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subsututing specific primers for each eral bacterial species
during the second PCR
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|dentification of mutans
streptococci by restriction
fragment length polymorphism
analysis of polymerase chain
reaction-amplified 16S ribosomal
RNA genes

.)S’aro T HuJP Ohln K Yamaura M Washie J Matsuyama J Takakash N
Hdentification of mutans streptococer by restriction fragment length polymorphism
analysis of polymerase chain reaction amplified 168 nibosomal RNA genes
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Mutans streptococc: are frequently 1solated from dental plaque and carious lesions
These bacteria have been identified by conventional methods such as biochemicat and
serologie tests followed by the 1solation of colomes on the mitis salivarius agar which
are sometimes inconsistent Recently species specific polymerase chain reaction (PCR)
has been reported to rapidly 1dentify Streptococcus mutans and Streptococcus sobrins
However 1n the case of rdentification and classification into several species e g withun
the group of mutans streptococct consisting of seven species the identification using
species spectfic PCR seems somewhat inefficient because of need for the development
and preparation of specific primers for each species Therefore 1n this study we
developed a simple method using restriction fragment length polymorphism analysis of
PCR amphfied 165 nbosomal RNA genes (16S rRNA genes PCR RFLP) for the
identification of seven different species included in the group of mutans streptococel
We amplified 165 rRNA gene sequences from genorme DNA samples by PCR using
universal primers and digested the PCR products with the restriction endonucleases
Hpall and Haelll Hpall produced six RFLP patterns for eight reference stramns since
the patterns for § sobs tnus Streptococcus downer and Streptococcus fer us were similar
RFLP patterns produced with Haelll could separate these three species Furthermore
the RFLP patterns predicted from the 168 rRNA gene sequences in the GenBank
datahase agreed with the actual RFLP patterns produced in the present study The 168
TRNA sequence compansons can be used to identify oral mutans streptecocer however
the 1dentification by sequencing 1s sometimes difficult 1n large scale studies and for
small laboratories Therefore 168 rRNA genes PCR RFLP using Hpall and Haelll
could be an alternative method for the identification of mutans streptococer and may be
applicable for large scale studies on the canogemeity of mutans streptococel
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Mutans streptococer 1 particular St epro
coccus mutans and St eptococcus sobr
nus have been thought to be associated
with human dental canes because they

have frequently been 1solated from dental
plague where they produce large amount
of acids and extracellular polysacchandes
which promote dental canes (7 8)

Mutans streptococci are usually subdivi
dedinto species level e g § mutans S sobr
inus Streptococcus cricen Streplococcus
downer Streptococcus ferus Steptococcus
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macacae Streptococeus rattt following the
isolation of colomes on mrtis salivarus agar
The method for spectes identfication of
mutans streptococel has been based on con

ventional tests mcluding metabolic and
enzymatic activities {1 14) but 1t 15 ime

consuming and labor mntensive and some

times consistent Recently species spect

fic polymerase cham reaction (PCR) based
upon dextranase (2 4 10) and glucosyltrans

ferase (9} gene sequences have been devel

oped and successfully applied for the
identification of § mutans and S sobrinus

When attempting to 1dentify several species
of mutans streptococct as i our study

however the identification usmg species-
specific pnmers seems somewhat mefficient
due to the preparation of different primer sets
for each bactenal species and the require

ment of large numbers of PCR compnsing
the reachon with each primer set We have
therefore developed a simple method using
PCR RFLP for the identification of seven
different species mcluded in the group of
mutans streptococct

Material and methods
Bacterlal stralns and culture conditions

We used the following reference stramns of
mutans streptococcr 1n our laboratory 1 e
S mutans NCTC104497 (serotype ¢ T=
type stramm) Ingbntt (serotype ¢) GS5
(serotype ¢} NCIB11723 (serotype c¢)
MTR8148 (serotype ¢) LM7 (serotype )
and MT6229 (serotype f) S sobrinus
OMZ176 (serotype o) and 6715 (serotype
g) S cricet: GTC 2427 (serotype a) §
downe: GTC 6327 (serotype h) S ferus
GTC 2797 (serotype ¢) § macacae GTC
5387 (serotype ¢) and § rati GTC 2457
(serotype b)

In addition 16 clinical isolates (12 §
mutans and 4 § sobrinus) were obtained
from ocur departmental collection Identifi
cation of the clinical strains uwsed in thus
study was confimied by species specific
PCR based on the descnibed dextranase gene
sequence (2 4) Bnefly the dextranase
genes were amplified by PCR with the §
mutans specific pnmers SD1 and SD2 and
with the § sobrinus specific primers
SOF14 and SOR1623 (2 4) The pnmer
sequences were SD1 5 TAT GCT GCT
ATTGGAGGTTC3 SD2 5 AAGGTT
GAG CAATTG AATCG 3 SOF14 5
TGCTATCTTTCCCTAGCATG 3 and
SORI1623 5 GGT ATT CGG TTT GAC
TGC 3 Amplfication by PCR and agarose
gel electrophoresis proceeded as desenibed
below The predicted PCR products of §
mutans and § sobrinus were 1272bp and
1610bp respectively

All of the strains were incubated on
Fastidious Anaerobe Agar (FAA Lab M
Bury UK) plates supplemented with 5%
rabbit blood (Nippon Bio Test Labora
tones Tokyo Japan} at 37 C for 3days
in an anaerobic glove box (Model AZ
Hard Hirasawa Tokyo Japan) containing
80% N2 10% H2 and 10% CO2

16S rRNA genes PCR RFLP

We extracted DNA from 3 day old cul

tures using either the InstaGene Matnix kit
(B1o Rad Laboratomes Richmond CA) or
the GFX genomic blood DNA purification

Hpail

Haaiil

kit (Amersham Pharmacia Biotech Inc

Piscataway NJ} according to the mstruc

tions provided by the manufacturers The
165 rRNA gene sequences were amplified
by PCR using the umversal pnmers 8UA
and 1492R (12) and Tag DNA polymerase
(HotStarTaq Master Mix Qiagen GmbH
Hilden Germany) according to the manu
facturer s instructions The primer sequen

ces were 8UA 5 AGA GTT TGA TCC
TGG CTC AG3 and 1492R 5 TAC

GGG TAC CTT GTT ACG ACT T3
Amplification proceeded usmng a PCR
Thermal Cycler MP (TaKaRa Biomed:
cals Ohtsu Shiga Japan) programmed as

Fig I Scheme for identification of mutans streptococe: by 165 rRNA genes PCR RFLP profiles
Lanes § mutans NCTC 104497 § cricen GTC 2427 § sobiinus (g)6715 § macacae GTC $387 §
ratit GTC 2457 § sobninus (d) OMZ176 S downes GTC 6327 S ferus GTC 2797 M Molccular
size markers (100 bp DNA Ladder Inwitrogen Corp ) Hpall produced six RFLP patterns for eight
reference strans m which the patterns for § sobrinus (serotype d) S downer and S ferus were
similar RFLP patterns with Hzelll could differentiate between the three species



follows 15mm at 95 C for mutial heat
activation and 35 cycles of 1 mun at 94 C
for denaturation 1mun at 60 C for anneal
ing and 1 5min at 72 C for extension and
10min at 72 C for a final extension The
PCR products were purified using the GFX
PCR DNA and gel band punfication kit
(Amersham Pharmacia Biotech) Punfied
16S rRNA genes were individually digested
with Hpall or Haelll (New England Bio
labs Inc Beverly MA) according to
the manufacturer s wnstructions Digestion
products were separated on 2% or 4%
NuSieve 3 1 Agarose (BioWhittaker Mole
cular Apphications Inc Rockland ME) gels
in Tns borate EDTA buffer (100 mm Tns
90 mM Borate 1mm EDTA pH 84)
stamned with ethtdium bromde and photo
graphed under UV light The molecular size
marker was 100 bp DNA Ladder (Invitrogen
Corp Carlsbad CA)

16S rANA gene sequencing

The PCR product of § sobrinus 6715
described above was sequenced using the
Thermo Sequenase CyS Dye Terminator
Katand an ALF Express [T automated DNA
sequencer (Amersham Pharmacia Bio
tech) Prumers BUA and 1492R were used
to sequence both strands and DNA data
were analyzed using the DNASIS program
(Hitachi Software Engineening Co Ltd

Tokyo Japan) The GenBank accession
number of the 168 rRNA genes obtained
mn this study 15 AF439398 (S sobrinus
6715) Other accession numbers used in
this study are as follows § mutans NCTC
10449 AJ243965 § sobnnusNCTC 12279
AJ243966 § cricen NCDO 2720 X58305
§ downer NCTC 11391 X58306 § ferus
KOMARS8] AF336367 S macacae NCTC
11558 XS58302 and S rarm NCDO 2723
X58304 We compared the calculated the
oretical RFLP patterns of mutans strepto

Identification of mutans streptococct by PCR RFLP

cocc: based on the GenBank database
sequences and those obtammed m the pre
sent study

Results

The RFLP profiles generated by Hpall and
Haelll digestion are shown in Fig 1 These
profiles agreed with the predicted restnc
tion profiles as described in Table 1 Hpall
produced six RFLP patterns (A to F
Table 1) for eight reference strains 1n
which the patterns for § sobrinus OMZ176
(serotype d) S downer and § ferus were
similar (Fig 1) In contrast RFLP patterns
obtained by Haelll could distinguish the
three species (Fig 1) Haelll produced five
pattemns (I to V Table1) mn which the
patterns for § cricent and § downer were
similar (RFLP pattern II Table 1) and also
the patterns for S ferus and § ratti were
similar (RFLP pattern V Table1) Thus
the combination of the results of 165 TRNA
genes PCR RFLP using Hpall and Haelll
allowed the eight mutans streptococel to be
distinguished from one another (Fig 1
Table 1)

The profiles obtaned using Apall and
Haelll of six laboratory stramns of §
mutans 1e MT8148 (serotype ¢) Ingbntt
(serotype ¢) GSS5 (serotype ¢} NCIB11723
(serotype ¢) LM7 (serotype ¢} and MT6229
(serotype f) and 12 chimcal 1solates of §
mutans corresponded to those of type stram
NCTC 10449 (serotype c¢) (Fig 2A B
lanes | to 11)

Clinical 1solates of § sobrnus were
assigned to either serotype of § sobrinus
the profiles with Hpall of Tohoku 3s 1 and
Tohoku Ss 2 were 1dentical to that of §
sobrinus 6715 (serotype g) (Fig 2A lanes
12 and 13) and those of MKS4A and
MKS100A were the same as that of S
sobrinus OMZ176 (serotype 4) (Fig 2A
lanes 14 and 15)

Table ] 165 rRNA genes PCR RFLP profiles of mutans streptococet with Hpall and Haelll
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Discussion

In this study 168 rRNA gene PCR RFLP
analysis was used to differentiate the respec-
tive reference strains of mutans sireptococct
The single digestion with Hpall differen
ttated S mutans S cricett § macacae S
ratir and S sobrinus (serotype g) and the
profiles with Haelll could help separate §
downer S ferus and S sobrinus (serotype d)
(Fig 1} Therefore the combmnation of
Hpall and Haelll can clearly differentiate
all of the species included in the group of
mutans streptococet (Fig 1} The theoretical
and actual RFLP patterns for Hpall and
Haelll agreed (Tablel) supporting the
reliability of the method vsed in this study

The RFLP patterns of seven laboratory
strains (5 serotype ¢ 1 serotype e and 1
serotype f) as well as 12 chnical strains of
S mutans generated by Hpall or Haelll
were 1dentical (Fig 2) However the pro
files of § sobrinus OMZ176 (serotype d)
and 6715 (serotype g) generated by Hpall
differed (Fig 1) although they were 1den
tical using Haelll (Fig 1) We sequenced
the 16S rRNA genes of § sobrnus 6715
(serotype g) 1n this study {GenBank acces
sion number AF439398) and confirmed
that the calculated RFLP patterns based
on the sequence (Table 1) were accordance
with the RFLP pattemns of § sobrinus 6715
(Fig 1) and climical 1solates (Fig 2) These
results show that the method using Hpall
could differentiate those serotypes of §
sobrinus

Species specific PCR for § mutans and
8 sobrinus 18 considered a rehable means
of themr identification (2 4 9-11) We
mtroduced species specific PCR  based
on the dextranase gene to 1nitially identify
clinical 1solates of S mmusans and § sobri
nus and confimed the results corre
sponded to those of the 168 rRNA genes
PCR RFLP in this study Therefore as an

Hpall Haelll

PCR PCR . GenBank

RFLP RFLP Predicted DNA accesson
Species Strans Serotype profiles  Predicted DNA fragment sizes” profiles  fragment sizes numbers
Steptococens mutans  NCTC 104497 ¢ A 564 304 288 130 120 I 505 457 318 AJ243965
St eptococcus cricett GTC 2427 a B 564 303 163 130 125 120 Ii 398 456 274 126 X58305
Streptococcus sobrmus 6715 g C 488 439 163 133 119 [1 596 457 272 This study

(AF439398)

Streptococcus macacae  GTC 5387 ¢ D 441 315 249 130 122 120 v 596 456 318 126 X58302
St eptococcus rath GTC 2457 b E 315 303 249 163 130 125 120 V 505 456 274 126 X58304
Streptococcus sobrinus  OMZ176 d F 489 317 163 130 125 120 m 398 457 273 AJ243966
St eptococcus downer GTC 6327 h F 490 E 163 130 125 120 11 397 456 274 174 X58306
St eptococeus ferus GTC 2797 ¢ F 490 304 163 130 125 120 A% J05 457 274 E AF336367

165 rRNA genes PCR RFLP profiles were obtamned i this study (Fig 1)
bUmique predicted DNA fragment sizes (at least 100 bp long) are underhined
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Fig 2 PCR amplified 165 TRNA genes from § mutans and § sobrinus straims digested with Hpell
(panel A) and Haelll (panel B) Lanes 1 § muutans NCTC 10449T (¢} 2 § mutansIngbnitt(c) 3 S
mutans GS5(c) 4 § mutans NCIB 11723 (¢} 5 § mutans MT8148 (c) 6 § mutans LMT{e) 7 §
mutans MT6229 {f} 8 § mutans Tohoku Sm 1 9 § mutans Tohoku Sm 2 10 5§ muzans Tohoku
Sm 3 }1 S mutans Tohoku Sm-4 (2 § sobrimus 6715 (g) 13 S sobrnus Tohoku Ss 1(g) 14 §
sobrinus OMZ176 (d) 15 8 sobrinus MKS4A (d) M Molecular size markers (100 bp DNA Ladder
Invitrogen Corp )

alternative method the 16S rRNA gene
PCR RFLP using Hpall and Haelll 1s reli
able and useful for the 1dent:fication of §
mutans and § sobrinus

In addition the method described here
has the ability to identify not only S mutans
and § sobrinus but also other mutans strep-
tococct eg 8 cncen S downer S ferus §
macacae and S ratti (Fig 1 Table 1) without
the development and preparation of specific
primers for each streptococcal species
Furthermore 1t was confirmed that RFLP
profiles using Hpall and Haelll of other
oral streptococeal species including Strepro
coceus anginosus Streptococcus australs
Streptococcus  constellatus  Streptococcus
enistatus  Streptococeus gordonn Streplo
coccus ntermeduus  Streptococcus mis
Streptococcus oralis Streptococcus salivar
s Streptococcus sangurns and Streptococ
cus vesnbularis obtamed from the Genbank
database (data not shown) could differenty
ate all of the oral streptococcal species
including mutans streptococct

This method requres only universal pr1
mers for bacterial 165 rRNA genes a
molecular clock of evolution and widely

used n studies of bactenal taxonomy (13)
Although 165 rRNA sequence compan
sons can be used to 1dentify the clinical
1solates the identification by sequencing 1s
sometimes difficult tn large scale studies
and for small laboratories because it 1s
time consuming and expensive Therefore
PCR RFLP analysis based on 1658 rRNA
genes could be an alternative method for
the bactenal identification and may be
apphcable for the identification and com
panison of a wiude range of bactenal
species
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Biochemical and functional
properties of a pyruvate
formate-lyase (PFL)-activating
system in Streptococcus mutans

Takahashi Abbe S Abe K Takahashi N Biochemical and functional proper ties of a
pyruvate formate lyase (PFL) activating system m Streptococcus mutans
Oral Microbiol Immunol 2003 18 293-297 © Blackwell Munksgaard 2003

Streptococcus mutans has an oxygen sensitive enzyme pyruvate formate lyase

(PFL) which 1s a key enzyme 1n anaerobic sugar fermentation We have shown that
S muetans has an activating system including a PFL activating enzyme (PFL-activase)
and an electron transport system the latter transfers an electron from NADPH to
PFL activase as occurs in Escherichia coli NADPH was a physiological electron donor
for the electron transport systermn and as luttle as 0 02 mM NADPH activated over 80% of
PFL of § mutans The optumum pH of the PFL activating system was around 6 8
whereas the optimum of the E coli system 1s at alkaline pH In additton small dhalyzable
molecules 1n cell free extracts participated in keeping PFL active 1n § mufans

These results suggest that n dental plaque under anaerobic conditions where sugar
supply 1s often limited or pH frequently falls below neutrahty § mutans always
keeps PFL achive through the activating system
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St eptococcus mutans 15 considered a
major acidogenic and canogentc agent
among the microorgamsms (13) m dental
plaque where the environment 1s anaerobic
(8 9 16) Oral streptococct ncluding
S mutans have a pyruvate formate lyase
(PFL) which 1s a key enzyme 1n anaerobic
sugar fermentation (17 22 25) The active
form of PFL (PFL,) 1s extremely oxygen
sensitive that1s its activity 1s lost irrever
sibly by exposure to air (19 22)

It has been reported that an oxygen
sensitive PFL, also exists m Escherichia
coli and that the enzyme has a free
radical which partictpates i the enzyme
activity (11 23) PFL of E colt 15 mter
converted between PFL,4 and a reversible
mactive form (PFLy) that does not have
the radical (10 11 23) PFLg 1s converted
mto PFL, by an activating system con
taming a flavodoxm system and a PFL

activating enzyme (PFL activase} (11)
PFL activase catalyzes the free radical
formation on PFL i the presence of
S adenosyl L methionine pyruvate and
flavodoxim reduced by flavodoxin oxido
reductases 1n the flavodoxin system
(11 23)

The pfl gene and the act gene encoding
PFL and PFL activase respectively have
been 1dentified m § mutars (26 27) In
addition there have been reports that
S mutans PFL 15 activated by reduced
methylviologen (MV) or reduced ferre
doxin (from Clostridium pasteurianum)
as reducing agent 1n addition to § adeno
syl L methiomne and pyruvate w vitro
under strnctly anaerobic conditions (22
27} There 15 however only imited mfor
mation available about the PFL activating
systern of § mutans Thus 1 this study we
attempted to mvestigate the biochemical

and functional properties of the PFL act1
vating system of S mutans

Materlal and methods
Bacterial strain and preparation of
cell free extract

S mutans NCIB 11723 (4) was grown i a
modified D87 medium under strictly anae

robic conditions 1n an anaerobic glove box
{atmosphere N, 80% H, 10% CO, 10%

type NHC) as described previously (2 25)

The medum contamed galactose as a car

bon source because PFL incell free extracts
of galactose grown cells exhibits higher
activity (2 25) and 15 activated more easily
than in extracts from glucose grown cells
1 this study The celis were then harvested
in the early logarnthmic growth phase
(optical density at 660 nm 0 9-11) and
stored at —20 C m another anaerobic glove
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box (atmosphere N, 90% H, 10% type
NH) as described previously (25) The cells
were disrupted by ultrasonic treatment for
10 mun under strictly anaerobic conditions
(25) The supernatant flud was filtered
through a membrane filter (pore size
045pm type Dismic 25¢s Toyo Roshi
Tokye Japan) This sample was designa
ted cell free extract

Unless otherwise noted all of the fol
lowing procedures were carried out under
strictly anaerobic conditions 1n a type NH
anaerobic glove box as described pre
viously (2 19 22)

Inactivation of PFL in cell free extract

The cell free extract was dialyzed agamst
I mM dithiothreitol (DTT) m 40 mM potas
sium phosphate buffer (PPB pH 7 0) (DTT
buffer) for 4hat 4 C For the anaerobic
mactivation of PFL the dialyzed sample
was incubated for 60 or 120min at 35 C
For the aerobic inactivation of PFL by
exposure to air a part of the sample was
brought out from the anaerobic glove box
and then exposed to a steady stream of air
for 5min at 0 C Then the aerobically
mactivated sample was retummed to the
anaerobic glove box after evacuating the
arr from 1t 4 umes (2) To extensively
eluminate the last traces of oxygen from
the sample 8mM glucose and 16 U/ml
glucose oxidase were added Incubation
of PFL with glucose and glucose oxidase
showed no significant effect on the activa
tion of PFL that had been kept under
anaerobic conditions

Preparation of PFLp

The untreated cell free extract was con
centrated by ultrafiltration (pore size mol
wt 100000} The concentrated sample was
diluted with DTT buffer and then concen
trated again These procedures were
repeated 6 times to remove most of the
contaminating PFL activase and other
small molecules (less than mol wt
100000) To remove PFL activase comple
tely the sample was applied to a reactive
blue 2 agarose column (1 76 cm® by 8 0
cm Sigma Chemical Co St Louis Mo)
equilibrated with DTT buffer

Purlfication of PFL activase

The untreated cell free extract was filtered
through a first ultrafiliration (pore s1ze mol
wt 100000 Miilipore Tokyo Japan) to
remove PFL whose molecular weight 1s
about 180 000(22) The filtrate was then con
centrated by a second ultrafiltration (pore

size mol wt 10000 Millipore) after which
the sample was diluied with DTT buffer
The diluted sample was then concentrated
agan to remove small molecule contam
mnation {less than mol wt 10000) Seven
milliliters of the sample supplemented
with ammonium sulfate (final concentra
tion 500 mM]} and 3 morpholmopropane
sulfome acid (MOPS) NaOH buffer (pH
75 final concentration 100 mM) were ap
plied to a phenylsepharose CL 4B column
(1 76cm?by 7 4 cm Amersham Pharmacia
Biotech Tokyo Japan) equilibrated with
500mM ammonum sulfate m 100mM
MOPS NaOH buffer The column was
successively washed with the same solu
tion and then PFL activase was eluted
from the column using a stepwise dilution
of ammonium sulfate and MOPS NaOH
buffer Before being chromatographed
Fe(S0,),(NH,), (final concentration
2mM) and DTT (final concentration
I'mM) were placed 1n all fraction tubes
to protect the enzyme

Assay of enzyme activity
PFL activity

The activity of PFL 4 was assayed spectro

photometrically by recording the change
absorbance at 340 nm at 30 C (UV spectro

photometer model UV 160A Shimadzu
Co Kyoto Japan) The standard PFL assay
mixture contamned 20 mM sodmum pyruvate

008mM Co A 1mM NAD 6 mM sodium
DL malate 2mM DTT 14U of citrate
synthase (pig heart EC 4137) per ml

13 8 U of malate dehydrogenase (pig heart

EC 11 137) per ml and PFL m 100mM
PPB {final pH 7 6) (25}

PFL actvase actvity (activation of PFLg)

For the assay of PFL activase activity the
dialyzed cell fiee extract or  purified PFL

activase and PFLp were first incubated
with the following activating mixture (final
pH 68) at 30 C 06mM S5 adenosyl L

methomne 2 9mM DTT 10mM sodium
pyruvate or oxamate | mM reduced MV or
NADPH 2 mM Fe(S0,),(NH,); and 5 mM
MgCl; 1n 100mM PPB PFL activity was
then measured in the standard PFL assay
mixture

Molecular size determlnation

The apparent molecular size of the native
PFL activase was esttmated by gel chro
matography on a superose 12 HR 10/30
(Amersham Pharmacia Biotech) column
equilibrated with 0 1M KCl in 40mM
PPB (pH 7 0} at a flow rate of 1 ml/min

Chromatotocusing

The chromatofocusing column (0 39 cm?
by 13 cm Polybuffer exchanger PBE 94
Amersham Pharmacia Biotech) was equi
librated with 25mM ethanolamine HCL
buffer (pH 9 40) After pre running with
5ml of elutant (polybuffer 96 diluted
1 10 and adjusted to pH 6 02 with HCI)
0 5ml of enzyme solution (0 53 mg pro
temn) was applied to the column The col
umn was subsequently run with elutant at a
flow rate of 40 cmv/h

Other analytical methods

The protein concentration of the cell free
extract was estimated by the biuret method
(12) and that of the punified PFL activase
samples by a dye binding method (Bio Rad
Laboratories Richmond CA)

Results and discussion
Interconversion of PFL in untreated and
dialyzed cell free extract

Under stnictly anaerobic conditions PFL,4
in untreated cell free extract of § mutans
kept 1ts actrvity after incubation for 2 h at
35 C This observation indicates that PFL
mn untreated cell free extracts 1s stable at
35 C smmlar to the enzyme i ntact
S mutans cells (20) However 1n the dia
lyzed cell free extracts the PFL activity
decreased pgradually dunng incubation
(Fig 1(I) openbars} These results suggest
that small dialyzable molecules are
involved 1n mamntaming PFL activity

The anaerobically lost activity was
restored to near the ongmnal level when
the dialyzed cell free extract was mcu
bated with the activating mixture at 30 C
(Fig 1{I) closed bars)

After 5 mm exposure of the dialyzed
cell free extract to the atmospheric oxy
gen no PFL activity was detected even
though oxygen had been excluded from the
extract by evacuation treatment and by
incubation with the glucose oxidase system
(data not shown) On the other hand when
the extract was anaerobically nactivated
and then exposed to air the activity was
partly recovered by anaerobic incubation
with the activating mixture (Fig 1(I)
hatched bars B and C) The more the
enzyme had been anaerobically nact:
vated the more activity was anaerobically
restored after exposure to air (Fig | open
bars and hatched bars) A similar amount
of PFL activity was regained by the activa
tion whether the extract was exposed once
to air or not (Fig la—¢ and hatched bars
A-C)
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Fig 1 Interconversion of PFL in the dialyzed cell free extract (I) All expersments were carmed out
in the NH type anaerobic glove box Open bars PFL activity after mactivation at 35 C for 0 60 or
120 min Closed bars PFL activaty after mcubation with the activating mixture contaming pyruvate
and reduced MV at 30 C for 120mun (a b ¢) PFL activity regained by the activation determined by
subtracting PFL activity before activation from that after activation (II) Hatched bars mactivated
samples (A-C) of () that were exposed to air and then activated by incubation with the activating
muxture containing pyruvate and reduced MV at 30 C for 120 mun under strictly anaerobic conditions
a b c asfora bandcof(I) The mean activity {7 15 U/mg of protein) of PFL 1n the dialyzed cell free
extract after activation was regarded as 100% Bars represent the averages (£8D) of three different

experiments

These results indicate that the PFL act
vating system of § mutans 15 resistant to
oxygen because the system 1s stll active
after exposure to air and confirmed that
PFL, 15 extremely sensitive to and 1nacti
vated 1ireversibly by oxygen and that
PFLy 1s resistant to oxygen The oxyge
nolytic cleavage of a subunit of PFL, has
been reported (3 14 23) The subumt of
§ mutans PFL 4 may be cleaved by oxygen
as occurs 11 £ colr (23)

Purification of PFL activase

Before purification of PFL activase PFLy
was prepared for use as a substrate for
PFL activase Most of the PFL, in the
cell free extract was converted into PFLp
during the removal of small molecules by
ultrafiltration (mol wt 100 000) at4 C All
the contaminated PFL activase combined
strongly with reactive blue 2 agarose but
PFLy did not PFLg was eluted rmmedi
ately after voud fractions from the reactive
blue 2 agarose column with DTT buffer
For the punification of PFL activase the
sample containing the enzyme was applied
to the phenylsepharose column as
described 1n material and methods The
enzyme was then eluted from the column
by 100 mM ammonium sulfate in 100 mM
MOPS NaOH buffer after stepwise ditu
tion of ammonium sulfate and MOPS

NaOH buffer PFL activase was purified
30 fold overall and the specific activity of
the enzyme was 105 £ 17 U/mg of protein
(the mean of the results from 3 different
experiments + SD) The activity of the
purified PFL activase 1n phenylsepharose
fractions supplemented with Fe(S0,);
(NH,4), and DTT was relatively stable at
4 C However after further concentrating
the fractions by ultrafiltration (pore size

mol wt 10000) desalting by gel chroma

tography or dialysis PFL activase was
mactivated For these reasons 1t was diffi

cult to carry out further purification of the

enzyme

Biochemical and functional properties of
S mutans PFL activase

The molecular size of the native PFL
activase was determined to be about
40kDa by gel chromatography while the
enzyme of £ colr 15 34kDa (5) The 150
electric pomnt of § mutans PFL activase
was 780 whereas that of the E colt
enzyme 18 575 (5)

The optimum pH for PFL activation n
§ mutans was around 6 8 (Fig 2) while
the activation of E coli PFL has been
carned out at alkalime pH (pH 76 77)
(5 10) The activity of the S mutans
PFL activating system at pH 7 7 was only
20% of the maximal activity (Fig 2) It1s

PFL achivating system in S mutans
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Frg 2 Effect of pH on the activation of
S mutans PFL The buffers of the activating
rmixture were used as follows (@) PPB {(Q)
HEPES (M) Tris HCL

reasonable that the E colt activating sys
tem functions efficiently at alkaline pH
because E colt lives 1n the large intestine
under alkaline conditions In contrast the
optimum pH of the § mutans actvating
system was weakly acidic (Fig 2) This
may be advantageous to § mutans for v
g in dental plaque where pH frequently
falls below neutrality

PFL activase 1 the dalyzed cell free
extracts activated PFL in the presence of
NADPH as well as in the presence of
reduced MV m the activating mixture
(Table 1) NADPH was more effective
for PFL activation than NADH and as
little as 0 02 mM NADPH activated over
80% of PFLg (Table1) These results
imply that NADPH participates i the
PFL activation as a physiological reducing
agent in vive Reduced benzylviologen
reduced hydrosulfite or oxidized MV did
not activate PFLy at all In contrast to the
PFL activase in cell free extracts the pur
ified enzyme activated PFL on mcubation
with reduced MV but not with NADPH in
the activating mixture (Tablel) These
results indicate that an electron does not
directly transfer from NADPH to PFL
activase and strongly mmply that the dia
lyzed celi free extract of § murans con
tained an electron transport system which
transfers an electron from NADPH to PFL
activase It has been reported that m
E coh flavodoxin reduced by two kinds
of flavodoxin oxidoreductases 1s wmvolved
1in PFL activation as electron donor and one
of the reductases 15 NADPH dependent
(11) The electron transport system for
PFL. activation i § mutans 1s st
unknown though § mutans 1s reported to
have a flavoprotein (6 15}
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Table ] Effect of reduced MV NADPH or NADH on the activation of § mutans PFL

Relative activity of PFL (34)

Reducing agents Conc {mm) Cell free extract Phenylsepharose fractions
Reduced MV 10 100 100
NADPH? 002 841 -
003 942 -
01 990 A
02 100 -
05 101 -
10 101 000
20 101 000
NADH" 05 397 A
10 600 -
20 696 -

When reduced MV was used for PFL activation 1astead of NADPH pyruvate was used instead of

oxamate 1 the activating mixture

"When NADPH or NADH was used for activation mstead of reduced MV oxamate was used mnstead

of pyruvate m the activating mixture

PFL activity after 90 min activation with the activating mixture contaimng reduced MV 15 regarded

as 100%
4Not tested

PFL activase 1n cell free extracts acti
vated PFL on incubation with pyruvate
or oxamate m the activating mxture
(Fig 3A) The punfied activase also fully
activated PFL 1n the presence of pyru
vate but scarcely activated PFL mn the
presence of oxamate (Fig 3B) The PFL
activation by PFL activase purified from
S mutans mdicates that the presence of
pyruvate ts absolutely required On the
other hand oxamate 15 a competent sub
stitute for pyruvate m the activation of

PFL by the activase purified from E colt
(10 11)

We have shown that § mtans has an
oxygen resistant PFL actrvating system
including PFL activase and an electron
transport system the latter transferred an
electron from NADPH to PFL activase
We have also shown that pyruvate 15 neces
sary to activate PFL of § mutans and that
addition of Fe(80,).(NH,); with DTT nto
phenylsepharose fractions protected the
activity of PFL activase We have reported

100 100
£
™ 80 80
o
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z 60 60|
§
< 40 40
2
=]
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c 20 20
0 T 0
0 30 60 o0
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Fig 3 Effect of pyruvate or oxamate on the activation of § mufans PFL with the activating mixture
contaiming reduced MV (A) PFL activase in cell free extract (B) Puntfied PFL acuvase m
phenylsepharose fractions (A B) The PFL activity after 90 mun activation with the activating
mixture contaming pyruvate was regarded as 100% The mean value (+8D) of three different
experiments 15 shown () the activating mixture ¢contaimng pyruvate instead of oxamate (@) the
activating mixture contamnng oxamate mstead of pyruvate

that § adenosyl L methiomne 15 indispen
sable for PFL activation of § mutans
sirnilar to PFL activation m E coli (22)
For activation of § mutans PFL therefore
1t 15 considered that an electron 1s trans
ferred from activase to PFL 1n the presence
of pyruvate § adenosyl L methiomne and
Fe(S0,); (NH,); as occurs m £ coli the
differences beimng the 1soelectric pomnt of
the activase and the opttmurmn pH of the
system

In addition the small dialyzable mole
cules that are involved in maintaining PFL
activity of § mutans could be NADPH
pytuvate Fe(SQ,): (NHy), andfor § ade
nosyl L methuonine alt of which are mdis
pensable for PFL activation

Implication of PFL activating system in
physiology of & mutans

In the present study we showed the pre
sence of a PFL activating system consist
ing of PFL activase and an electron
transport system in S mutans PFL cata
lyzes the first step of the conversion of
pyruvate into formate acetate and ethanol
and the enzyme plays several important
roles for § mutans (1 2 18 22 24 25)
When a little sugar 15 supplied (between
meals especially during sleeping hours) or
a slowly metabolizable sugar such as
galactose 15 fermented S mutans 15 able
to obtam sufficient energy and acety]
CoA through the PFL pathway under anae
robic conditions (1 24 25) In addition
S mutans 15 able to utihze sugar alcohols
(sotbitol manmtol etc) frequently con
taned 1n frusts which have more hydrogen
atoms than glucose or sucrose {1 2 18)
S mutans can efficiently re-oxidize surplus
NADH denved from sugar alcohols
through the PFL pathway

It has been reported that the intracellular
NADFH pool of § mutans duning glucose
depletion 15 kept at levels sumilar to those
found during glucose metabohism under
strictly anaerobic conditions (7) In add:
tion pyruvate for the PFL activation is
supphied continuously through ntracellu
lar polysacchande metabolism under star
vation {21} Deep layers of denta] plaque
which favor § mutans are expected to give
rise to hghly anaerobic conditions (8 9
16) Furthermore the activating system of
S mutans actrvated PFL efficiently under
weakly acidic conditions Thus the acti
vating system can always keep PFL active
and allow the orgamsm to be equipped
with full metabolic activity For these rea
sons § mutans can produce acids continu
ously mm dental plaque where sugar supply
18 often limited or pH frequently falls



below neutrality This could be one of the
reasons § mutans 1s highly cariogenic
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Xvlitol inhibition of anaerobic actd
production by Streptococcus
mutans at various pH levels

Miyasawa H Iwami ¥ Mayanagt H Takahashi N Xylitol inhbition of anaerobic acid
production by Streptococcus mutans af various pH levels
Oral Microbiol Immunol 2003 18 215-219 © Blackwell Munksgaard 2003

Xylitol intubits the glycolysis and growth of Streptococcus mutans We studied the
mhibutory effect of xylitol on the acid production of § mutans at several pH levels under
the strictly anaerobic conditions found 1n the deep layer of dental plaque Xylitol
inhibited the rate of acid production from glucose and changed the profile of acidic end
products to formate—acetate dominance with a decrease n the intracellular level of
fructose 1 6 bisphosphate and an mtracellular accumulation of xylitol 5 phosphate
(X5P) These results were notable at pH 5 5-7 0 but were not evident at pH 5 0 Since
the activity of phosphoenolpyruvate phosphotransferase for xylitol was greater at higher
pH 1t1s suggested that xylitol could be incorporated more efficiently at higher pH and
that the resultant accumulation of X5P could inhubit the glycolysis of S mutans more

effectively
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Xylitol 15 widely used as a non canogemc
sugar substitute because 1t 1s not fermented
by oral bacteria (7) In addition i long
tertn consumers xylitol decreases the
number of mutans streptococc: and their
ratto both in dental plaque (7 10 16 22
27 32) and 1n saliva (2 16 17 33)

Xylitol inhubits the growth of mutans
streptococcl 1n the presence of glucose
mannose lactose sorbitol and manmtol as
a carbon source 1 vitro (1 6 14 21 30
31} and inhibuts the growth of Streprococ
cus mutans selectively in the mixed culture
using a chemostat (3 20) Xylhtol also
inhibits the acid production from glucose
by resting cells of § mutans (30) Ithasbeen
supposed that xyhtol 1s incorporated nto
the bactenal cells as xylitol 5 phosphate
(X5P) and that the X5P inhibits the enzyme
activity of sugar metabolism resulting 1n
the 1nhubition of both bactenal growth and
acid production (28) In addition thus futile
cycle 1n which X5P 15 dephosphorylated to
xylitol with waste of PEP potential can also
retard the growth of § mutans (28)

In previous studies (30) the inhibutory
effect of xylitol on the glycolysis of § mu
tans has been mvestigated at neutral pH
When dietary sugars are taken into the oral
cavity the sugars are degraded into acids
by dental plaque bacteria and subse
quently the dental plaque pH decreases
rapidly to about 4 (9 23} Therefore we
studied the effect of pH on the xylitol
mhibition of acid production by § mutans
and 1ts biochemical mechanism In add:
tton we conducted the experiments on
xylitol inbubition under strictly anaerobic
conditions as reported previously (5 19)
since the interior of dental plaque 18 strictly
anaerobic (13) and the glycolysis of dental
plaque bacterta under anaerobic conditions
differs from that under aerobic conditions
(26 34)

Material and methods
Bacterial strain and growth conditions

8 mutans NCTC 10449 was kindly pro
vided by Prof L Trahan (Universite Laval

Quebec Canada} (29) and used throughout
this study This strain was characterized
xylitol sensitive by him The strain was
mnoculated in bramn heart infusion broth
(BHI Difco Laboratories Detroit MI)
under strictly anaerobic conditions 1n an
anacrobtc chamber (N, 80% H, 10%
CO; 10% NHC type Hirasawa Works
Tokyo Japan) and incubated at 35 C over
mght The cell culture was transferred nto
a complex medum contaiming 1 7% tryp
tone (Difco) 0 3% yeast extract (Difco)
85mM NaCl and 11 mM glucose as de
scribed previously (30) and incubated
overmight at 35 C The cell culture was
agamn transferred into the same complex
medium (5% 1noculum size) and grown at
35 C Thebactertal cells were harvested by
centnfugation (7000 x gfor 15minat4 C)
at an early loganthmic phase of growth
(optical density at 660 nm [OD®] =ca
03) under the anaerobic conditions de
scribed previously (25) Bacterial punty
was regularly confirmed by culturing on
blood agar plates
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Acid production from glucose in the
presence of xylitol

The following experiments were con
ducted in a different type of anaerobic
chamber (N; 90% H,; 10% NH type
Hirasawa Works) The cells were washed
twice with cold 2 mM potassium phosphate
buffer (pH 7 0) plus 150mM KC! and
5mM MgCl; and suspended 1n the same
buffer The optical density at 660 nim of the
cell suspension was adjustedto 3 5(1 9mg
[dry weight of cells] per ml)

The cell suspensions were agitated with a
magnetic stirer at 35 C The reaction was
started by addition of the muxture contain
ing 10 mM glucose and ¢ 30 60 or 120 mM
xylitol to the cell suspensions The rate of
acid production by the cells was momtored
at pH 70 to 5 0 by an autormnatic pH titiator
(model AUT 2118 Toa Electromes Ltd
Kobe Japan) with 50 mM KOH The rate of
acid production at 2 mun after addition of
glucose or glucose—xylitol mixture was cal
culated as mol proton per mun per mg dry
weight of cells

Before and after incubation for 10 min
the cell suspensions (0 9 ml) were sampled
and mixed immediately with O lml of 6N
perchloric acid The rmixtures were filtered
(pore size 0 20m ADVANTEC polypro
pylene Toyo Roshn Ltd Tokyo Japan)
and the cell free filtrates were diluted with
0 2N hydrochloric acid and stored at 4 C
for the assay of acidic end products

Analysis of acidic end products

Acidic end products lactic acetic formic
and pyruvic acids were quantified with a
carboxylic acid analyzer (model EYELA
S 3000X TokyoRikakikaiCo Ltd Tokyo
Japan) as described previously (25)

Assays of glycolytic intermediates and
xylhtol 5 phosphate (X5P)

After incubation for 2nun the cells were
collected by passing the reaction mxture
through a membrane filter (pore size
045pum Acrodisc polyethersulfone Pall
Gelman Laboratory Ann Aibor MI) Gly
colytic intermediates and X5P 1 the cells
were immediately extracted by addition of
0 6 N perchioric acid and neutralized with
5M K,CO5 1n air The neutralized extracts
were stored at 4 C for the assay of the
glycolytic intermediates and X5P except
for 3 phosphoglycerate (3PG) which was
stored at 20 C

The glycolytic mtermediates in the cell
extiacts were determined enzymatically at
35 C by a modification of the enzymatic

method by Minakamu etal (18) using a
dual wavelength spectrophotometer (mod
el 557 Hitacht Ltd Tokyo Japan) at
340 nm

X5P in the cell extracts was deterrined
by a modification of the enzymatic method
by Supp (24) The assay mixture for X5P
contained an aliquot of sample in depho
sphorylation buffer (pH 85 05M Tns
HCl containing 1mM EDTA 0625mM
MgCl;) and 1 1 mM NAD at 35 C Furst
xylitol 1 the assay mixture for X5P was
converted into xylulose by the addition of
42 U/ml polyol dehydrogenase (EC
11114 sorbitol dehydrogenase sheep
liver Roche Diagnostics Indianapolis
IN}) and the increase in NADH was mon
itored at 340nm After the reaction
reached a plateau 50U/ml alkaline phos
phatase (EC 3131 calf intestine Roche
Diagnostics) was added to the reaction
nuxture for the conversion of X5P into
xylulose The increase in NADH along
with the conversion of X3P into xylulose
through xylitel was monitored at 340 nm
The amount of X5P was estinated as the
increase of NADH 1n this reaction

Phosphoenolpyruvate phosphotransterase
system (PEP PTS) for glucose and xylitol

The PEP PTS activity was estimated by a
modification of the method of Kornberg &
Reeves (15) The cells were harvested
washed twice as described above and
stored at -20 C After bemng thawed the
cells were suspended i 2mM potassiun
phosphate buffer (pH 7 0) with 150 mM
KCl and 5mM MgCl, (OD%"=ca 50)
Toluene was added at a final concentration
of 1% to the cell suspension and mixed
vigorously for 1 min After centnfugation
(1200 xg for 3mun) the cells were sus
pended n the same buffer (OD%°=ca
50) The activity of PEP PTS for glucose
or xylitol at pH 5 5~7 0 was esttmated from
the decrease of NADH in the reaction
mixture contaiung 0 1lmM NADH
53pg of dry weight of cell/ml 1mM
phosphoenolpyruvate 11 U/ml lactate de
hydrogenase (EC 11127 rabbat muscle
Roche Diagnostics) 100mM potassium
phosphate buffer plus acetate buffer (pH
7055) and 10mM glucose or 30 mM
xylitol at 35 C The decrease of NADH
was monitored spectrophotometrically at
340 nm

Statistical methods

Dufferences n the rate of acid production
were analyzed by the Mann-Whitney U
test Differences in the profile of glycolytic

intermediates were analyzed by the Mann—
Whitney U test and Dunn test using the
ratio of glycolytic intermediate levels in
the presence of xylitol to those n the
absence of xylitol (Intermediate level® *
X / Intermedsate level®) Differences in the
amount of X5P at pH 7 0 and pH 5 0 were
analyzed by the Newmann—Keuls test

Results
Inhibitory effect of xylitol on acid
production at different pH levels

The acid production by S mutans from
glucose was decreased in the presence of
10 mM xylitol (Fig 1) AtpH7 0to5 5 the
mhibition was sigmficant (P < 0 05) with
mhibition rtates of 231+38% to
285+35% On the other hand at pH
50 the xyhtol inhubiion dimimshed to
the half (13 2+ 3 8%) —a non significant
decrease When xylhtol concentration tn
creased the pH dependency of xylitol 1n
hibition was sumilar The acid production
rate 1 the presence of 60 and 120mM
xyhtol decreased by 313+£59% and
408+79% at pH 70 whule at pH 50
the rate decreased by 23 1£3 7% and
331 9% respectively

Addition of xylitel changed the profile
of acidic end products (Table 1} In the
absence of xylitol at pH7 0 approximately
50% of the total amount of acidic end
products of § mutans was lactic acid In

120

100

80

60

40

O Glucose
@ Glucose + Xylitol

20

Relative rate of acid production (%)

1 L L I L

70 65 60 55 50
pH

Fig 1 Acd production rate from glucose by the
cells of § mrutans in the presence and absence of
xyltol 10mM glucese () 10mM glucose
plus 30 mM xylitol (@) Sigmficant difference
between the acid production rates n the pre
sence and absence of xylitol (P < 0 05) Vertical
bars indicate standard deviations from six inde
pendent expeniments



Table! Acdic end products from 10mM giucose (G) and 10 mM glucose plus 30 mM xylitol
{(G+X)atpH70 60and50

Acidic end products

pH Substrate Lactate Acetate Formate
70 G 116021 056018 088013
(@4700)" (21 3128) (34019
G+ X 040004 072+£015 119+013
(1734£04) (3104£21) (51717
60 G 149+£039 0584026 08741022
(508%18) (194+32) (298£14)
G+X 658+013 075027 126+028
(224£07) (289428) 487+£21)
50 G 141£037 032+£008 055+£011
G17£11) (139+01) (244+12)
G+X 091+£017 046:£010 0824015
@14£02) (212£03) (375+£0 1)

Amounts of acidic end products {mean + standard deviathon pmol/mg cells) obtained from three
independent experiments
bRelative amounts of acidic end products (mean + standard deviation /%) obtained from three
independent experiments

the presence of xylitol however the pro
portion of lactic acid decreased while that
of formic and acetic acids increased The
proportion of lactic acid increased as the
reaction pH was lowered

6 phosphate (G6P) and fructose 6 phos
phate were detected 1n the metabolic inter
mediates of glycolysis (Fig 2) In the
presence of xylitol however the level of
FBP was decreased (P < 005) and a sig

nificant amount of X5P was detected in the
cells (Fig 2) Among the other intermed:
ates an increased level of glyceraldehyde
3 phosphate (G3P) and a decreased level
of the other intermediates were also ob
served although these changes were not

Etfect of xylitol on the profile of
glycolytic intermediates

When S mutans was metabolizing glucose
a large amount of fructose 16 bispho-

sphate (FBP) and small amounts of glucose  sigrificant
pH70 pH50
G+X G G G+X
X5P #
G6P
F6P
FBP * —
DHAP ] T
G3P S MR I |
3rPG i HI——
2PG —IE HI—
PYR I ey [
4 2 0 2 4 4 2 0 2 4

nrrrol/ mg of cells

Fig 2 Glycolytic intermediates and xylitol 5 phosphate (X5P) 2nun after addition of glucose
(10 mM) or glucose {10 mM) xylitol (30 mM) muxture to § mutans cells Glycolytic intermediates in
the absence of xylitol (G [7J) and in the presence of xylitol (G+ X} X5P (W) The left pair shows
mtermediates at pH 7 0 and the right at pH 5 0 G6P = glucose & phosphate F6P = fructose 6 phosphate
FBP = fiuctose 1 6 bisphosphate DHAP = dihydroxyacetone phosphate G3P = glyceraldehydes 3
phosphate  3PG = 3 phosphoglycerate  2PG =2 phosphoglycerate  PEP = phosphoenolpyruvate
PYR =pyruvate Significant difference between the intermediate level in the presence and absence
of xyhitol (P=005) Sigmficant difference between the amounts of X5P at pH 70 and at pH 50
{P < 005) Honzontal bars indicate standard deviations from four 1ndependent expenments
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Fig 3 PEP PTS activities for glucose and xyh
tol of § mutans Glucose (10mM Q) and xyh
tol (30mM @) Vertical bars indicate standard
dewiations from three mndependent experiments

Both the decrease of FBP and the accu
mulation of X5P 1n the presence of xylitol
were more evident at pH 7 O than at pHS 0
The FBP level at pH 70 decreased by
78 6% whle at pH 5 0 the level decreased
by 54 4% (P =005) The amount of XSP
accumulated at pH 7 0 was about twice as
high as that at pH 50 (P < 003)

PEP PTS activity for glucose and xylitol

S mutans showed PEP PTS activity for
glucose and xylitol (Fig 3) The activity
of both decreased as the reaction pH was
lowered At pH 55 no xylitel dependent
activity was found though glucose depen
dent activity was stili detected

Discusslon

Thus study showed clearly that under anae
robic conditions the acid production of
S mutans from glucose was mhibited by
xylitol (Fig 1) as previously reported under
aerobic conditions {6 30) Furthermore 1t
was found that § mutans produced less
lactate and more formate and acetate in
the presence of xyhtol (Table 1} This study
also mdicated that these effects of xylitol
were evident at pH 5 5-70 but not at pH
50

The analysis of metabolic intermediates
in this study revealed the accumulation of
X5P and the decreased level of FBP i the
presence of xyhitol (Fig 2) Together with
the detection of PEP PTS activity for xy
litol responsible for the uptake of xylitol
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and its phosphorylation to X5P (Fig 3)

this finding supports the speculation of
Trahan (28) that S mutans transports xyl1

tol as X5P and consequently the XSP in

mbits phosphoglucose 1somerase (PGI)
and phosphofructokinase (PFK)} the gly

colytic enzymes for the conversion of G6P
to FBP resulting mn the decrease in the
mtracellular level of FBP and in the rate of
glycolysis

Furthermore the effect of xylitol on
glycolytic intermediates was influenced
by environmental pH the X5P level was
higher and the FBP level lower at pH 70
than at pH 5 0 (F1ig 2) In tlus study the
PEP PTS activity for xylitol was found to
be higher at pH 70 (Fig 3) Therefore
xylitol could be mcorporated as XSP more
efficiently at pH 7 0 resulting in the great
er accumulation of X5P and the subsequent
strong mhtbition of glycolysis at pH 70

AtpH 5 0 there was no PEP PTS acuv
ity for xylitol (Fig 3) but a small accu
mulation of X5P (Fig 2) and a shght
mhibition of xylitol (F1g 1) were observed
This discrepancy could be due to the fact
that the wntracellular pH of glycolyzing
cells 1s usually higher than that of extra
cellular pH At an extracellular pH of 5 0
the intracellular pH of glycolyzing S mu
tans s reported to be 55-60 (4 8§ 12)

The mtracellular level of G6P also ap-
peared to decrease at pH 7 01n the presence
of xyltol (Fig 2) suggesting that xyhtol
and/or X5P might mhibit the uptake system
of glucose In the mtermediates after FBP
the level of G3P increased and the levels of
the other mtermediates decreased This
mught indicate that X5P mhibits glyceral
dehydes 3 phosphate dehydrogenase 1n
volved 1n the conversion of G3P to 3PG

S mutans degrades glucose into pyru
vate wia the Embden-Meyerhof pathway
The pyruvate 1s further converted into
lactate by lactate dehydrogenase (LDH)
which requires FBP as an activator Thus
when the intracellular level of FBP 15 high
enough LDH 1s active (34) When the FBP
level 13 low and subsequently LDH 15 not
activated the pyruvate has to tum to for
mate and acetate through the other meta
bolic pathway involving pyruvate formate—
lyase (PFL) Therefore the end product
shift to formate-acetate domunance ob
served n the presence of xylitol (Table 1)
is considered to be due to the decrease of
intracellular FBP levels (Fig 2)

In addition the optimal pH of FBP
dependent LDH 15 5 5-6 3 while PFL 1s
the most active at pH 7 5 and does not
require metabolic intermediates as activa
tors (11) These properties of LDH and
PFL along with the lower FBP level ob

served 1n the presence of xylitol at pH 70
(Fig 2} could enhance the end product
shift to formate—acetate domunance around
neutral pH (Table 1)

It has been reported that when § mutans
cells are grown at pH 5 0 10 a continuous
culture they are repressed to synthesize
enzyme II a component of PEP PTS (31)
These cells are probably unable to mcor
porate xylitol via PEP PTS and conse
quently are unaffected by =xylitol In
addition we showed that § mutans with
a sigmficant activity of PEP PTS for xyh
tol can also minimize the xylitol inubition
at pH 5 0 through mactivation of the xy
litol PEP PTS These observations suggest
that xylitol inhabits the acid production and
growth of § mutans most efficiently
around neutral pH where PEP PTS for
xyhtol 15 synthesized and active
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Abstract

Sucrose has five structural Isomers palatinose trehalu
lose turancse maltulose and leucrose Although these
1Isomers have been reported to be noncariogenic disac
chandes which cannot be utilized by mutans streptococ
¢! there is no information about their fermentability by
other bacteria 1n dental plaqgue The purpose of the
present study was to examtne whether these isomers
were fermented by predominant bacteria in human den
tal plaque Clinical bactenal 1sclates obtained from den
tal plague from 3 children aged 22 months to 50 months
{146 strains} were Inoculated into 3 ml of peptone yeast
extract (PY medium) containing glucose for 1 day then
an aliquot of 20 pl of culture medium was inoculated into
1 ml of PY medium containing 1% {w/v) of the respective
test carbohydrates After incubation for 1 day the pH val
ues and the optical density at 660 nm of the cultures were
measured Fermentation ability was measured by pH
=55 growth by an ODgg of =05 Of the chinical 1so
lates 33% fermented palatinose and 69% of these were
Actinomyces spectes All of the palatinose fermenting
bactenal strains fermented trehalulose 25% fermented
turanose 70% fermented maltulose and 23% fermented

leucrose We therefore conclude that 1in human dental
plaque there are significant numbers of bactena that are

able to ferment sucrose 1Isomers
Copynght® 2003 § Karger AG Basel

Suciose [a glucopyranosyl (1—2) B fructofuranoside]
has an o D glucoside linkage between a glucose and a fruc
tose unit and five 1someric o D glucosyl D fructoses
These 1somers are palatinose [o D glucopyranosyl (I—
6) D fructofuranose] trehalulose [a D-glucopyianosyl
(l=1) D fructofuranose] turanose [o D glucopyranosyl
(153} D fructofuranose] maltulose [0 D glucopyianosyl
{1—>4) D fructofuranose] and leucrose [0 D-glucopyrano
syl (1—5) D fiuctofuranose]

In order to reduce the mcrdence of dental cailes
suctose has been replaced by sweeteneis some of which
are sucrose 1somers It has been reported that these
sucrose 1somers are not utihzed by oral mutans strepto
cocct as substrates in acid production {Ohta and Takazoe
1983 Qoshima et al 1983 1991 Sasak: et al 1983
Takazoeetal [985 Ziesenitzetal 1989 Minami et al
1990] or n glucan synthesis {Ohta and Takazoe 1983
Minami et al  1990] and except for tuianose these 1s0
me1s were observed to mnhibit suciose dependent cellular
adherence of Streptococcus sobiinus MT8148 [Minamt et
al 1990]

Dental plaque consists of numeious species of mu
croorgantsms 1n addition to mutans stieptococct Among
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these bactenal strains Actinomyces Lactobacillus and
non mutans streptococct are the predominant genera in
dental plaque [Hoshino et al 1989 Milnes et al , 1993]
Other acidogenic bacteria such as Propionibacterium
Bifidobacterium and Peptostreptococcus are also associat

ed with further development of dentin caries [Hoshino et
al 1984] Most of these bacteria are able to metabolize
suciose as well as glucose and fructose to acid and may
contribute to acid production 1n dental plaque tooth sur
face demineralization and the subsequent mmitiation and
progression of dental caries However there 1s hittle infor

mation available on the fermentability of the five sucrose
1some1s by these bactenia The purpose of the present
study was to examine whethe: these five isomers are fer

mented by the piedominant bacteria in human dental
plaque

Matenals and Methods

Carbohydrates

Sucrose glucose and fiuctose weie purchased from Wako Pure
Chemical Co (Osaka Japan) [someis of sucrose weie puichased
from the following souices palatinose and trehalulose from Wako
Pure Chemical Co leuciose and turanose from Fluka Chemte
GmbH (Buchs Switzerland) and maltulose from Tokyo Kaser Or
ganic Chemuicals Co (Tokyo Japan)

Bactenal Stains

Chnical bactena (146 isolates) were solated from dental plaque
on the buccal smooth surfaces of the maxillary first or second decidu
ous molars of 3 children (ages 22 months 46 months and 50 months)
using methods described previously [Uematsu and Hoshino 1992
Satoetal 1993] Briefly plaque samples were suspended 1n 1 ml of
sterilized 40 mAf potassium phosphate buffer (pH 7 0) and dispersed
with a glass homogenizer Seral 10 fold dulutions (0 1 ml each) were
spread on the surface of bramn heart infusion blood (sheep) agar
{BHI blood agar) plates [Holdeman et al {977] and incubated at
37 C for 7 days in an anaerobic glove box (model AZ Hard Hirasa
wa Tokyo) mn an atmosphere of 80% Ny 10% H, and 10% CO,
After 7 days of incubation all colomies fiom plates with less than 100
colonies were subcultured Altogether 146 strains were 1solated as
predominant bacteria and 1dentified according to the VPI manual
[Holdeman et al 1977] supplemented with information described
in Beigey s Manual of Systematic Bacteriology [Kandler and Weiss
1986 Mooreectal 1986 Scaal 1986 Scaidovi 1986]

All of the Actinomyces strains mcluding refeience stiains used 1in
this study weie classified into Actinomyces geoigiae Actinomyces
geiencsenae Actinomyces naeslundi genospecies 1 and 4 naeslundir
genospecies 2 by PCR RFLP analysis as described previously [Sato
etal £998 Matsuyamaetal 2000]

Fermentation of Palatinose

Bacteral stiains weie moculated onto BHI tlood agar plates and
incubated at 37 C for 3 days in an anaerobic glove box After incuba
tion bactenal strams were moculated mto 3 ml of peptone yeast

Fermentation of Five Sucrose Isomers by
Human Dental Plaque Bactena

extract (PY media) [Holdeman et al 1977] containing glucose and
incubated for | day and a 20 pl ahiquot of each culture was mocu

lated into 1 ml of PY media containing filter sterilized 1% {w/v) test
carbohydrates palatinose sucrose glucose and fructose After incu

bation at 37 Cfor | day the pH value of each culture was measured
using a pH meter (model HM 35V Toa Japan} and optical density
at 660 nm was determmed using a spectrophotometer (model U

3200 Hitachi Japan) Postincubation cultures with a pH value of
=5 5 were considered posttive for acid production while those hav

g an optical density of = 5 at 660 nm were considered positive for
giowth

Fermentation of Trehalulose Turanose Maltulose and Leuciose

Bactenal strans that were able to ferment palatinose were then
further investigated using the methods descuibed above for their abil
ity to ferment trehalulose turanose maltulose and leucrose as weil as
sucrose glucose and fructose

Furthermore 1epresentative straing of human Actinoniyees spe
cies (Actinomyces isiaelit ATCC 10102 A georgiae ATCC 49285 A
gerencsertae ATCC 23860 Actinomyces meyeri ATCC 35568 4
naestundn genospecies 1 ATCC 12104 A naeslundu genospecies 2
WVU 627 and Actinomyces odontolyticus ATCC 17929) were also
mvestigated for their ability to ferment the sucrose 1somers sucrose
glucose and fiuctose

Results

Identification of Donunant Bacteria in Dental Plague

A total of 146 stiains (30, 20 and 96 strains from sam-
ples A B and C respectively) were 1solated from dental
plaque on buccal smooth surfaces as predominant bacte-
na Table 1 shows the predominant bacterial species of
the dental plaque samples Ninety six strains (66%) were
1dentified as Actinomyces which constituted the major
portion of 1solates In all cases Actinomyces species con-
stituted the majority (50-71%) of 1solates In addibion
Micromonas micros (Peptostreptococcis micros) Propion
thacterium species and Veullonella parvula were found 1n
sample A and Lactobacilluis species Streptococcus species
and V' parvula were found 1 sample C (table 1)

Acid Production fiom Palatinose by Clinical Isolates

Of the 146 1solated stramns 48 (33%) were able to fer
ment palatinose and exhibited a cultuie pH of <55
along with positive giowth (table 1) In samples A, B and
C the pioportions of palatinose fermenting strains were
27% (8 strains) 50% (10 strains) and 31% (30 strains),
respectively These 48 strains mncluded 4 georgiae (1
stiain) A gerencseriae (4 strains) A naesfundii genospe
ciles 1 (17 strains), 4 naesfundi genospecies 2 (11 stramns)
Lactobactllus crispatus (2 stramns) Lactobactllus salvvarius
(5 stramns) Propiontbactertum abidum (1 stramn) Propio
nibacter um acidi propronica (1 stram) and Streprococcus

Caries Res 7003 37 410-415 411



Table 1 Palatinose feimentation by predominant bacteria 1solated from human dental plaque

Bacterial strains Number of stramns palatinose positive/total

sample A sample B sample C total
Actinomyces georgiae 1/1 171
Actinomyces gerencsei iae 3/3 171 4/4
Actinomyces naeshindi genospecies 1 2/4 7/9 8/9 17/22
Actinomyces naeslundii genospecies 2 272 1/1 8/57 11/60
Actinomyces odontolyticus 0/5 0/5
Actinomyces spp 01 0/1 0/2 0/4
Bifidobacter um magnum 0/1 0/1
Lactobacilfus brevis 0/3 0/3
Lactobacillus crispatus 2/4 2/4
Lactobactlius salvastus 5/5 5/5
Lactobacillus spp 0/1 0/1
Micromonas micros 0/3 0/3
Propionibacterium abidum 0/1 /1 112
Propioribacter um acidi propionica 171 1/1
Propromibacterium propionicum 0/3 02 0/5
Streptococcus mter medius 6/6 6/6
Streptococcus mitis biovar 1 0/1 0/1
Streptococcus parasanguints /1 0/1
Streptococcus salvarius 0/4 0/4
Streptococcus sanguinis brovar 2 0/1 0/1
Veullonella parvula 0/4 0/7 0/11
Not identified /1 0/1
Total 8/30 10/20 30/96 48/146

Palatinose positive indicates that media pH of postincubation cultures were below 5 5 and that optical density of

the cultures was more than 0 5 at 660 nm

intermedius {6 stiams) These bactena also fermented
sucrose glucose and fructose, and showed positive growth
with these carbohydrates The palatinose fermenting Acti
nomyces species were 1solated 1n all the samples while the
palatinose fermenting Lactobacillus and S ntermedius
strains were isolated 1n only sample C (table 1)

Fermentation of Sucrose Isomers by

Palatinose Fermenting Bacteria

Forty eight palatinose fermenting strains were tested
for their ability to fetment trehalulose turanose maltu
lose and leucrose but 8 strains were lost during the exper
mental process Table 2 shows the number of bacteral
strains that were able to ferment the sucrose 1somers and
the pH values of the med:a containing these 1somers All
of the strains fermented trehalulose as well as palatinose
sucrose fructose and glucose and lowered the culture pH
below 5 §

Ten of the 40 stramns fermented turanose These 10
strams included 4 naeslundu genospecies 1 (S stramns) 4
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naesiundu genospecies 2 (3 stramns) L salvarius (1 strain)
and P abidum (1 strain)} None of the 4 georgiae A ge
rencseriae L crispatus P acidi propionica and S inter
medius strains were able to ferment turanose

Twenty eight of the 40 strains fermented maltulose
These 28 strains included 4 georgiae (1 strain) A gerenc
seriae (4 strans) A naeslundi genospecies 1 (6 strains)
A naeslundu genospecies 2 (10 stramns) L crispatus (1
stramn) L salivarius (4 strains) P acidi propionica (1
strain) and P abidum (1 strain)

Nine of the 40 strains fermented leucrose These 9
strains included 4 georgiae (1 strain) 4 gelencseriae (4
strains) 4 naesiundi genospecies 1 (1 stramn) A naeslun
du genospecies 2 (2 strams} and P abidum (1 strain)

All strains of A georgiae and 4 gerencseriae as well as
1 stramn of P acid: proponica used in this study fer
mented all the sucrose 1somers except turanose All
stiains of S intermedius fermented palatinose and treha
lulose but did not ferment turanose maltulose or leu
crose Fermentation of turanose maltulose and leucrose
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Table 2 Number of bacteral strains that were able to ferment glucose fructose sucrose and its 1somers and their media pH values of

postincubation cultures

Strains Total Number of strains giving pH values below 5 §
number
sucrose palatinose trehalulose turanose maltulose leucrose glucose fructose
of strains

Actinomyces

georgiae 1 L(50) 1(51) 1(47) 060) 1(46) 1{49) 1 {43} 1 (46)
Actunomyces

Berencse) 1ae 4 4(47 46-48) 4(5046-52) 4(4743-51) 0(6059-62) 4(4645-47) 4(5351-54) 4(4544-45) 4(46 44-48)
A naestundu

genospecies | 11 11{48 45-53) 14(5247-535) [1(53 48-55) 5(56 51-60) 6(5649-64) 1(6050-64)11(4745-51)11(48 45-53)
A naeshundu

genospecies 2 It 11(46 45-48) 11 (48 45-55) 11(50 48-52) 3(5645-59) I0(5147-59) ?2(5855-61)11(4745-4911{484551)
Lactobacillus

crispatus P4 2(48 46-49) 2(5046-50) 2(5350-55) 0(59 58-59) 1{(56 52-59) QO(60 59-60) 2(48 47-48) 72{49 46 52)
Lactobacitus

saltvar tus 5 5(46 45-46) 5(48 47-48) 5{4847-49) 1(5753-59) 4(5347-58) 0(58B57-59) 5{d4545-47 5{5047-52)
Propiontbactertom

acidi-propionica 1 1(47) 1 (4 6) 1(44) 0(60) 1(47) 1(53) 1 (46) 1(45)
Prapowtbacterum

abudum t 1{(49) 1(52) [N63L)] 1(47) i(49 0(6 1} [(47) 1(4 8)
Streptococcus

termedius 4 4(4342-44) 4(47 46-47) 4(4848-49) 0(6362-63) 0(6259-64) 0(6560-66) 4(4040-40) 4(42 41 42)
Total 40 40 40 40 {4] 28 9 40 40

Mean pH values and their ranges are shown in parentheses
Table 3 Fermentation of glucose fructose sucrose and 1ts 1somers by representative strans of human Actinomyces
Strains Culture pH and growth

sucrose palatinose  trehalulose turanose maltulose  leucrose glucose fructose

A georgrae ATCC 49285 4 52 +b 52+ 52+ 59~ 55+ 55+ 45+ 47+
A gerencsertae ATCC 23860 52+ 52+ 49+ 54+ 48+ 54+ 49+ 48+
A wsraelu ATCC 12102 43+ 43+ 49+ 47+ 46+ 52+ 42+ 45+
A meyert ATCC 35568 46+ 52+ 51+ 56~ 56 - 57 - 46+ 46+
A naeslundi genospecies 1 ATCC 12104 47+ 55+ 52+ 56— 55+ 57 = 48+ 45+
A naeslundu genospecies 2 WVU 627 47+ 54+ 52+ 61 - 33+ 60- 46+ 53+
A odontolyticus ATCC 17929 50+ 61- 62- 61 - 62- 62- 53+ 50+

a
b

Mean pH values were obtained from three independent experiments
Positive growth was indicated by optical density of more than 0 5 at 660 nm

by the strains of 4 naesfundu genospecies | A rnaeslundn
genospecies 2 L crispatus and L salivartus used n this
study was not consistent

Fermentation of Sucrose Isomers by Representative

Strans of Human Actinomyces

As shown m table 3 4 sraelu ATCC 10102 and 4
gerencseiiae ATCC 23860 fermented all of the sucrose
1somers 4 georgiae ATCC 49285 fermented all 1somers

Fermentation of Five Sucrose Isomers by
Human Dental Plaque Bactena

except turanose A naeslundu genospecies | ATCC 12104
and A naeslundu genospecies 2 WVU 627 feimented all
1somers except for turanose and leuciose A meyert
ATCC 35568 did not ferment turanose maltulose and
leucrose while 4 odontolyticus ATCC 17929 did not fer
ment any of the sucrose 1somers
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Discussion

Among the five 1somers, palatinose has been most
commonly used as a sugar substitute No acid production
from palatinose has been reported m experiments mvolv
ing ammal caries infected with mutans streptococe: [Oo
shima et al 1983 1991, Sasak; et al 1985, Takazoe et
al 1985]

In contrast to these results 1t has been reported that
acid production from palatinose vaied among human
mdividuals in vivo [Makietal 1983] Although acid pro
duction from palatinose was less than that observed fiom
sucrose acid production from palatmose 1n dental plagque
suspensions was apparently observed Several bactenial
stratns of Streptococcus oralis Lactobacillus caser subspe
cies alactosus Lactobactllus orts Lactobactllus acidophi
lus Leuconostoc mesenteroides Weissella paramesente
roides  Stomatococcus mucilaginosus [Peltroche Llacsa
huanga et al 2001] Klebsiella pneumomiae and Fusobac
terium mortiferum [Thompson etal 2001a b Pikiset al
2002] were recently found to ferment palatinose as an
energy source for growth However most of these bacteria
do not seem to be predommnant 1n human dental plaque
We therefore focused on acid production from predomi
nant oral bacteria 1solated from human dental plaque

The fiequent 1solation of Actznomyces 1n the present
study was i agreement with previous reports of the den
tal plaque composition of children flkeda et al 1978
Boyar and Bowden 1985 Milnes et al 1993] Out of all
1solates in the present study 33% of predominant plaque
bactenal strains fermented palatinose Among the palati
nose-fermenting bacteria Actinomyces particularly A
naestundu genospectes 1 constituted the major portion
Although solates of 4 georgiae and A gerencseriqe wele
few in number 1n dental plaque all stramns of A georgiae
and A geiencseriae feimented palatinose

The final culture pH with the palatinose fermenting
bacteria was not lower than those containing sucrose glu
cose and/o1 fiuctose media (table 2) and thus the acidoge
micity and cariogenicity of palatinose seem to be weaker
than those of sucrose glucose and fructose However 1t 15
possible that catabolic enzymes for palatinose are induced
and/or palatinose feimenting bactenia could be selected
when micioflora of dental plaque are fiequently exposed
to the sugar substitute Such microbial adaptation and
shift may enhance acid production fiom the sugar substi
tute In fact 1t has been reported that daily mouthrinses of
palatinose resulted 1n shight increases i acid production
of dental plaque 1 vivo [Topitsoglou et al 1984] With
regard to prevention of dental caties 1t 1s thus necessary
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to pay attention to microbial adaptation and shift i den
tal plaque microflora

It has been reported that some bacteria including Strep
tococcus Lactobacillus Leuconostoc Weissella Stomoto
coccus Klebsiella and Fusobacterium can utihize sucrose
1somets as carbon souices [Peltroche Llacsahuanga et al
2001 Thompson et al 200la b Pikis et al 2002] In
addition to these studies we showed in this study that pal-
atwose fermenting oral strains of Actinomyces also ut1
lized sucrose 1somers as carbon sources (table 3) We
believe that this 1s the first report that o1al Actinomyces
species are capable of fermenting sucrose 1somers We also
demonstrated that oral Actinomyces species except for A
odontolyticus ATCC 17929 fermented some of the su
crose 1somers Although these 1somers were less acidogenic
than sucrose in most cases 4 gerencseriae produced more
acid from trehalulose and maltulose than from sucrose (ta
ble 3) Therefore 1t 1s necessary to morutor the cai 10genici
ty and acidogenicity of these 1somers since microbial shift
may enhance actd production from these 1somers

K prneumoniae and F mortiferum have been reported
to transport these five 1somers thiough a phosphoenolpy
ruvate dependent phosphotiansferase system then hy
drolyze them to glucose 6 phosphate and fructose
[Thompson et al 2001a b] Among the five sucrose 150
mers palatinose trehalulose and maltulose were more
likely to be fermented by o1al Actimomyces species while
leucrose and turanose were less likely to be fermented (ta
ble 3) Although the transport and dissimilation systems
for the 1somers 1n Actinomyces are currently unknown
the present observations imply that the metabolic system
for trehalulose and maltulose 1s comumon with that for pal
atinose and mndependent of that for leucrose and tura
nose

In summary 33% of predominant plaque bacterial
strains fermented palatinose and the majority of palati
nose fermenting bacteria was Actinomyces In addition
among the palatinose fermenting bacteria all strains fer
mented trehalulose 25% of stiains feimented turanose
70% of strams feimented maltulose and 23% of stiains
fetmented leucrose We therefore conclude that m hu
man dental plaque there are sigmficant numbeis of bacte
r1a that are able to ferment sucrose 1somers
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