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ABSTRACT

DNA sequence analysis was undertaken to investigate the structural
basis of mutations showing different integration efficiencies in Streptococcus
pneumoniae. Wild type, mutant and revertant sequences at two sites in the
amiA locus were determined. It appears that markers which transform efficien-
tly or inefficiently can result from single base pair changes. A low efficien-
cy (LE) marker corresponds to a C:G to T:A change and a high efficiency (HE)
marker to a G:C to T:A change. In the latter case, two mismatches, G/A and
T/C, can exist at the heteroduplex stage in transformation; only T/C appears
to be recognized by the hex system which controls transforming efficiencies
in pneumococcus. Each of the recognized mismatches, T/G and C/A, which result
from transitional change, and T/C appears to involve at least one pyrimidine.
It is proposed that the mismatch repair system of S. prnewmoniae is directed
against mismatched pyrimidines. DNA sequence analysis also reveals that short
deletions (33 or 34 bases long) behave as very high efficiency markers, con-
firming that deletions are not recognized by the hex system.

INTRODUCTION

Genetic transformation in Streptococcus pneumoniae involves the in-
sertion of a single strand fragment of donor DNA into the DNA of the recipient
bacterium (1). When a mutational difference between the donor and recipient
strains occurs within the heteroduplex region, successful integration leads
to transformation. The probability for successful integration has a characte-
ristic value for each genetic marker. Markers within the same gene are gene-
rally divided into several classes according to their integration efficiency
(2, 3). Markers referred to as high efficiency (HE) give yields of transfor-
mants approaching 0.5 per bacterial equivalent of transforming DNA taken up
by the cells. Other markers described as low efficiency (LE) show a 10 to 20
fold reduction in yields of transformants for the same amount of DNA taken up.
Markers which are 1.5 to 2 times as efficient as HE markers have also been

described (3,4) and are referred to as very high efficiency markers (VHE) (5).
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Excision of donor DNA induced by mismatched base pairs of donor-recipient he-
teroduplexes was proposed to account for the low efficiency of some markers
(6). This hypothesis was substantiated by the identification of mutant strains,
denoted hex , which are transformed with very high efficiency for all single
site markers (7,8). Moreover, the separation of complementary strands of de-
natured DNA and subsequent preparation of annealed molecules led to the mea-
surement of the efficiency of individual strands (referred to as light = L
and heavy = H). It was found that both strands are equally low in efficiency
for LE markers (9), and they are both very efficient for VHE markers (10, 9).
For HE markers, complementary strands are not equally effective in producing
transformants (10, 9). Within the same gene, HE markers with opposite strand
preference can be found (9). This phenomenom is also controlled by the hex
system and interpreted as recognition of one of the two reciprocal donor-
recipient heteroduplexes. Additional evidence for excision of mismatched

base pairs at the donor-recipient heteroduplex level comes from studies of
the kinetics of destruction of LE markers : these kinetics are consistent

with elimination of the marker after heteroduplex DNA has been formed (11).

In order to understand the nature of the mismatches recognized by
the hex system, we have investigated the mutational changes at two sites wi-
thin the amiA locus of pneumococcus by nucleotide sequence analysis. Muta—
tions of this gene confer resistance to aminopterin and have been widely used
as markers in transformation studies (2, 5, 9). A set of markers representa-
tive of all efficiency classes has been genetically mapped (12) by using the
possibility to select under appropriate conditions amia® (aminopterin sensi-
tive) as well as amiA~ (aminopterin resistant) phenotypes. The recent cloning
of amiA fragments (13) has allowed us to carry out DNA sequence analysis of
mutational changes within this locus. We report our results on the relation-

ship between base mispairing and integration efficiencies.

MATERIALS AND METHODS

Bacterial strains and plasmids

All pneumococcal and Escherichia coli strains were previously
described (13). Three recombinant plasmids were used for this study : pRIO,
PR15 and pR16. Each of these plasmids carries a 1050 bp long BamHl - EcoRI
fragment of the amid locus inserted between the BamHI and EcoRI sites of
PBR325 (14). pRIO0 which carries two mutations, amiA29 and amiA9, was construc-

ted and isolated by in vitro recombination as previously described for other
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amiA fragments (13). Construction of the pneumococcal strain carrying these
two closely linked mutations has been described (15). pR15 and pR16 which

carry respectively 9 rev and 29 rev were constructed by "plasmid rescue" in
a way similar to that described by Perucho et al. (16; Mejean, Claverys and

Sicard, unpublished results).

Enzyme and chemicals

Restriction endonucleases were purchased from New England Biolabs
and used as recommended by the manufacturer. Bacterial alkaline phosphatase
was from P.L. Biochemicals and DNA polymerase I and polynucleotide kinase were
from Boehringer Mannheim.Chemicals utilized were : dimethyl sulfate (Aldrich),
hydrazine (Eastman Kodak), acrvlamide and bisacrylamide (2 fold crystallized

grade, Serva). Piperidine (Merck) was redistilled under vacuum.

Sequencing procedure

10 to 20 picomoles of each plasmid DNA were prepared as described
(13) and fully digested with BamHl, DNA was then either 5' end labeled with
32P y ATP (NEN, above 3000 Ci/mM) using polynucleotide kinase (17) after de-
phosphorylation at 65°C with alkaline phosphatase (removed by alkaline treat-
ment; 18) or 3' end labeled with 32P a dGTP (NEN, 2500 Ci/mM) using DNA poly-
merase I (19). End labeled DNA was then cleaved with EcoRI and the cioned
fragment (1050 bp long) was separated from the vector fragment (4550 bp long)
by electrophoresis in a 2 7 agarose gel. DNA was electroeluted from agarose
gel and chromatographied on a DE52 column (Whatman). Chemical reactionms,
specific for G, A+ G, C + T, C and A/C where A gives a stronger band than C,
were performed (17, 19, 20). Sequence reaction products dissolved in the loa-
ding solution were heat denatured and fractionated on acrylamide sequencing
gels (0.8 mm thick).

25 % acrylamide gels (400 mm long) were run with the bromophenol
blue at 90 mm (5' end label) or at 150 mm (3' end labeled) from the top to
determine the first 30 nucleotides. Further nucleotide sequences were obtai-
ned with i) 16 7 acrylamide gels (400 mm long) in which the phenol cyanol FF
dye had migrated half way down (5' end label) or two thirds down (3' end
label), ii) 8 7 acrylamide gels (800 mm long), in which the cyanol FF had
migrated to the bottom, iii) 6 % acrylamide gels (800 mm long) in which the
phenol cyanol FF had migrated 1.3 times the length of the gel.
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RESULTS

Integration efficiencies and choice of markers

A partial genetic map of the ami4 locus which shows the position of
some restriction sites pertinent to this study is shown in fig. 1. From the
possible markers, the ami4A29 and amiA9 sites were retained for DNA sequence
analysis. These sites were chosen because a large spectrum of integration
efficiencies was covered (LE, HE and VHE, see below) and because they are
located close to a BarmHl restriction site, a favoured situation for sequence

analysis since this site can be used for end labeling.

In a wild type recipient, amiA29 is a HE marker with a strand pre-
ference toward the H strand and amiA9 is an LE marker (2, 9). Spontaneous re-
vertants of these mutations have been isolated which exhibit a wild type phe-
notype but are not true reversions to wild type, since the efficiency of each
marker is changed when their respective reversions are used as recipient (4).
Thus, amiA29 behaves as a VHE marker when the 29 rev strain is used as reci-
pient and amA9 behaves as a HE marker in the 9 rev recipient (4). In the
latter case, the strand preferentially integrated is the L strand (9). In
addition, we have been able to determine the efficiency of the mismatches
between wild type and 29 rev sequences and between wild type and 9 rev se-

quences. This was done by testing the effect of these mismatches on the inte-
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FIGURE 1 : Physical and genetic map of the amiA locus. Markers are ordered
according to their map position established from genetic crosses (12). RI and
HI designate respectively EcoRI and BamHll restriction sites. Correlation bet-
ween genetic and physical distances and location of EcoRI sites 1, 2 and 3
have been described (21). EcoRI generated fragments A and B are respectively
1800 bp and 2500 bp long. Fragments Al and A2 are byproducts of the BamHl
hydrolysis of the A fragment. Large numbers correspond to HE and VHE markers,
small numbers to LE markers.
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gration of neighboring markers normally integrated as HE markers. Depending
on whether the integration of the markers is affected (exclusion effect) or
unaffected by the presence of a given mismatch , the efficiency of this
mismatch can be deduced (Table 1).

The mismatch between 29 rev and wild type does not affect the integration of
amiA22 or amiAl44, two HE markers with opposite strand preference. This mis-
match is therefore concluded to be of the VHE type. The mismatch between 9
rev and wild type, affecting the integration of both amiA22 and amiA144 mar-
kers is deduced to be of the LE type. The smaller effect on amiAl44 than on
am.A22 integration appears to result from the respective distances between
these markers and the amiA9 site (see fig.l). Indeed, frequent independent
integration of amiA9+ and amA144 sites can account for the relatively low

exclusion effect observed.

Starting material for DNA sequence analysis was constituted by three
recombinant plasmids (pR10, pRI5 and pR16). Each carried a BamHI - EcoRI frag-
ment (Al) of the amiA locus (see fig. 1) inserted between the EcoRI and BamHI
sites of pBR325. These recombinant plasmids harbor unique BamHI and EcoRI si-
tes bracketing the cloned DNA segment. Plasmid pRIO carried ami429 and amiA9
mutations; plasmid pR15 carried 9 rev and amiA29+; plasmid pR16 carried
29 rev and amiA9*.

Partial wild type sequence of the Al fragment

The strategy used for sequence determination was to linearize the
purified plasmid DNA with BamHI, to label either the 5' or the 3' end and to
digest with EcoRI prior to fractionation of vector (4550 bp) and cloned frag-

ments (1050 bp) by electrophoresis in agarose gels. As shown in the sequen-

TABLE | : Exclusion effect of mismatches between wild type and 29 rev or
9 rev sequences.

Donor DNA
Recipient . amiA22 + amiA144
strain (am” for all other sites) (am” for all other sites)
29 rev 0.92 (2 0.10) 1.12 (¢ 0.25)
9 rev 0.20 (¥ 0.05) 0.63 (£ 0.08)

Results are expressed as transforming efficiencies relative to our
standard reference marker str4l. Str4l is a HE marker conferring resistance
to streptomycine and is carried on both donor DNAs. amiA22 and amiAl44 are HE
markers (relative transforming efficiency close to 1) with opposite strand
preference, H strand for ami422 and L strand for amAl44 (9).
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cing gel autoradiogram given in fig. 2, five different reactions were used
(G, A+ G, C+ T, C, A/C). The Al fragment was sequenced over 320 nucleotides
starting from the BamHI site (fig. 3). In one instance a base did not react
as expected : 5' end labeled fragments gave a band for all chemical reactions
although stronger for A + G and A/C than for other reactions at position 221
(fig. 4). This result led to the possibility that more than one base could be
present. Nevertheless the existence of only one A:T base pair at this position
was shown by analysis of the other DNA strand after labeling of the 3' end
(fig. 4).

Since the Al fragment is internal to the am4d gene, it is of interest
to look at the open reading frames which could indicate which strand is
transcribed. The reading frame of the nucleotide sequence of the Al fragment

will be defined from the Bamil cleavage site : reading frame 1 will be GAT,

FIGURE 2 : Autoradiogram of sequencing gels.
5' end labeled Al fragment obtained from
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1 5' GAT

AAT
TTA

GGA
CCT

GAA
CTT

FIGURE 3 :

CCT AAC TAT
GA TTG ATA

ACT GTG TTT
TGA CAC AAA

GAA AAG GCA
CTT TTC CGT

AAA GCT ATT
TTT CGA TAA

G*A TTT ACT
CTT AAA TGA

CGT GTT TTT
GCA CAA AAA

AAT AAA ATT
TTA TTT TAA

GAG CGT ATG
CTC GCA TAC

AGT AGC ATG
TCA TCG TAC

TAT GAA AAG
ATA CTT TTC

GAA AGT GGT
CTT TCA CCA

CAC TTC TAT
GT

GCG
CcGC

GGC
CCG

GAT
CTA

TAC
ATG

GCT

GCT GAT AAA CGT
CGA CTA TTG GCA

ACA ACG
TGT TGC

GAG TAT TAC GAT
CTC ATA ATG CTA

TAC ATT
ATG TAA

. 150.
GTA ACA GTA GAA
CAT TGT CAT CTT

TCT TCT
AGA AGA

200.
CAA TTA GGT CAT
GTT AAT CCA GTA

ATC AAT
TAG TTA

250.
TTC TAT GCT ACT CGT GAA
AAG ATA CGA TGA GCA CTT

300. .
AAC TTG ATT GAC ATT GAC

50.
GAT AAC TAT
CTA TTG ATA CTT
100.
ACT AAA GAG
TGA TTT CTC

TTG
AAC
ACC
TGG

GCA AAT GCG
CGT TTA CGC

GGT TGG ACT
CCA ACC TGA

TTG
AAC

TTT
AAA

ATT CCA ATT
TAA GGT TAA

CAT ACA 1 chain
5' r chain

Partial sequence of the wild type A, fragment. r and 1 stand for
rightward and leftward transcribed chains. The asterisk (position 221, 1
chain) indicates the base which did not react normally.

CCT; reading frame 2 will be ATC, CTA and reading frame 3 will be TCC, TAA on
the 1 chain (for leftward transcribed chain); the same definition applies to
the r chain (for rightward transcribed chain). The only reading frame open is
the reading frame 1 on the | chain which is thus the DNA equivalent of the
mRNA sequence. Four stop codons are present on the 1 chain, reading frame 2
(TAA142, TAG]48_]49, TGA301) and twenty on the reading frame 3. On the r
chain, there is one stop codon (TAA]96) on the reading frame I, seven on the
reading frame 2 (TAG5—98-170-248—282’ TAA224) and eleven on the reading fra-
me 3. '

Thus, the amiA locus is transcribed from left to right (fig. 1)
from the r chain. This agrees with results of DNA sequence analysis of the
EcoRI B fragment (fig. 1), starting from the EcoRI site 3 : 5 out of 6 possi-
ble reading frames were also found to be closed by stop codons (Gasc and

Galibert, unpublished results).

Mutational changes at the amid9 site

Sequencing gel autoradiograms used to establish wild type ami4d9

and 9 rev sequences at this site are shown in fig. 4. The ami49 mutation
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FIGURE 4 : amiA9 site sequencing gels. 5' end labeled (gels 1, 2, 3) and 3'
end labeled (gel 4) Al fragments subjected to the Maxam and Gilbert chemical
degradation were fractionated by electrophoresis on 6% sequencing gels. The
triplet where mutational changes occurred is indicated by a vertical bar :
gel 1, amiA9 sequence; gel 2, 9 rev sequence and gels 3 and 4, wild type se-
quences. The asterisk (gel 1, 3; position 221) indicates the band which did
not react normally. Gel 1 and 2 cover the sequence from nucleotide 187 to
nucleotide 260; gel 3 from nucleotide 216 to 288 and gel 4 from nucleotide
205 to 259.

results from a transitional change C:G to T:A (x) at residue 238. This

change was expected since the ami4A9 mutation was induced by nitrous acid on
DNA (2), a mutagen known to induce preferentially this transition (22). The
amiA9 mutation leads to the appearance of the TAA240 stop codon, instead of
the CAA codon in the wild type sequence. This result too was expected from
genetic analysis showing that the am’A9 mutation is suppressible by an infor-
mational suppressor of nonsense codons (23). Spontaneous reversion from amiA9
to 9 rev was found to result from a transversion at residue 240. The A:T pair
is changed to C:G which results in the replacement of the stop codon TAA240
by the TAC codon in the 9 rev strain.
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Mutational changes at the amid29 site

Fig.5 shows sequencing gel autodiograms used to determine wild type,
amtA29 and 29 rev nucleotide sequences. The @miA29 mutation is a frameshift
mut?gé?n which occurred by replacement of three bases GGAl3l in the sequence
AGCATGGATTCT by four bases TTGC to give the sequence AGCATTTGCTTCT. This fra-
meshift mutation leads rapidly to a stop of tramslation at TAA167. Reversion
of the @m’A29 mutation occurred spontaneously by deletion of 33 nucleotides as

compared to wild type sequence, from residue 120 to residue 153. This dele-
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FIGURE 5 : amiA29 site sequencing gels. 5' end labeled Al fragments were sub-
Jected to the Maxam and Gilbert chemical degradation. Products were fractio-
nated by electrophoresis on 8% acrylamide gels. Sequence changes between
amiA29 (gel 1) and wild type (gel 2) are shown in boxes. The position of the
deletion corresponding to 29 rev(gel 3) is indicated by an arrow. Sequences
bracketing the deletion are indicated by vertical bars (gel 1 and 3). Gels 1
and 2 cover the sequence from nucleotide 105 to nucleotide 158 ; gel 3 from
nucleotide 105 to nucleotide 193.
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tion covers the amA29 site (around position 130) and thus restores a normal
reading frame, leading to a protein 11 amino-acids shorter than the wild type
protein. It is interesting to note that this deletion has occurred between two
four base repeats (GCAA121 and GCAA]SA) leaving only one intact GCAA sequence,

a result reminiscent of that of Farabough et al. in Escherichia coli (24).

DISCUSSION

Transformation involves the insertion of a strand of donor DNA into
a recipient molecule to form a heteroduplex region (1). Efficiencies of trans-
formation strongly depend upon the mutations (markers) carried by donor DNA
(2, 3). In order to relate transforming efficiencies to the nature of mis-
matches present on donor-recipient heteroduplex, nucleotide sequence analysis

was carried out for six alleles at two sites of the amA locus.

Single base pair changes and transforming efficiencies

Mutation from wild type to amiA9 occurred by a single base pair chan-
ge, the C:G to T:A transition. This single base change leads to a low effi-
ciency of transformation in a wild type (hex+) recipient. Depending upon the
strand which enters a cell, donor-recipient heteroduplexes exhibit either a
G/T or A/C mismatch. Each of these mismatches thus appears to be recognized
by the hex system which controls transforming efficiencies. This result agrees
with suggestions based on the finding that mutagens which induce transitions

lead to LE mutations (2, 3, 25).

Reversion trom amA9 to 9 rev (wild type phenotype) occurred also
by a single base pair change, the A:T to C:G transversion. amA9 is integra-
ted into the 9 rev recipient with a high efficiency and opposite strands are
not equally 2ffective in producing transformants, a characteristic feature of
HE markers (10, 9). This result was interpreted as specific recognition of one
of two possible mismatches by the hex system. Donor-recipient heteroduplexes
between amiA9 and 9 rev can carry either A/G (1 chain am49) or C/T (r chain

amiA9) mismatches.

Which one of the two reciprocal mismatches A/G or C/T is recognized ?

We have shown that the L strand carrying am A9 is five times more
efficient than the H strand in transformation of the 9 rev recipient : this
is interpreted as recognition of H amA9/L 9 rev mismatch by the hex system
(9). If the H strand of the amA locus can be identified as the 1 or r chain,

this will give us the answer as to whether A/G or C/T is the recognized mis-
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match. We have previously shown that the rate of phenotypic expression of

amiA markers in a hex recipient is faster when they are introduced via the

H strand (9). This result indicates that the H strand is the strand transcri-
bed. Thus we can identify the H strand as the r chain. This identification is
supported by the fact that only one reading frame out of a possible six is
open and that the am?A9 mutation leads to the appearance of a stop codon in
this open reading frame. Therefore the mismatch H am4A9/L 9 rev corresponds to

C/T (r chain amiA9) which is the third mismatch recognized by the hex system.

Multisite base pair changes and transforming efficiencies

DNA sequence analysis also reveals that multiple base pair changes
can be associated with LE (9 rev facing wild type) or HE (amfA29 facing wild
type) mismatches corrected by the hex system. Nucleotide sequence shows that
two base pair changes occurred between 9 rev and wild type, around residue 239
-TAC- for 9 rev instead of -CAA-. Thus two mismatched base pairs normally reco-
gnized as LE and HE are present, separated by a single base pair. This double

base pair change is still recognized as LE by the hex system.

Change from wild type to amiA29 involves the replacement of three
bases GGA by four bases TTGC. amiA29 is integrated in the wild type recipient
with a high efficiency and exhibits a strand preference characteristic of HE
markers. This behaviour is similar to that of ami49 in the 9 rev recipient
(see above) except that the more efficient strand is the H strand (9). This
was interpreted as recognition of the L amiA29/H 9 rev mismatch by the hex
system. Since we have identified the H strand as the r chain, this mismatch
is : 1 amiA29 chain AT TTGC TT

r wild type chain tA CCT AA
The only single base pair mismatches present here are the C/T type, i.e. mis-
matches that were shown in a previous section to be recognized by the hex
system. The complementary donor-recipient heteroduplex between L wild type/H
amiA29 is as follow :

1 wild type chain a1 GG ATrT

r amA29 chain TAAACGAA
In this case, the only mismatches present are the A/G type which, as shown
in a previous section, is not recognized by the hex system.

' Thus high efficiency of transformation and strand preference can be

related to specific recognition by the kexr system of the C/T mismatch and not
of the reciprocal A/G mismatch. This seems to be true when these mismatches

are present either singly (as seen with amA9) or in multiples (as seen with
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amiA29).

Short deletions result in very high efficiency of transformation

The last results obtained by DNA sequence analysis concern the trans-
formation efficiency of short deletions. We found that reversion from am’A29
to 29 rev (wild type phenotype) has occurred by deletion of 34 bases. ami429
is integrated into the 29 rev recipient as a VHE marker and we have provided
evidence (see results) that mismatching between wild type and 29 rev sequen-
ces is also of the VHE type. Thus in both cases, a deletion of 33 or 34 bases
is not recognized by the %Zex system and behaves as a VHE marker. This result
is not very surprising since it is known that larger deletions are not reco-
gnized by the hex system (7,9,26) and that deletions as large as 200-240 base
pairs exhibit a high efficiency of transformation (9,26). This raises the pos-

sibility that VHE markers are not single site mutatioms.

Specificity of the hex system

The insertion of a strand of donor DNA carrying a point mutation into
a recipient molecule can lead to eight possible mismatches at the heterodu-
plex stage. The four of them which have been found in the present study re-
veal part of the specificity of the hex system. It should be noted that among
those mismatches which are recognized by the hex system, all contain at least
one pyrimidine : A/C, G/T and C/T, whereas the mismatch A/G which escapes the
hex action involves two purines. This result opens the possibility that the
hexr mismatch repair system is directed against mispaired pyrimidines. If this
is true, we can predict that the four remaining mismatches not encountered in
this study will correspond to HE mutations. Indeed transversional changes
A:T to T:A and G:C to C:G lead respectively to the following mismatched sets
of pairs : (A/A, T/T) and (G/G, C/C) which contain only one mismatch involving
a pyrimidine. Support for this hypothesis comes from results at the ami46
site where various mismatches between wild type, mutant and revertant sequen-—
ces are of the HE type (Claverys and Sicard, unpublished results). In any
case, further DNA sequence analysis for other markers should give a complete
picture of the specificity of the pneumococcal mismatch repair system.

Another open question concerns frameshift mutations. It has been
shown that acridine induced mutations were mainly of the LE type and evidence
has been presented that these mutations were frameshift mutations (27). Our
results clearly suggest that at least one frameshift mutation is not recogni-

zed by the hex system. It is possible that acridine induced mutations are
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complex mutations which frequently harbor mismatches recognized by the hex
system when paired with wild type sequence. This could explain the low effi-
ciency of transformation of these mutations without need for recognition of
frameshift mutations per se by the hex system.

The last point concerns the mechanism of co-correction of VHE or HE
markers with adjacent LE markers (3,4,6). This co-correction can result from
excision of a large tract of bases once a mismatch is recognized by the hex
system. Alternatively, it has been suggested that once triggered by an LE
mismatch, the Zex system becomes capable of short patch repair for all mis-
matches present on the heteroduplex (28). Since we have found that VHE type
transformations at the amA29 site (which are normally co-corrected with the
LE mismatch involving am’49) do not involve a mismatch but a short deletion,
one must assume either that hex recognition is followed by long patch correc-
tion or that once triggered the hZex system not only excises all mismatches

it finds, but also sequences corresponding to deletions.
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