different patterns of DNA sequence repetition, and analysis of one such pattern suggests that mutations creating
different DNA slippage structures made a significant contribution to the evolutionary divergence of xylX.

Benzoate dioxygenase (30) catalyzes the first of two step
reactions that give rise to catechol from benzoate. Many
bacterial species, exemplified by Acinetobacter calcoace-
ticus, carry chromosomal genes for enzymes that convert
catechol to citric acid cycle intermediates via p-ketoadipate
(20, 21, 23, 31). These enzymes do not act effectively upon
methylsubstituted substrates. Methylcatechols, formed from
methylbenzoates by enzymes with relatively broad substrate
specificity, are utilized by a different metabolic pathway (2).
Genes for this pathway frequently are carried on plasmids
such as the TOL pWWO0 plasmid from Pseudomonas putida
(8, 36).

Isofunctional enzymes for dissimilation of aromatic com-
pounds in A. calcoaceticus and P. putida generally exhibit
close evolutionary ancestry reflected in identities of amino
acid sequence close to or exceeding 50% (9, 23, 38, 39, 41).
In contrast, genes for such isofunctional enzymes have
diverged substantially, as indicated by differences in G+C
content of about 15% (9, 20, 27). Such differences in G+C
content may be attributed in part to directional pressure
exerted by mutations within divergent cell lines (32). In
addition, selection for cognate tRNAs characteristic of the
host (1, 11) appears to have contributed to divergence of the
G+C content in DNA because genes from either A. calco-
aceticus or P. putida tend to possess a pattern of codon
usage that is similar to that of other genes from closely
related organisms (27, 35).

A question that remains is the nature of mutations that
gave rise to divergent DNA sequences encoding homologous
genes in the two bacterial species. Comparison of amino acid
sequences suggested that gene conversion events causing
substitution of oligonucleotide sequences within (29) and
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among (40) coevolving genes created sequence repetitions
that were a major source of genetic divergence. The data
were puzzling because they implied that DNA sequences
encoding dipeptides and tripeptides were shuffled within
genes during their evolutionary divergence. The evidence
suggested that sequence exchange between misaligned DNA
strands might have been a source of the shuffling mutations
(25, 29), but in the absence of DNA sequences for the
divergent genes, it was not possible to suggest specific
mechanisms that created and maintained the divergent se-
quences.

Analysis of a range of biological systems has suggested
that sequence exchange among slipped DNA strands caused
mutations that have been a significant source of evolutionary
divergence (17, 34). The interaction of slipped DNA strands
during mutation has been documented by demonstration that
sequence-directed mutations create both deletions (3-6) and
repetitions of DNA sequence. Comparison of DNA se-
quences for oxygenative enzymes from A. calcoaceticus and
P. putida suggested that slippage structures formed between
misaligned DNA strands were formed by mutation and are
maintained by mismatch repair during evolution (9, 21).

Elsewhere, we have reported the DNA sequences of the
chromosomal A. calcoaceticus benABC genes, which en-
code a benzoate dioxygenase with relatively narrow sub-
strate specificity; the enzymes encoded by these genes
proved to be members of widely extended families of pro-
teins associated with oxygenative processes and electron
transport (22). Here we present the DNA sequences of P.
putida TOL plasmid DNA containing the xylXYZ genes
which encode a benzoate dioxygenase with broad substrate
specificity. Comparison of the benABC and xylXYZ genes
demonstrates their overall homology, reveals different pat-
terns of sequence repetition that were acquired during their
divergence, and suggests specific, potentially interactive,
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DNA slippage structures that were acquired during the
evolution of xyl/Z.

MATERIALS AND METHODS

Sources of DNA for sequencing were pPL392 (7) and
subclones derived from it (8). DNA fragments generated by
cleavage with different restriction enzymes were subcloned
into mp18 or mpl9 and propagated in Escherichia coli JIM101
(37). DNA sequencing with M13 derivatives as templates
was done with a kit from Pharmacia. Overlapping sequences
from both strands were determined. Sequence analysis was
performed with PC/Gene (Intelligenetics) and Microgenie
(Beckman) software packages.

Nucleotide sequence accession number. The xy/ DNA se-
quence presented in this report has been deposited with
GenBank under accession number M64747.

RESULTS

Overall sequehce comparisons. Figure 1 presents DNA
sequences containihg the P. putida xylXYZ genes and the A.
calcoaceticus benABC génes accompanied by the aligned
amino acid sequences of the gene products. Three compar-
isons, XylX-BenA, XylY-BenB, and XylZ-BenC, revealed
respective amino acid sequence identities of 58.3, 61.3, and
53%. Regions of dmino acid sequenct similarity were dis-
tributed fairly evenly through the compared regions, and
thus it appears likély that the xylXYZ and benABC genes
were derived from a common ancestral DNA fragment.

DNA séquences lying between the aligned genes were not
subjected to selection at the level of protein, and these
regions have diverged. Whereas the benA and benB genes
overlap by a single nucleotide, the corresponding xylX and
xylY genes do not overlap (Fig. 1). The distance between
benB and benC jis 66 niicleotides longer than the distance
between xy!Y and xylZ. The ben and xyl sequences show no
similarity in this region, but it would be incorrect to conclude
that this segment of DNA escaped selection for structure
because the ben sequence contains an inverted repetition 10
bp in length (Fig. 1).

G+C content and codon usage. Despite their similarity at
the level of translation, the P. putida and A. calcoaceticus
genes differ substantially in G+C content. Whereas the
respective G+C contents of the P. putida xylX, xylY, and
xylZ genes are 59.3, 56.1, and 61.3%, the G+C contents of
the corresponding A. calcoaceticus benA, benB, and benC
genes are 45.0, 41.2, and 47.3%, respectively. Thus, the
differences in the G+C content of the xy! genes range over
4.2%, and the differences in the G+C content of the ben
genes range over 6.1%. Differences in the G+C content
emerging from xylX-benA, xylY-benB, and xylZ-benC com-
parisons fall within the relatively narrow range between 14.0
and 14.9%.

Variation in the G+C content of genes from different
organisms has been attributed to a combination of direc-
tional mutation pressure toward a defined G+C content (32)
and selection for codon usage as determined by the relative
pool levels of cognate tRNAs (1, 11). Comparison of codon
usage in the xyl and ben genes showed that differences are
found most frequently in the third nucleotide position, which
allows codons with different G+C contents to encode iden-
tical amino acid residues. For example, 60 arginyl residues
expressed by the P. putida xylXYZ genes are encoded with
respective frequencies of 57 and 17% by CGC and CGT.
Conversely, the 49 arginyl residues in the A. calcoaceticus
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genes are encoded by CGC and CGT with relative frequen-
cies of 22.4 and 59.2%, respectively.

DISCUSSION

Conservation of genes and divergence of intergenic se-
quences. Amino acid sequence comparisons provide strong
evidence for common ancestry of the xylXYZ and benABC
regions: identity of amino acid sequence in the aligned gene
products (Fig. 1) exceeds 53%. Intergenic regions of DNA
have not been subjected to selection at the level of protein
function, and substantial divergence of DNA sequence oc-
curred in these noncoding regions. The single-base overlap
of benA and benB prompts speculation that their expression
might be concerted by translational coupling (24). Whatever
the merits of this proposal, it must be recognized that the
putative control has not been conserved in the closely
homologous xylX and xylY genes, which do not overlap (Fig.
1). Possible genetic or physiological significance might be
ascribed to the 10-bp inverted repetition lying between benB
and benC (Fig. 1), but selective forces favoring the inverted
repetition were not conserved during divergence of xy/Y and
xylZ between which the corresponding region of DNA is not
present (Fig. 1).

Use of exceptional arginine codons in xylX. An unusual
property of the xylX gene is its use of two AGA and three
AGG codons for 5 of the 35 arginyl residues. These codons
are employed rarely by structural genes from fluorescent
Pseudomonas species (35). Nor are the five exceptional
codons used by any of the 17 arginyl residues conserved in
xylX during its divergence from benA (Fig. 1). Thus, the rare
AGA and AGG codons represent 5 of 18 arginyl codons that
were either acquired or maintained during divergence of
xylX from the ancestor it shared with benA. It therefore is
reasonable to conclude that the unusual arginyl codons in the
xylX gene were selected. The basis for the selection is
unknown. Remarkable enrichment of the exceptional arginyl
codons is also found in other xy!/ genes from the TOL
plasmid pWWO {10, 12, 13, 19, 33). These observations raise
the possibility that the xy/ structural genes have been se-
lected in an organist in which tRNA corresponding to AGA
and AGG codons was relatively high.

Evolutionary acquisition of DNA slippage structures. Dif-
ferent patterns of DNA sequence repetition distinguish the
xyl and ben regions. As discussed below, it appears that the
sequence repetitions arose as a consequence of mutations
that superimposed DNA sequences from different chromo-
somal regions during evolutionary divergence. The question
that must be addressed is how to account for both the origin
and the maintenance of complex patterns of DNA sequence
repetition.

Acquired DNA sequence repetitions have been inter-
preted as components of three-dimensional structures
formed by hybridization between slipped strands (25-29).
According to this view, the genetic basis for the formation
and the conservation of the DNA slippage structures is
mismatch repair between the hybridizing regions (16, 18).
The model predicts that DNA forced into single stranded-
ness in one slippage structure may hybridize with a comple-
mentary DNA sequence in another region and thus may
foster formation of an alternative slippage structure. Thus,
interactive slippage structures could contribute to genetic
continuity and, when disrupted, generate cascades of muta-
tion through mismatch repair. Therefore, the model ac-
counts for how rapid genetic divergence could occur and,
once achieved, how it might be maintained.
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b4
10 20 30 40 50 60 70 80 90 100 110 120
TAACGACGCTGGTCGTCCTCGTGCGGCTGCTGGTGCTGTGCTGACCCTGCCGCTGTCCTGATCGGCCTCGTCGGCCTCGTGGACGGCCTGTCGCCGGACATCGCGCT TCGGCGCGGGACG
AAGCTTTG

1

130 150 160 170 180 190 200 210 220 230 240
CMGTCGWTTGI“A?WWTMTWIWTAU GCCGTGGGTGACTTACCTGGCACTGCCGGTCAGCGTGAACCCGCTGCTGATCCTGCTGCCCAG
CTCCTCAACCACAGCCACAAAATAGCGGAGATGYCTAAGTTCCATTTAAAAATACTCCATAGGTATTTTATTATACAAATAATGTGTTTGAACTTATTAAMACATTCTTTTAAGGTATAA
10 20 30 40 50 60 70 80 90 100 110 120

250 260 270 280 290 300 310 320 330 340 350 360
CGCCGCACTGLTCGGCGTGGCGGTGTGCATCGCTGLGGCGACGT TCAAGAAGTATCTGTAGGTGCGACACGTTAATTTTGATCAGCAGTTCCTTAACGGCTGCAGTGTCCGGTTTGATAG
ACAAGCAAGAAAGACAAGAAGAAGGCAGGGGCTTGACCCATTAAATGCTTTCTTCAATTTGGAAAATTGAAAGCTGAAATGGATATTCGTTTTATTTGTCGGTTCTGCCGTTAAGTAAA
130 140 150 160 170 180 190 200 210 220 230 240

370 380 390 400 410 420 430 440 450 460 470 480
GGATAAGTCCAGCCTTGCAAGAAGCGGATACAGGAGTGCAAAAAATGGCTATCTCTAGAAAGGCCTACCCCTTAGGCT TTATGCAACAGAAACAATAATAAT TCATGACCATGACA
CATTTTATGCETTGCGTTGTTTAATTGAATGT TTGACTAAGCACAGCGT TTTGCTCTGGCCTAGACAAGT TTCTTATTTTGGAATGTT! GGATAT! CGTATTCCCGYCATT
250 260 270 280 290 300 310 320 330

MNetThr
MetProArglleProvallle

490 500 510 520 530 540 550 560 570 580 590 600
ATGCACCY OMCTATAYAMTAGTCYCG‘I'TWGAAGATGABMCGABGGCM‘CTACCGCTGCMGCGCGAGATGTTCACCMCCCTCGGCTGTTWTTTAWTGAMCAC
ARTACT TCYTGACCGAATTGATGAACTGCTTGTAGACAATACCGAAACAGGTGAATTTAAGTTACATCGTTCTGTATTTACAGATCAGGCACTTTTTGATCTTGAAATGAAATAC
370 380 390 400 410 420 430 440 450 460 470 480
MetHisteuGlyleuAspTyrl lmpSerLuNalGlmluanluAsnGlmiyl LleTyrArgCysLysArgGluMetPheThrAspProArgleuPheAspl.euGluMetLysHis

* ® ® ® * * * ® & ® ® & *® ® ® &

AsnThrSerfiisLeuAspArgl LeAspGluleuleuValAspAsnThrGluThrGlyGluPhelysLeulisArgSerValPheThrAspGlnAlaleuPheAspleuGiuMetLysTyr

610 620 630 640 650 660 670 680 690 700 710 720
ATCTTTGAGGGCAACTGGAT TTATCTCGCCCACGAGAGCCAGAT TCCCGAGAAGAACGACTAT TACACCACGCAGATGGGCCGGCAGCCGATAT TCATCACACGCAACAAAGATGGTGAG
ATTTTCGAAGGAAAT TGGGTTTATTTGGCTCATGAAAGCCAGATTCCCAACAACAACGACTAT TACACCACCTATATTGGCAGACAACCGATTTTGATTGCGCGTAATCCGAACGGTGAA
490 500 510 520 530 540 550 560 570 580 590 600
1 leHleGllﬁlyAsn‘l'rpl leTereuAlalluGluSerGlnl leProGlum:mp'l’yr'l'yr'l'hr'l'hrcIMetGlyArgGlnProl lePhel lethrArgAsnLysAspGlyGlu

*

s * & & * & & ® & ®

1 lePheGlmlyAmTrpValTereuAllmsGluSerGlnl leProAsMsMsMspTererhrThrTyrl leGlyArgGLnProl leLeul leAlaArgAsnProAsnGlyGlu

730 740 750 760 770 111780 790 800 810 820 830 840
CTGAATGCCTTCGTCAATGCCTGCAGTCACCGCGGCGCCACGCTCT GTCGCTTTMTGGAMCAAGGCGACCCACACCTGCTCGTTCCACGGCTGGAGCTTCAGCMTTCGGGCMG
CTCAACGCCATGATTAACGCATGT TCACATEGTGGTGCACAGCTGCTCGGTCATAAGCGTGGTAATAAGACCACATATACT TGCCCATTTCATGGCTGGACCT TCAATAACTCAGGAAAA
610 620 630 640 650 660 870 680 690 700 710 720
LeuAsnAlaPheValAsnAlaCysSerHisArgGlyAlaThrLeuCysArgPheArgSerGlyAsnLysAlaThriisThrCysSerPhelisGlyTrpThrPheSerAsnSerGlylys

* % ® * & % ® ® [« ® & * * ® =» * *® ® ®* ® % % % * ®* ® ® *

LeuAsnAlaMet] leAsnAlaCysSerHisArgGlyAlaGinleuleuGlyHisLysArgGlyAsnLysThrThrTyrThrCysProPheHisGlyTrpThrPheAsnAsnSerGlyLys

850 860 870 880 890 900 910 920 930 940 950 960
CTGCTCAAGGTCAAAGACCCCAAGGGTGCCGGCTATCCGGACAGCTTCGACTGTGACGGCTCGCACGACCTGAAGAAAGTTGCGCGCTTTGCTTCCTACCGCGGATTTCTATTCGGCAGC
ATGTTGAAGGTGAAAGATCCAAGCGATGCTGGTTATTCAGATTGTTTTAATCAGGACGGTTCCCACGACT TAAAAAAGGTGGCGCGTTTTGAAAGTTATAAAGGTTTTTTATTTGGCAGT
730 740 750 760 770 780 790 800 810 = 820 830 840
LeuLeulysVallysAspProlysGlyAlaGlyTyrProAspSerPheAspCysAspGlySeriisAspleulysLysValAlaArgPheAl aSerTyrArgGlyPheleuPheGlySer

® ® & * & & = ®* *® =® » * ® ® ®* * * * & ® &« & |%] » * *® ® ® * % * »

LeuleulysVallysAspProSerAspAlaGlyTyrSerAspCysPheAsnGLnAspGlySerHisAspleulysLysValAlaArgPheGluSerTyriysGlyPhel.euPheGlySer

970 980 990 1000 ] 1020 1030 1040 1050 1060 1070 1080
CTGCGCGAGGACGTCGCCCCGTTGGAAGAGT TCCTCGGCGAGTCGAGGAAGGTCATCGACATGGTCGTCGACCAGTCGCCCGAAGGTCTGGAAGTGCTGCGCGGTTCCAGTACCTATGYY
CTGAATCCTGTAGATCCGTCACTGCAAGAGT TTTTGGGGGAAACCACCAAAAT TATCGACATGAT TGTCGGGCAATCCGATCAGGGCCTTGAAGTACTGCGTGGTGTTTCGACCTACACC
850 860 870 880 890 900 910 920 930 940 950 960
LeuArgGluAspvatAlaProleuGluGluPhel euGlyGluSerArglysVall LeAspMetValValAspGlnSerProGluGlyleuGluvalLeuArgGlySerSerThrTyrval
* * ® % ® ® W% * ®* ® = - ®* * ® ® * * ® Ie| » ® ® *

LeuAsnProValAspProSerLeuGinGluPheleuGlyGluThrThriysIlel leAspMet]leValGlyGLnSerAspGinGlyLeuGluValLeuArgGlyValSerThrTyrThr

1090 1100 1110 1120 130 1140 1150 1160 1170 1180 111 1190 1200
TACGAAGGCAACTGGAAAGTGCAGGTCGAGAACGGTGCCGACGGCTACCACGTCAGTACTGT TCACTGGAACTACGCCGCCACCCAGCAGCAGCGCAAGC T GAGAGACGCGGGCGATGAT
TATGAAGGAAACTGGAAGT TGACCGCAGAAAACGGAGCAGATGGCTATCATGTTTCGGCGGTGCACTGGAACTATGCAGCCACCACGCAGCATCGTAAAGAAAAACAGGCAGGTGATACC
970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
TyrGluGlyAsnTrpLysVatGlnValGluAsnGLlyAl aAspGlyTyrHisValSerThrvalHisTrpAsnTyrAlaAlaThrGLnGlnGinArgLysLeuArgAspAl aGlyAspAsp
®* & * &% * @» ® % % & ® & & % & B ® ® ® ¥ ® * * % * ®| » * ® *®
TyrGluGlyAsnTrplysleuThrAlaGluAsnGlyAlaAspGlyTyrilisValSerAlavalHisTrpAsnTyrAlaAlaThrThrGinHisArglysGluLysGLnAl aGlyAspThr

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
ATTCGCGCCATGACCGCCAGTAGCTGGGGCGGGGATGGCGGCGGTTTCTACTCCTT TGAAAACGGCCACCAGATGGTCTGGGCACGCTGGGGTGACCCGAAAMCCGCCCGCTGTTCGCC
ATTCGCGCGATGAGCGCGGGCTCGTGGGGRAAACATGGTGGCGGTTCATATGGAT TTGAACATGGTCATATGT TGCTCTGGACACAATGGGGTAATCCGGAAGACCGACCAAACTTTCET

1090 1100 110 1120 1130 1140 1150 1160 1170 1180 1190 1200
IleArgAlaMetThrAlaSerSerTrpGlyGlyAspGlyGlyGlyPheTyrSerPheGluAsnGlyHisGlnMetVal TrpAlaArgTrpGlyAspProlysAsnArgProleuPheAla
* o]l & » » * ® ® * ® ® L ] * w * * t ] ® *® * ®l » [ ]

IleArgAlaMetSerAlaGlySerTrpGlyLysHisGlyGlyGlySerTyrGlyPheGluisGlyHisMetLeuleuTrpThrGinTrpGlyAsnProGluAspArgProAsnPhePro

FIG. 1. Aligned DNA sequences of P. putida xylXYZ and A. calcoaceticus benABC. Potential ribosome binding sites preceding each gene
are underlined. Asterisks mark amino acid residues shared in the protein products of the aligned genes. Vertical lines flank asterisks marking
arginyl residues conserved in XylX and BenA. Exclamation points mark the exceptional AGA and AGG arginyl codons that appear to have
been selected in xylX. Arrows indicate a perfect 10-bp repetition in the DNA sequence lying between benB and benC.
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1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
xylX GAGCGAGATCGCTTAGCCAGCGAGTTTGGTGAAGCCCGTGCCGACTGGATGATCGGCGTCTCCCGCAACCTCTGCCTCTACCCGAACCTCTACCTGATGGACCAGTTCGGCTCGCAGTTG
benA AAAGCAGCGGAATATACCGAAAAATTCGGTGCTGCAATGTCGAAATGGATGATCGAACGCTCACGTAACTTGTGTTTATATCCAAACGTGTACCTGATGGATCAGTTTGGTTCGCAAATT

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
XylX GIMrgAspArgLeuAlaSerGlWheGlyGluAlaArgklaAspTrwetlleGlWulSErArgAsnLettysl.eu‘l‘erroAsnLeuTereMetAspGlnPheGlySerGlnLeu
% * ® * * * * ® % ® &

BenA LysAlaAlaGluTyrThrGluLysPheGlyAlaAlaMetSerLysTrpMet]leGluArgSerArgAsnieuCysleuTyrProAsnValTyrLeuMetAspGlnPheGlySerGlnile

1450 1460 1 1480 = 1490 1500 1510 1" 1530 1540 1550
xylX CGTATCACCCGTCCGCTGTCGGTGGATAGAACCGAAATCACCATCTACTGCATCGCGCCCAAAGGCGAAACGCCG---AGGCGTGCCCGCCGTGTCCGTCAGTACGAGGACTTCTTCAAT
benA CGTGTTTTACGTCCAATTTCGGTCAATAAAACCGAAGTCACCATTTACTGTATTGCGCCTGTAGGTGAAGCACCCGAAGCGCGTGCACGCCGTATTCGCCAGTATGAAGATTTCTTTAAT

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
XylX Argl leThrArgProLeuSerValAspArgThrGlul leThrl leTerysl leAlaProI.ysGlyGluThrPro- --ArgArgAlaArgArgValArgGlnTyrGluAspPhePheAsn

®* * * ] w (®lle L 4 *
BenA ArgValLeuArgProl leSerValAsnLysThrGlWalThrl leTerysl leAlaProValGlyGluAlaProGluAlaArgAlaArgArgl leArgGln‘l’yrGluAspPhePheAsn
1560 1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670
XylX GTCAGCGGCATGGCCACCCCGGACGACCTGGAGGAATTCCGCGCCTGCCAGGAGGGCTTCGCCGGCGGGGGGATG- -~~~ AACGACATGTCCCGTGGCGCCAAACACTGGATCGAGGGG
benA GCATCTGGAATGGCGACGCCAGACGATCTTGAGGAGTTGCCTCGCTGTCAGGCTGGTTATGCAGGTATCGAACTGGAATGGAACGACATGTGCCGCGGATCAAAACATTGGATTTATGGA

1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
XylX ValSerGlyﬁetAlaThrProAspAspl.emluGltPheArgAlaCysGlnGlLﬁlyPheAlaGlyGlyclynet ------ AsnAspMetSerArgGlyAlalysHisTrpl leGluGly
®* ® % % % &% & * * & * ® ® * *®| & ® ® & -

BenA AlaSerGlyMetAllThrProAspAspLeuGlmluLet.ProArgCysGlMlaGly‘l’yrAlaﬁlyl leGluLeuGluTrpAsnAspMetCysArgGlySerLysHisTrpl leTyrGly

1680 1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790
XxylX CCGGACGAGGGCGCGAAGGAGATCGATCTGCATCCGAAGCTGAGCGGTGTCCGCTCGGAAGACGAAGGCCTGTTCGYCATGCAGCACAAGTACTGGCAACAGCAGATGATCAAGGCCGTC
benA CCAGATGATGCCGCTAATGAAATCGGATTAAAACCGGCTATTAGTGGTATTAAAACTGAAGACGAAGGCTTGTATTTGGCACAGCATCAATACTGGCTCAAAAGTATGAAGCAAGCGATT
1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680
XytX ProAspGluGlyAlalysGlulleAspLeulisProlysLeuSerGlyValArgSerGluAspGluGlyleuPheValMetGlnHisLysTyrTrpGinGInGinMet]leLysAlaval
* ® ® ® *® ® - -* * * * &% & * = ® ® ® = L ] L ]

BenA ProAspAspAlaAlaAsnGiulleGlylLeutysProAlalleSerGlyltelysThrGluAspGluGlyleuTyrLeuAlaGLnHisGInTyrTrpleulysSerMetLysGlnAlalle

1800 1810 1820 1830 1840 1850 1860 1870 1880 1890

XYLX AAGCGAGAACAGGATCGGCTGATCCATGCGGAGGGCGTGTAA-=~=~---~=cccecccocox ATGACTATCTCCTACGAAGCCGTGCGCGATTTCCTTTACCGCGAAGCACGCTACCTC

benA GCTGCGGAAAAAGAATTTGCATCGCGTCAGGGAGAGAACGCATGAATGCTACAGCACTTTTAGACACCATCAGCATCGAACAGATTAGCCAGTTTTTGTATAGCGAGGCCCGTTTTTTA
1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800

XylX LysArgGluGlnAspArgleul leHisAlaGluGlyval
*
BenA AlaAlaGlulLysGluPheAlaSerArgGinGlyGluAsnAla

XylY MetThrileSerTyrGluAlavalArgAspPheleuTyrArgGluAlaArgTyrieu
* ® % * * ® * ® * * *

BenB MetAsnAlaThrAlaleuteuAspThrileSerIieGluGin] LeSerGinPhelLeuTyrSerGluAlaArgPheLeu
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

xylY GACGACAAGCAGTGGGAAAGCTGGCTGGAAATGTACGCGCCGGACGCCACTTTCTGGATGCCGGCCTGGGACGACCGCGACCAAT TGACCGAAGACCCGCAGAGCCAGATCTCGCTGATT

benB GATGATGAGCAATGGGATGACTGGCTTGAATGTTATGCACCTCAAGCCTCATTTTGGATGCCCGCGTGGGACGATAACGACCAGCTCACTGAAAACCCCCAAACTGAGATTTCGCTGATT
1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920

XylY AspAsplysGLnTrpGluSerTrpLeuGluMetTyrAlaProAspAlaThrPheTrpMetProAlaTrpAspAspArgAspGinleuThrGluAspProGinSerGinIteSerteul le
* ® ® *® ® & * ® * & - * ®* ® ® * * * * ®* %* ®*® ® * * w * & * =

BenB AspAspGluGLnTrpAspAspTrpleuGluCysTyrAlaProGinAlaSerPheTrpMetProAlaTrpAspAspAsnAspGinLeuThrGluAsnProGinThrGlul leSerLeulte

2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120 2130
XylY TGGTACGGCAATCGCAGTGGCCTAGAGGATCGGGTGTTCCGCATCAAGACCGAGCGTTCCAGTGCCACCATTCCGGACACCCGAACCAGCCACAACATCAGCAATTTGGAGTTGCTCGAG
benB TATTATCCAGATCGCCAAGGTCTTGAAGATCGAGTATTTCGGATTAAAACCGAGCGTTCATCGGCGACCATGCCAGATACGCGTACGGCACACAATATTAGCAATATCGAAGTTGAATCA
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
Xyly Trp‘l’yrGlyAsnArgSerGlyLeuGluAspArgValPheArgl leLysThrGluArgSerSerAlaThrl leProAspThrArgThrSerlh sAsnl leSerAsnLe\.ﬁlul.euLeu:lu
*

8enB TyrTyrProAspArgGnGlyleuGluAspArgValPheArglleLysThrGluArgSerSerAlaThrMetProAspThrArgThrAlalisAsnl leSerAsnl leGluVa LGluSer

2140 2150 2160 2170 2180 2190 2200 2210 2220 2230 2240 2250
xylY CAGTCCGATGGCGTCTGTAAGCTGCGCTACAACTGGCACACCATGAATTATCGGTACAAGACGGTGGACCACTTCTTTGGCACCAATTTCTGCACTCTCGACACATGCGGCGAGACCCCG
benB CGTGATGGCCTTCAAATCACAGTACGTTTTAACTGGAATACGCTCAGTTTCCGCTATAAAAACAGTTACAGCTATTTTGGCATGTCACGCTATGTAATCGATTTCTCAGGTGAACAACCA

2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160
XylY GlnSerAspGlyval CysLysLeuA:gTyrAinT :pll i sTI:rNetAsnTyrA:gter!sThrValAslei sPhePI:eG‘l.yThrAsnPheCysThrLeuAspThrCysGlyGluThrPro
* * % *

BenB ArgAspGlyLeuGinlleThrValArgPheAsnTrpAsnThrieuSerPheArgTyriysAsnSerTyrSerTyrPheGlyMetSerArgTyrvallteAspPheSerGlyGluGlnPro

2260 2270 2280 2290 2300 2310 2320
xylY CTGATTACGGCCAAGAAGGTCGTGCTGAAGAACGACTACATCCGCCAAGTTATCGATGTATACCACGTCTGAGG-~=~===~===sc==m--cccccccccccccccraccccaccnnn-
benB MAATCTYGAGCMGTATGTMTGCTTMGAATGACTATATTMTCAAGTCATTGATATTTATCATATTTAMTCAGT'I'ATACCTCAGTCAMCGGACACT‘I’GACTGAGGGT'I"I'ATGAGT
2170 2180 2190 2200 2210 2220 2230 2260 2 c--emee-e > Commmcoeen
XylY LeulleThrAlalyslLysValValleulLysAsnAspTyrlleArgGinvallleAspValTyriHisval
* * * ®* * * ®* % = * ® ®* *® ® ® %

BenB LyslIlelLeuSerLysTyrValMetLeulysAsnAspTyrileAsnGinVallleAsplleTyriislle

BenC MetSer
2330 2340 2350 2360 2370 2380 2390 2400 24610 2420

XylZ -----vccececocncooan TGCCGCCATGACACACAAGGTTGCCACTGACTTCGAAGACGGCGTCACTCGTTTCATCGATGCTAATACTGGCGAGACTGTTGCTGATGCAGCCTACCGE

benC TTATATTTGAATAGGATTCCTGCCATGTCAAACCATCAAGTAGCACTTCAATTYGAAGATGGCGTTACCCGTTTTATCTGCATCGCTCAAGGTGAAACCTTATCCGATGCAGCATACCGT
2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400

Xyl2 MetThrHisLysvValAlaThrAspPheGluAspGlyVal ThrArgPhel leAspAlaAsnThrGlyGluThrvalAlaAspAlaAlaTyrArg

* * *® ® ® ® * * &« * * = ® * » ®* ® % &% =®

BenC LeuTyrieuAsnArglleProAlaMetSerAsnisGinvalAlaleuGlnPheGLluAspGlyValThrArgPhelleCysIleAlaGinGlyGluThrLeuSerAspAlaAlaTyrArg
FIG. 1—Continued.
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2430 2440 2450 24660 2470 2480 2490 2500 2510 2520 2530 2540
xylZ CAAGGCATCAATTTACCCCTGGACTGCCGAGACGGTGCATGCGGCGCCTGCAAATGCY TCGCTGAGAGCGGCCGCTACAGCCTCGGCGAGGAG- - - TATATCGAGGATGCACTTAGCGAA
benC CAGCAAATCAATATTCCAATGGACTGCCGTGAAGGCGAGTGTGGTACCTGCCGTGCTTTTTGTGAATCGGGCAACTATGACATGCCTGAAGACAAT TACATTGAAGATGCACTCACCCCA

26410 2420 2430 2640 2450 2460 2470 2480 2490 2500 510 2520
XylZ GInGlylleAsnleuProleuAspCysArgAspGlyAlaCysGlyAlaCysLysCysPheAlaGluSerGlyArgTyrSerLeuGlyGluGlu---TyrlleGLuAspAlaleuSerGlu
» ® * * * ® =» » ® w * » ®* ® * * * ® ® * & ® =®

BenC GLNnGLnIleAsn] leProMetAspCysArgGluGlyGluCysGLlyThrCysArgAlaPheCysGluSerGlyAsnTyrAspMetProGluAspAsnTyrlleGluAspAlaLeuThrPro

2550 2560 2570 2580 2590 2600 2610 2620 2630 2640 2650 2660
xyl2 GCCGAAGCCGAGCAGGGCTACGTGCTGACCTGCCAGATGCGCGCCGAAAGCGACTGCGTGATTCGCGT TCCGGCCGCATCGGACGTCTGCAAGACCCAGCAGGCCGGCTATCAGGCAGCG
benC GAAGAAGCGCAGCAGGGCTACGTTTTGGCATGTCAATGCCGTCCAACTTCAGATGCTGTATTTCAAATTCAGGCGTCTTCTGAGGTATGTAAAACCAAGAT TCATCACTTTGAAGGCACG

2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640
Xylz AllGluAlaslmlnGlYTyr‘anl.euThrO/sGlrlktA:gAlaGlts:rA:pchV:ll ldroValProAlMlaS:rAspV:ll.!:Lzsﬂ:rGlmlMllGMyrGlnAlula
* w * % & * = * ®

BenC GLuGLuALaGLNGLnGlyTyrValleuAlaCysGLnCysArgProThrSerAspAlavalPheGLnl LleGLnAlaSerSerGluvalCysLysThriysIleHisHisPheGluGlyThr

2670 2680 2690 2700 2710 2720 2730 2740 2750 2760 2770
XylZ ATCAGCAACGTGCGTCAGCTGTCCGAGAGCACCATCGCGCTGTCTATCAAAAGCGCATCGCTGAA- - -CCAGTTGGCGTTCCTGCCAGGCCAGTACGTCAATCTGCAAGTGCCGGGCAGC
benC ATGGCGCGGGTTGAAAATCTATCGGAT TCGACCATCACCTTTGATATTCAGCTCGATGACGGTCAGCCCGATATTCATTTTCTGGCAGGGCAGTATGTCAACGTGACGCTGCCGGGCACT
2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760
Xylz 1 lesgrAanllArgclumrﬁhls:rl’trllulumrlietyssgmlmuusn- - -Glumlwl:el:trroclw:ntzrv: lA:anan.lP:oGlySer
* * ®

BenC LeuAlaArgValGluAsnLeuSerAspSerThrileThrPheAspl LeGinieuAspAspGlyGLnProAspl LeHisPheleuAlaGlyGLnTyrValAsnVal ThrleuProGlyThr

2790 2800 2810 2820 2830 2840 2850 2860 2870 2880 2890
XylZ GACCAGACCCGCGCCTATTCCTTCAGCTCGCTGCAAAAGGATGGCGAGGTCAGCTTCCTGATCCGCAAGCTGCCGGGCGGGCTGATGAGCAGCTTCCTGACCAGCETCGECAAGGTCGGE
benC ACGGAAACACGCTYCGTATTCGYTTAGCTCACAACCAGGCAATCGCTTAACCGGGT TCGTGGT TCGTAATGTGCCGCAAGGTAAAATGAGCGAATAT T TAAGTGTECAGGCCAAAGCAGGC
2770 2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2830
Xyl2 AspGln‘ﬂ:rA:gMaTzrs:rPhes:rs:rLemlnLysAspGlyGlWalSerPl.\eLeul leA:gLysl.ow:oGlyG‘lryLem:ts:rSerPheL:uThrSeer&ansVnlGly
- »

BenC ThrGluThrArgSerTyrSerPheSerSerGinProGlyAsmirgLeuThrGlyPhevalvalArgAsnValProGinGlylysMetSerGluTyrLeuServalGinAlaLysAlaGly

2910 2920 2930 2940 2950 2960 2970 2980 2990 3000 3010
xylZ GATAGCGTCAGTCTGGCTGGACCGCTGGGCGCGTTCTATCTGCGCGAGATCAAGCGGCCGCTGCTGTTGCTGGCGGGCGGTACCGGCCTAGCGCCGT TCACCGCGATGCTGGAGAAGATC
benC GACAAAATGAGCTTTACTGGACCATTTGGTAGTTTTTATCYGCGTGATGTCAAGCGTCCTGTGCTCATGCTGGCTGGCGGTACGGGAATCGCACCGTTTTTATCGATGTTGCAAGTACTT
2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000

XylZ AspSerValSerLeuAlaGlyProLeuGlyAlaPheTyrLeuArgGlul letysArgProleuleuteuleuAlaGlyGlyThrGlyLeuAlasProPheThrAl aMetLeuGlulys] Le
* » * ® * ®* ®* ® *® * ® = * ® ® * * ® * ® ® = * ®
BenC AsplysMetSerPheThrGlyProPheGlySerPheTyrLeuArgAspVallysArgProvalleudetLeuAlaGlyGlyThrGlyl LleAlaProPheleuSerMetLeuGlnValLleu

3030 3040 3050 3060 3070 3080 3090 3100 3110 3120 3130
XylZ GCCGAGCAGGGCGGCGAGCACCCGCTCCATCTGATCTACGGCGTCACCCATGACCACGACCTGGTTGAAATGGACAAGCTAGAGGCAT TCGCCGCGCGCATTCCCAACT TCAGCTACAGE
benC GAGCAAAAAGGCAGTGAGCATCCAGTACGACTGGTGYTTGGCGTAACCCAAGATTGTGATCTGGTGGCGCTTGAACAACTCGATGCACT TCAGCAGAAACTACCATGGTTTGAATATCGT
3010 3020 3030 3040 3050 3060 3070 3080 3090 3100 3110 3120
Xyl2 Alaclmlmlyclyﬁlm 1 sP:ol.eulI i sL:ul leTyrle:ltzrni sA:plli u:pt:w:lGIMetAspLysLsmluAlnPheAlaAlaArgl LleProAsnPheSerTyrSer
* L 2 »

BenC GluGlnlysGlySerGlulisProValArgLeuValPheGlyValThrGLnAspCysAspleuvalAlaleuGluGinLeuAspAl aleuGLnGLnLysLeuProTrpPheGLuTyrArg

3150 3160 3170 3180 3190 3200 3210 3220 3230 3240 3250
xylZ GCCTGCGTCGCCAGCCCAGACAGCGCCTATCCGCAAAAGGGCTATGTGACCCAGTACATCGAGCCCAAACAGCYCAACGGCGGTGAGGTAGATATCTACCTTTGCGGTCCGCCACCGATG
benC ACCGTGGTGGCACATGCAGAAAGTCAACATGAACGTAAAGGT TACGTGACGGGTCATATCGAATATGACTGGCTAAATGGCGGTGAAGTTGATGTGTATCTGTGCGRACCGGTTCLTATG
3130 3140 3150 3160 3170 3180 3190 3200 3210 3220 3230 3240
XylZ AlaCysValAlaSerProAspSerAlaTyrProGLnLysGlyTyrvalThrGinTyr]leGluProlysGLnLeuAsnGlyGlyGluvalAspl LeTyrLeuCysGlyProProProdet
® * - * ® ® ® *® ® * w ®* % ® ® *® &® * ® ® ®* & » * ®

8enC ThrvalvalAtaHisAlaGluSerGLnHisGluArgLysGlyTyrvalThrGlyHislleGluTyrAspTrpleuAsnGlyGlyGluvalAspVal TyrLeuCysGlyProvalProdet

3270 3280 3290 3300 3310 3320 3330 3340 3350 3360 3370
XYLZ GTCGAGGCGGTCAGTCAGTACATCCGGGCACAGGGCATCCAGCCGGCCAATTTCTATTATGAGAAGT TCGLCGCCAGCGCCTAGAGGCTCCTTTGGTCCGCT TACTAGGTGAGCGGGCCT
benC GTGGAAGCGGYGCGGAGCTGGCTGGATACGCAAGGTATTCAACCGGCGAACTTTTTATTTGAAAAATTCTCTGECAACTAA= =~ ncecccccccsocccnccnacanscecasnnne-n
3250 3260 3270 3280 3290 3300 3310 3320
XylZ ValGluAlaValSerGinTyrlleArgAlaGinGlylteGinProAlaAsnPheTyrTyrGlulysPheAlaAlaSerAla
®* * * @® ®* ® * % ® ¥ & *® * ® *® *

BenC ValGiuAlaValArgSerTrpleuAspThrGinGlyl leGlnProAtaAsnPhel euPheGlulysPheSerAlaAsn

3390 3400 3410 3420 3430 3440 3450 3460 3470 3480 3490 .
xyll GTTTTATTCGGGCAGTAGGGCCCAGGTTCTCTGCGAACTTTCCCAAATTGCATCCGGGCTACACAACCGAGGTGGTTCATGAACAAACGT TTCCAGGGCAAGGT TGCCGTTATCACCGGE
berd

------------------------------------------------------ CTCAAAACGGAGACCGATATGAAT TCGACACAACGT TTTGAACATAAAGT TGTCATTGTAACAGGT
3330 3340 3350 3360 3370 3380 3390
XylL neumyu:wi:eclmmzsv:m-v-l 1leThrGly
. ®
BenD MetAsnSerThrGlnArgPheGluisLysValValllevalThrGly
3510 3520 3530 3540 3550 3560 3570 3580 3590 3600 3610

xyll GCCGCCCAGGGCATCGGTCGCCGCGTGGCCGAACGGATGGCGGCCGAAGGCGGTCGGLTGCTGCTGGTCGACCGT TCCRAGCTAATACATGA- - -GCT! GGCCGACGAACTGGTCGGAGTCG
benD GCAGCTCAAGGCATTGGTCGTGGTGTTGCACTACGGATTGCCCAAGAGGGAGGGTGTCTGATATTGGCCGACCGTTCTGATCTGATTCAGGCGGTATTGECT GAGATCAAAGCCTTGGGCG
3400 3410 3420 3430 3440 3450 3460 3470 3480 3490 3500 3510
XylL AlaAlaGLnGlylleGlyArgArgvalAlaGluArgNetAlaAlaGluGlyGlyArgLeuleuleuValAspArgSerGLuLeul leHisGlu---LeuAlaAspGluLeuvalGlyval
*® ® * * * & » ®* ® * - ®* ® » - * * ® % * % *®

BerD AlaAlaGlnGlylleGlyArgGlyValAlaLeuArglleMaGlnGll.ﬁlyﬁlyCysLeulleLetAlnAspArgSerAspLeulleGlnAlaValLeuAl.Glullel.yulal.eml'y
FIG. 1—Continued.
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VoL. 173, 1991 POTENTIAL DNA SLIPPAGE STRUCTURES 7545
(A)
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. ttorereeer |1} 840 . . 870 .
PheSer

40000000
XyLZ 5*-AAGCT, TTCGCCGCGCGCATTCCCAACT TCAGCTACAGCGCLTGE
. i |

(E)

Repeated Amino Acid Residue: Ala Tyr Phe Ser Gln Lys
Repeated Nucleotide Codon:  GCC TAT TTC AGC CAA AAG
frequency of Codon in Gene: (.48)(.47)(1.0)(.70)(.21)(.77) = 0.026

FIG. 2. Inferences concerning common ancestry of DNA sequence repetitions acquired during evolution of upstream (positions 436 to 561)
and downstream (positions 763 to 888) regions of xy/Z. Numerals correspond to positions within the nucleotide sequence of the genes. (A)
Amino acid sequence repetitions within the upstream region of XylZ and within the homologous region of BenC. Asterisks mark amino acids
conserved in the two gene products. Repeated peptides within each divergent amino acid sequence are marked above and below by single
or double lines. (B) DNA sequence repetitions acquired within regions of xy/Z and benC and corresponding to the amino acid sequence
comparisons shown in panel A. Vertical lines connect regions in which four or more contiguous bases in the aligned xy/Z and benC DNA
sequences are identical. Horizontal single or double lines indicate direct DNA sequence repetitions. Inverted DNA sequence repetitions
within xy!Z are distinctively marked with arrows. (C) Dipeptides found in the upstream and downstream regions of XylZ are marked with
clubs (AlaTyr), diamonds (PheSer), and hearts (GlnLys). Stars above and below the amino acid sequences indicate amino acids that have been
conserved during divergence of XylZ and BenC from ancestors they share with chloroplast ferredoxin reductase (22). (D) Introduction of a
loop into the downstream xylZ sequence suggests how DNA encoding peptides conserved between the upstream and downstream sequences
could be traced to a slippage structure acquired during divergence of the gene. Clubs, diamonds, and hearts indicate DNA corresponding to
peptides depicted in panel C. Single or double musical notes mark DNA sequences corresponding to peptides repeated in the upstream region
as shown in panel B, and vertical arrows indicate a DNA sequence repetition acquired in the downstream region. Vertical lines connect DNA
sequence identities clustered in the aligned regions of the upstream and downstream sequences. (E) Frequency of usage within xy/Z of codons
for peptides repeated within the upstream and downstream regions.

The complex nature of DNA slippage structures and their
potential ability to interact makes them difficult to elucidate.
Procedures that may reveal such structures are illustrated by
analysis of repetitions acquired in xy/Z during its divergence
from an ancestral gene it shared with benC. The xylZ
sequence repetitions presented in Fig. 2 and 3 encode the
C-terminal region of XylZ and were acquired during diver-
gence of the protein from predecessors shared with other
oxidoreductases including ferredoxin reductase and, more
recently, BenC.

DNA sequences presented as slippage structures in Fig. 2

and 3 were selected after screening the entire xy/XYZ region
for DNA sequence repetitions exceeding 8 bp and falling
within 120 bp of each other. Only two DNA segments, the
upstream and downstream sequences in Fig. 2 and 3, met
this stringent criterion for evidence of localized strand
slippage. This inference was strengthened by discovery of
three nonoverlapping pairs of inverted repetitions of 6 bp or
longer within the upstream region. Further analysis revealed
three different 8-bp sequences in the upstream region that
were repeated, albeit in different order, in the downstream
region. Potential hybridization patterns between comple-
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FIG. 3. Slippage structures suggested by repeated DNA sequences in the upstream and downstream regions of xylZ. (A) The 5’ (coding)
sequence of the upstream region (Fig. 2) is folded so that vertical lines illustrate hybridization that might occur between inverted repetitions.
As in Fig. 2, single or double musical notes indicate direct DNA sequence repetitions that might allow hybridization between the coding and
noncoding strands of the upstream region after slippage. Largely single stranded within the coding strand slippage structure are sequences
(clubs, diamonds, and hearts) that possess the potential ability to hybridize with the noncoding strand of the downstream region of xylZ (Fig.
2D and panel C, below). Spades indicate DNA which, pinched into single strandedness in this representation of the upstream region, has the
potential ability to initiate formation of a slippage structure by hybridizing with DNA in the downstream region as shown in panel B. (B) One
possible DNA slippage structure in which hybridization between the coding strand of the upstream region and the noncoding strand of the
downstream region might predominate. Horizontal arrows indicate regions contributing to the intrastrand loops depicted in panel A. Vertical
arrows mark regions of direct sequence repetition, separated by 24 bases, that could allow hybridization between coding and noncoding
strands of the downstream region. This interaction might contribute to formation of the alternative slippage structure shown in panel C. (C)
Slippage structure that could account for conservation of DNA sequence repetitions within xylZ as depicted in Fig. 2D.

mentary components of repeated DNA sequences are pre- addition, the xylZ DNA contains inverted repetitions lying in

sented in Fig. 3.

A portion of the amino acid sequence of XylZ is compared
with the corresponding sequence of BenC in Fig. 2A. The
comparison illustrates the similarities that run throughout
the aligned sequences (Fig. 1) and demonstrates internal
repetitions, expressed at the level of peptide sequence, that
were acquired as XylZ and BenC diverged. Figure 2B shows
that the acquired repetitions observed at the level of peptide
in Fig. 2A are expressed more extensively at the level of
direct DNA sequence repetitions which are as long as 11 bp
(in the xylZ sequences encoding SerPheLeu, Fig. 2B). In

regions divergent from benC (Fig. 2B).

The XylZ sequence contains three dipeptides which are
repeated in a different order in a downstream portion of the
same gene product (Fig. 2C). As shown in Fig. 2D, intro-
duction of a loop into the 5’ strand encoding the downstream
set of dipeptides allows alignment of its DNA with a nearly
identical sequence encoding the upstream set of peptides.
Also shown in Fig. 2D are direct and inverted DNA se-
quence repetitions that have the potential ability to hybridize
and thus to contribute to slippage structures. The frequency
of codon usage for the repeated dipeptides, shown in Fig.
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2E, indicates that the probability that this particular DNA
sequence would be used to encode the peptides is 0.026. This
value is a substantial overestimate because it overlooks the
fact that DNA encoding the dipeptides represents repetitions
extending 8 rather than 6 bp (Fig. 2D). Furthermore, the 8-bp
repetition corresponding to the peptide AlaTyr is flanked by
a perfect 6-bp repetition between the upstream and down-
stream sequences (Fig. 2D).

Clusters of DNA sequence identity shared between the
upstream and downstream regions of xylZ (Fig. 2D) are more
extensive than those shared by the upstream region of xylZ
and its unmistakable benC homolog (Fig. 2B): the former
comparison contains three clusters in which sequence iden-
tities exceed seven contiguous base pairs, and only one such
cluster is found in the latter comparison. This evidence
points to the conclusion that the upstream and downstream
regions of xy/Z share common ancestry, and this common
ancestry was established by genetic exchange between the
regions subsequent to their divergence from the ancestor
shared with benC. The genetic exchange must have been
based on hybridization between complementary sequences
in the upstream and downstream regions of xy/Z; examina-
tion of the DN A sequences in these regions (Fig. 3) suggests
how such hybridization might be formed.

In Fig. 3A, the 5’ (coding) strand from the upstream region
of xylZ is depicted in a form it would possess if hybridization
between inverted repetitions were allowed to take place. The
3’ (noncoding) strand is not shown in this depiction, but it
should be recognized that it could enter into a slippage
structure through hybridization between complementary
components of direct DNA sequence repetitions. The coding
portions of these repetitions, represented by single or double
musical notes in Fig. 3A, are largely single stranded and
therefore accessible for interaction with their misaligned
noncoding counterparts in the upstream region. Also largely
single stranded in the depicted structure of the upstream
coding region are DNA sequences (symbolized by clubs,
diamonds, and hearts in Fig. 3A) that are free to enter into
hybridization with noncoding counterparts in the down-
stream region (Fig. 3C).

The remaining portion of the upstream coding strand is
represented largely by the sequence marked by spades in
Fig. 3A. As shown in Fig. 3B, this region could enter into
hybridization with a portion of the noncoding downstream
strand to form an alternative slippage structure. This struc-
ture would pinch into single strandedness the coding com-
ponent of the upstream direct repetition that is represented
by single musical notes (Fig. 3B). Also forced into single
strandedness by the slippage structure suggested in Fig. 3B
would be noncoding DNA (symbolized by hearts in the
downstream region) that would have potential ability to
hybridize with coding DNA (symbolized by hearts in the
upstream region) and thus contribute to formation of the
slippage structure shown in Fig. 3C.

Existence of the potentially interactive slippage structures
shown in Fig. 2 and 3 is proposed on the basis of patterns of
sequence identity that appear to defy coincidence. Regions
of sequence identity in misaligned DN A strands extend from
6 to 8 bp and fit into three-dimensional jigsaw puzzles in
which very few pieces appear to be missing (Fig. 2 and 3).
The repeated DNA sequences, acquired during divergence
of xylZ from the ancestor it shared with benC (Fig. 2), have
been maintained even against selective pressure for usage of
preferred codons. It therefore seems possible that mismatch
repair between slipped DNA strands contributes to mainte-
nance of the DNA sequence repetitions. This possibility can
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be explored by examination of the stability of mutations that
disrupt potentially interactive DNA sequences and also
cause substitution of essential amino acid residues in pro-
teins. The contribution of slippage structures to repair of
such mutations could be assessed by examination of the
reversion frequency of strains in which they are carried.

Site-directed mutagenesis (15) can be used to prepare
bacterial strains carrying mutations that alter amino acid
residues essential for xy/Z function. Targets for such muta-
genesis emerge from identification of amino acid residues
conserved within the broad oxidoreductase family encom-
passing chloroplast ferredoxin reductase (22). Targets thus
identified are marked with stars in the slippage structure
suggested in Fig. 2. The specific contribution made by the
targeted residues can be inferred because the crystal struc-
ture of ferredoxin reductase has been determined (14). The
likelihood that these residues were conserved because they
make an important contribution to enzyme function can be
tested by their genetic modification through site-directed
mutagenesis. If the modifications result in an inactive en-
zyme, the possibility that slippage structures contribute to
DNA sequence maintenance can be explored by examining
frequencies of reversion of the mutated DNA.
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