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The production of mannosidase activity by all currently recognized species of human viridans group
streptococci was determined using an assay in which bacterial growth was dependent on the degradation of the
high-mannose-type glycans of RNase B and subsequent utilization of released mannose. RNase B is an
excellent substrate for the demonstration of mannosidase activity since it is a glycoprotein with a single
glycosylation site which is occupied by high-mannose-type glycoforms containing five to nine mannose residues.
Mannosidase activity was produced only by some members of the mitis group (Streptococcus mitis, Streptococcus
oralis, Streptococcus gordonii, Streptococcus cristatus, Streptococcus infantis, Streptococcus parasanguinis, and
Streptococcus pneumoniae) and Streptococcus intermedius of the anginosus group. None of the other species
within the salivarius and mutans groups or Streptococcus peroris and Streptococcus sanguinis produced man-
nosidase activity. Using matrix-assisted laser desorption ionization time-of-flight mass spectrometry, it was
demonstrated that the Man5 glycan alone was degraded while Man6 to Man9, which contain terminal a(132)
mannose residues in addition to the a(133), a(136), and b(134) residues present in Man5, remained intact.
Investigations on mannosidase production using synthetic (4-methylumbelliferone- or p-nitrophenol-linked) a-
or b-mannosides as substrates indicated that there was no correlation between degradation of these substrates
and degradation of the Man5 glycan of RNase B. No species degraded these a-linked mannosides, while
degradation of the b-linked synthetic substrates was restricted to strains within the Streptococcus anginosus, S.
gordonii, and S. intermedius species. The data generated using a native glycoprotein as the substrate demon-
strate that mannosidase production within the viridans group streptococci is more widely distributed than had
previously been considered.

The viridans group streptococci, which comprise a signifi-
cant proportion of the normal flora of the oropharyngeal tract
(8), form a highly heterogenous group of organisms (13, 37).
Over the last decade, identification of these organisms at the
species level has been facilitated by the development of a range
of rapid phenotypic tests, some of which rely, at least in part,
on the detection of preformed glycosidase activities, enzymes
with the potential to cleave sugar residues from a range of
glycoconjugates, including glycoproteins. A number of
schemes for the identification of individual species of the viri-
dans group streptococci have included phenotyping for the
production of a range of glycosidases using synthetic sub-
strates, glycosides with a fluorogenic (4-methylumbelliferone
[4MU]) or chromogenic (p-nitrophenol [pNP]) leaving group,
some of these being supplied as part of commercially available
kits, such as the API-20STREP system (2, 5, 9, 18, 19, 20, 36,
39). These schemes for the classification of the viridans group
streptococci have enabled associations between the isolation of
a particular species and specific extra-oral diseases to be es-
tablished (15, 16, 38), which is of major importance due to the
emergence of these bacteria as significant pathogens of immu-
nocompromised patients and neonates (1, 3, 29, 35). Little is
known regarding the mechanisms by which these streptococci
grow at sites removed from the oral cavity, but it has been

suggested that glycosidase production may play a nutritional
role by releasing carbohydrates which are essential for prolif-
eration from host glycoproteins (1).

In a recent investigation it was demonstrated that the acute-
phase human serum glycoprotein, a1-acid glycoprotein, sup-
ported in vitro growth of Streptococcus oralis (4), an important
pathogen within the viridans group streptococci which is the
cause of a large number of cases of infective endocarditis and
septicemia in neutropenic patients (1, 6, 7). a1-acid glycopro-
tein, which comprises five fully sialylated complex-type oligo-
saccharide chains, was degraded to release all nonterminal
sugar residues, including those mannose residues which, in
addition to two N-acetylglucosamine residues, form part of the
conserved pentasaccharide core (GlcNAc2Man5) of N-linked
glycans. Thus, novel mannosidase activities were demonstrated
in S. oralis and these enzymes were not detected using syn-
thetic substrates. These observations were supported by dem-
onstration of in vitro growth of S. oralis strain AR3 on RNase
B (30). This glycoprotein contains a single glycosylation site,
and posttranslational modification results in the addition of
high-mannose-type glycans containing five to nine mannose
residues attached to the chitobiose core (Man5 to Man9) (10,
24). Using a combination of high-pH anion-exchange chroma-
tography with pulsed amperometric detection and matrix-as-
sisted laser desorption ionization–time of flight mass spectrom-
etry (MALDI-TOF MS), it was demonstrated that S. oralis
produced a-(133), a-(136), and b-(134) mannosidase activ-
ities which resulted in the degradation of the Man5 glycoform
only (Fig. 1), leaving the remaining glycoforms (Man6 to

* Corresponding author. Mailing address: Department of Oral Mi-
crobiology, GKT Dental Institute, King’s College London, Caldecot
Rd., Denmark Hill, London SE5 9RW, United Kingdom. Phone: 44 20
7346 3272. Fax: 44 20 7346 3073. E-mail: karen.a.homer@kcl.ac.uk.

† Present address: Glaxo Wellcome, Stevenage, United Kingdom.

995



Man9), which contain additional a-(132)-linked mannose res-
idues, intact (30).

In the present study, we have extended our studies on man-
nosidase production by S. oralis strain AR3 to all currently
recognized human species of viridans group streptococci. We

have used assays in which bacterial growth on the model gly-
coprotein RNase B is dependent on the production of man-
nosidase activity and utilization of liberated mannose and have
monitored changes in RNase B glycoforms by MALDI-TOF
MS.

MATERIALS AND METHODS

Bacterial strains and culture. Representative strains, including type strains, of
all currently recognized species of human viridans group streptococci were used
(Table 1). Isolates were stored in vials containing cryopreservative (TSC Ltd.,
Heywood, Lancashire, United Kingdom) at 270°C and were routinely main-
tained by subculture onto Fastidious Anaerobe Agar (LabM, Bury, Lancashire,
United Kingdom) supplemented with 5% (vol/vol) defibrinated horse blood
(FAA). Cultures were incubated in an anaerobic cabinet (80% N2, 10% H2, 10%
CO2; Don Whitley, Shipley, West Yorkshire, United Kingdom) for 24 h prior to
use in growth studies.

In order to determine preformed whole-cell glycosidase activities, cell growth
was removed from FAA plates and put into 50 mM sodium phosphate buffer (pH
7.5). Aliquots of each suspension (200 ml) were dispensed into a flat-bottom
96-well microtiter tray, and the absorbance at 620 nm (A620) was recorded in a
96-well plate-reading spectrophotometer (Titertek Multiscan MCC 340; ICN-
Flow, ICN Biomedicals Ltd., Thame, Oxfordshire, United Kingdom). A620 was
adjusted to approximately 0.5, and cell suspensions were used in the assay of
glycosidase activities using synthetic substrates, as described below.

Growth of bacteria in minimal media. Bacterial colonies were removed from
FAA plates into prereduced, filter-sterilized (0.2-mm-pore-size filters; Pall
Gelman Sciences, Northampton, United Kingdom) 50 mM sodium phosphate
buffer (pH 7.5) to yield a uniform suspension with an A620 of approximately 0.5.
These suspensions were used as inocula for minimal media.

Minimal medium was prepared based on a modification of previously de-
scribed methods (21, 32), with all sources of fermentable carbohydrates omitted.
Preliminary investigations had demonstrated that growth of viridans group strep-
tococci in this sugar-depleted medium was low unless supplemented with a
source of fermentable carbohydrate. RNase B (from bovine pancreas; Sigma
Chemical Co., Poole, Dorset, United Kingdom) was reconstituted and dialyzed
against two changes of distilled water at 4°C. The glycoprotein was lyophilized
and reconstituted to yield a concentration of 10 mg/ml. Basal medium was mixed
with an equal volume of either 10 mg of RNase B/ml, 20 mM mannose, 20 mM
glucose, 20 mM N-acetylglucosamine, or water and was filter sterilized (0.2-mm-
pore-size membrane filtration unit). Media were dispensed into a sterile 96-well
flat-bottom microtiter tray (Sterilin) in 200-ml aliquots, and the tray was prere-
duced for ca. 1 h in an anaerobic cabinet. An aliquot of bacterial suspension (10

FIG. 1. The oligosaccharide structure of the Man5 glycoform of
RNase B. Asn represents the asparagine of the polypeptide backbone.
N-Acetylglucosamine and mannose are represented by GlcNAc and
Man, respectively, and numbers indicate the positions of the glycosidic
linkages for mannose residues. The Man6 to Man9 glycoforms of
RNase B are formed by the addition of further mannose units [all in
the a-(132) configuration] to the outer three residues occurring in the
Man5 glycoform.

TABLE 1. Strains of viridans group streptococci included in this study

Species identification Strainsa

S. salivarius .........................................ATCC 7073T, T267, H50, KPS1, NCTC 8606, A385
S. vestibularis ......................................ATCC 49124T, LV71, OP81, HV81, JW3
S. mutans ............................................ATCC 25175T, 4177, KPSK2, SE11, B48, 161
S. sobrinus ...........................................ATCC 33478T, 279, OMZ65, TH62
S. anginosus ........................................ATCC 33397T, NCTC 8073, NCTC 11062, KR 687, PC4890, NMH 10
S. constellatus .....................................ATCC 27823T, AM699, NCTC 0714, NCTC 11063, NCTC 5389
S. intermedius .....................................ATCC 27335T, 415-87, NS35, NMH2
S. mitis .................................................ATCC 49456T, K208, PP53, NCTC 10712, HV51, 130411-14,b 130411-16,b 143511-6,b T6(2)-5,b T6(2)-10,b

T6(2)-11,b T6(3)-12,b T6(2)-7b

S. oralis ...............................................ATCC 35037T, NCTC 7864, OPA1, PC1467, AR3, H362
S. gordonii ...........................................ATCC 10558T, NCTC 7868, M5, GPF1, F90A
S. cristatus ...........................................ATCC 51100T, CC5A, AK1, CR3
S. pneumoniaec ...................................ATCC 33400T, 47213, 48626, 40726, BC76, 48764, 45419, 45309, 45422
S. sanguinis .........................................ATCC 10556T, P695, KPE2, NP506, SK96
S. parasanguinis ..................................ATCC 15912T, SS895, 85-81, SS-897, MGH143, FW213
S. infantisd ...........................................0-122T, 0-101, 1-134, 0-92, 0-103
S. perorisd ............................................0-66T, 0-105, 0-91

a Strains are human isolates characterized as described previously (14, 36) unless otherwise noted. T, type strain; ATCC, American Type Culture Collection,
Manassas, Va.; NCTC, National Collection of Type Cultures, Central Public Health Laboratory, London, United Kingdom.

b Strains were identified by sequencing of superoxide dismutase.
c Strains (except for ATCC 33400T) were from blood culture isolates from the collection of the Department of Medical Microbiology, King’s College Hospital,

London, United Kingdom.
d All strains were gifts from Y. Kawamura, Department of Microbiology, Gifu University School of Medicine, Gifu, Japan (18).
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ml) was added to each well, and 10 ml of sterile sodium phosphate buffer (pH 7.5)
was added to control wells. Trays were sealed and incubated for up to 40 h at
37°C in a shaking-plate-reading spectrophotometer (iEMS; Labsystems, Life
Sciences International, Hampshire, United Kingdom) with automated data ac-
quisition. A620 was recorded every 30 min with a 10-s period of shaking (300
rpm) prior to each absorbance reading. For strains of viridans group streptococci
which would not grow under these conditions, which were all members of the
anginosus group (Streptococcus anginosus, Streptococcus constellatus, and Strep-
tococcus intermedius), alternative growth conditions were employed. Supple-
mented basal media were dispensed into sterile bijou bottles (Sterilin) in 1-ml
aliquots, prereduced under anaerobic conditions and inoculated with 50 ml of
bacterial suspension prepared in sterile 50 mM sodium phosphate buffer. An
aliquot of culture was removed for the determination of A620, and the remaining
culture was incubated anaerobically. At the end of the growth period, the ab-
sorbance of the each culture was determined as a measure of growth.

At the end of the growth period, RNase B-supplemented cultures were trans-
ferred to microcentrifuge tubes with a nominal volume of 1.5 ml and centrifuged
at 11,600 3 g for 3 min at ambient temperature to pellet bacterial cells. The
cell-free culture supernatants were transferred to fresh microcentrifuge tubes
and stored at 220°C for a period of up to 2 weeks prior to analysis by MALDI-
TOF MS.

Assay for glycosidase activities using synthetic substrates. Glycosidase activ-
ities of bacterial suspensions from FAA plates were assayed using fluorogenic
(4MU-linked) or chromogenic (pNP-linked) substrates. Fluorogenic assays were
set up in 96-well microtiter trays and each were comprised as follows: 50 ml of 0.2
mM 4MU–a-D-mannopyranoside, 4MU–b-D-mannopyranoside, or 4MU–b-D-N-
acetylglucosaminide (Sigma), 50 ml of 0.2 M sodium phosphate buffer (pH 7.0),
an appropriate volume of cell suspension (up to 50 ml), and distilled water to a
total volume of 200 ml. Trays were incubated at 37°C for up to 24 h and
fluorescence values were recorded in a fluorimeter fitted with a 96-well plate
reader (Fluoroscan Ascent FL; Labsystems) at excitation and emission wave-
lengths of 355 and 460 nm, respectively. Released 4MU was quantified by
comparison with standard curves of authentic 4MU (Sigma) obtained under the
same conditions. Chromogenic assays were set up in 96-well microtiter trays and
each was comprised as follows: 25 ml of 0.2 mM pNP–a-D-mannopyranoside or
pNP–b-D-mannopyranoside (Sigma), 25 ml of 0.2 M sodium phosphate buffer
(pH 7.0), an appropriate volume of cell suspension (up to 25 ml), and distilled
water to a total volume of 100 ml. Trays were incubated at 37°C for up to 24 h,
and then the reaction was terminated and the pH of each assay was elevated by
the addition of 100 ml of 0.1 M sodium carbonate buffer (pH 10.2). Absorbances
at 450 nm were recorded by a 96-well plate-reading spectrophotometer (Titertek
Multiscan MCC340), and released pNP was quantified by comparison with stan-
dard curves of authentic pNP (Sigma) obtained under the same conditions.
Whole-cell protein in bacterial suspensions was determined using the bicincho-
ninic acid assay described by Smith et al. (28; reagents were purchased from

Sigma) and was quantified by comparison with bovine serum albumin as a
standard. Where appropriate, specific activities of enzymes are given as nano-
moles/hour/milligram of whole-cell protein. Assays were carried out on at least
two separate occasions, and mean data are presented.

MALDI-TOF-MS analysis of RNase B. RNase B-supplemented culture super-
natants were diluted 10-fold with 0.1% trifluoroacetic acid (Sigma), and 0.5 ml of
each was applied to a gold-coated target plate. 3,5-Dimethoxy-4-hydroxycin-
naminic acid (sinapinic acid; Aldrich) was used as matrix. This was freshly
prepared to a concentration of 10 mg/ml in 50% acetonitrile in 0.1% trifluoro-
acetic acid, and 0.5 ml was applied to each sample. Spectra were acquired using
a PerSeptives Voyager MALDI-TOF MS system operating in linear mode with
delayed extraction and a nitrogen laser giving 337-nm output. Scans (typically
256) were acquired and averaged, and mass values were calibrated by reference
to intact RNase B as an external standard or RNase A, which forms a minor
component of all Sigma preparations of RNase B (10) as an internal standard.

RESULTS

Growth on RNase B as a measure of mannosidase produc-
tion. There was a linear relationship between the concentra-
tion of mannose supplied to S. oralis ATCC 35037 and Strep-
tococcus mutans ATCC 25175 and the maximum increase in
absorbance of cultures over the concentration range of 0 to 10
mM (r . 0.9 for both strains; data not shown), demonstrating
the dependence of growth on the presence of a source of
fermentable carbohydrate as the supplement to minimal me-
dium. Both strains grew on 10 mM mannose with a maximum
increase in A620 of 0.299 and 0.304, respectively (Fig. 2). RNase
B supported growth of S. oralis cells, with a maximum increase
in A620 of 0.067 (Fig. 2b), but S. mutans cells did not utilize the
glycans of RNase B, with no significant increase in absorbance
of the culture when compared with unsupplemented minimal
media.

MALDI-TOF mass spectra of the supernatant derived from
the spent S. mutans RNase B-supplemented culture demon-
strated that Man5 to Man9 glycoforms of the glycoprotein were
present, as indicated by the presence of species with m/z ratios
of 14,899, 15,061, 15,224, 15,386, and 15,548, respectively (Fig.
3a), and produced a spectrum identical to that of control (unin-

FIG. 2. Growth of S. mutans and S. oralis cells on mannose and RNase B. S. mutans ATCC 25175T (a) and S. oralis ATCC 35037T (b) were
cultured in minimal media supplemented with mannose (F) or RNase B (■), and growth was measured by monitoring A620.
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oculated) minimal medium supplemented with RNase B (data
not shown). At the end of the growth period, S. oralis cells had
cleaved all constituent mannose residues of RNase B Man5

and further had cleaved the chitobiose core to leave a single
N-acetylglucosamine residue attached to the polypeptide back-
bone, yielding a new product with an m/z of 13,885 (Fig. 3b).
The Man6 to Man9 glycoforms remained intact, with a less than
5% change in the peak intensity of these species relative to that
of the control.

Growth of bacteria on RNase B and mannosidase produc-
tion monitored by MALDI-TOF MS. Growth on RNase B was
a reliable indicator of the production of mannosidase activity
and thus the ability to degrade the Man5 glycoform of the
glycoprotein, releasing fermentable carbohydrate (Table 2).
For isolates which lacked this ability, the maximum increase in
A620 for RNase B-supplemented minimal media was always
less than 0.010 when compared with the control cultures with-
out an added carbohydrate source, and no degradation of the
RNase B glycoforms (Man5 to Man9) could be detected when
culture supernatants were analyzed by MALDI-TOF MS. All
isolates grew in glucose-supplemented minimal media (Table
2) and virtually all strains utilized mannose as efficiently as
glucose, as judged by the maximum increase in A620 over a 24-h
period and the doubling time of the cultures (data not shown).
One notable exception to this was the low rate of growth of the

Streptococcus peroris isolates on mannose, suggesting that man-
nose was utilized less efficiently than glucose.

The production of mannosidase activities was restricted to
strains within the anginosus and mitis groups of streptococci
(Table 2). Among the anginosus group, S. intermedius alone
degraded the Man5 glycoform of RNase B. All S. oralis, Strep-
tococcus gordonii, Streptococcus cristatus and Streptococcus
parasanguinis strains produced mannosidases, as demonstrated
by the A620 for RNase B-supplemented media and the loss of
the Man5 glycoform. Production of mannosidase by Strepto-
coccus mitis, Streptococcus pneumoniae, and Streptococcus in-
fantis was variable, with 9 of 13, 7 of 9, and 3 of 5 isolates,
respectively, producing mannosidase activity. In all cases, the
Man5 glycoform alone was modified and a new peak corre-
sponding to the protein with a single N-acetylglucosamine res-
idue attached was observed, suggesting that, in addition to
a-(133), a-(136), and b-(134) mannosidase activities, these
isolates also produced N-acetylglucosaminidase activity.
Among the mitis group, Streptococcus sanguinis and S. peroris
were the only species which did not exhibit Man5-degrading
activity (Table 2). For strains degrading the Man5 glycan of
RNase B, there was no evidence for proteolytic cleavage of the
RNase B polypeptide backbone; no new species with an m/z
ratio of less than 13,682 were detected in spent culture super-
natants.

FIG. 3. Effect of S. mutans and S. oralis cells on RNase B glycoforms. Spent supernatants from RNase B-supplemented cultures of S. mutans
ATCC 25175T (a) and S. oralis ATCC 35037T (b) were analyzed by MALDI-TOF MS with sinapic acid as the matrix. Man5, Man6, Man7, Man8,
and Man9 indicate the Man5 to Man9 glycoforms of RNase B with m/z ratios of 14,899, 15,061, 15,224, 15,386, and 15,548, respectively. RNase A
is the nonglycosylated form of the protein (m/z, 13,682).
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Glycosidase activities measured using synthetic substrates.
Measurement of mannosidase activities using chromogenic or
fluorogenic substrates revealed a different pattern of produc-
tion by viridans group streptococci, and there was no correla-
tion between the production of these enzymic activities and the
ability to degrade RNase B (Table 2). None of the isolates
investigated degraded 4MU–a-D-mannopyranoside or pNP–a-
D-mannopyranoside, all strains yielding specific activities of
less than 0.5 nmol/h/mg of bacterial protein. 4MU–b-D-man-
nopyranoside and pNP–b-D-mannopyranoside degradation
was limited to isolates of S. gordonii, Streptococcus anginosus,
and S. intermedius, with all strains degrading these substrates.
Specific activities for the degradation of 4MU–b-D-mannopy-
ranoside within these isolates ranged from 1.1 to 9.8 nmol/
h/mg of bacterial protein (data not shown). All strains which
degraded the Man5 glycan produced N-acetylglucosaminidase
activity, which was detectable using either the respective chro-
mogenic or fluorogenic substrates, with the notable exception
of S. mitis strains, which did not hydrolyze this substrate. All
isolates which degraded the Man5 glycoform grew when N-
acetylglucosamine was provided as the supplement to minimal
media (data not shown).

DISCUSSION

In our earlier studies with S. oralis strain AR3, we demon-
strated the presence of a- and b-mannosidase activities which
cleaved mannose residues from the core pentasaccharide of
the complex N-glycans of human serum a1-acid glycoprotein
(4). Subsequently, we used bovine pancreatic RNase B to show
that of all the high-mannose glycans (Man5 to Man9), the Man5

glycoform alone was degraded during in vitro growth of S.
oralis cells in what appeared to be a single-step reaction in-
volving these a- and b-mannosidases (30), and the mannosi-
dase activities were undetectable with synthetic substrates. We
now extend these observations to all currently recognized spe-
cies of human viridans group streptococci by using RNase B as
a model. The ability to utilize the high-mannose glycans of
RNase B as sole carbohydrate sources during in vitro growth
was restricted to the mitis group (S. oralis, S. mitis, Streptococ-
cus parasanguinis, S. gordonii, S. cristatus, S. infantis, and S.
pneumoniae) and one species within the anginosus group,
namely S. intermedius. Analysis of the spent culture superna-
tants from these organisms by MALDI-TOF MS of RNase B
demonstrated that only the Man5 glycoform was degraded,
yielding a product corresponding to the polypeptide backbone
with a single N-acetylglucosamine residue attached. This deg-
radation may be accounted for by the production of a-(133),
a-(136), and b-(134) mannosidase activities and a b-N-
acetylglucosaminidase activity cleaving the chitobiose core. The
lack of ability to degrade glycoforms higher than Man5 has
been ascribed to the lack of an a-(132) mannosidase in S.
oralis (30), and our data indicate that all viridans group strep-
tococci degrading RNase B do so via a mechanism similar to
that observed for S. oralis. In addition, the degradation of the
Man5 glycoform of RNase B is brought about without produc-
tion of a detectable endoglycosidase activity (30), thus differing
from the mechanism by which these glycans are utilized by
Enterococcus faecalis (23), formerly part of the genus Strepto-
coccus.

These mannosidase activities were not detected using syn-

TABLE 2. Utilization of the Man5 glycoform of RNase B by viridans group streptococci and ability to hydrolyze synthetic
mannosidase substrates

Species
groupa

Species
(no. of strains)

A620 in basal
media with 10
mM glucoseb

A620 in basal media
with 5 mg of RNase

B/mlb

Degradation of
Man5

glycoformc

b-D-
Mannosidase
productiond

a-D-
Mannosidase
productiond

b-D-N-acetyl-
Glucosaminidase

productiond

Salivarius S. salivarius (6) 0.406 NDe 2f 2 2 2
S. vestibularis (5) 0.382 ND 2 2 2 2

Mutans S. mutans (6) 0.324 ND 2 2 2 2
S. sobrinus (4) 0.305 ND 2 2 2 2

Anginosus S. anginosus (6) 0.227 ND 2 1 2 2
S. constellatus (5) 0.280 ND 2 2 2 2
S. intermedius (4) 0.257 0.043 1 1 2 1

Mitis S. mitis (13) 0.312 0.040 (n 5 9) 1 2 2 2
ND (n 5 4) 2 2 2 2

S. oralis (6) 0.326 0.074 1 2 2 1
S. gordonii (5) 0.323 0.051 1 1 2 1
S. cristatus (4) 0.230 0.042 1 2 2 1
S. pneumoniae (9) 0.232 0.050 (n 5 7) 1 2 2 1

ND (n 5 2) 2 2 2 1
S. sanguinis (5) 0.292 ND 2 2 2 1
S. parasanguinis

(9)
0.273 0.055 1 2 2 1

S. infantis (5) 0.326 0.053 (n 5 3) 1 2 2 1
ND (n 5 2) 2 2 2 2

S. peroris (3) 0.372 ND 2 2 2 2

a Species groups were assigned on the basis of 16S rRNA sequence data (17).
b Growth is recorded as the mean maximum increase in A620 for all strains within the group.
c Degradation of the Man5 glycoform was monitored by MALDI-TOF MS. Utilization of the Man5 glycoform indicates production of functional a-(133), a-(136),

and b-(134) mannosidase and b-D-N-acetylglucosaminidase activities.
d Preformed glycosidase activities were monitored using pNP- and MU-linked glycosides at 2 mM.
e ND, not detected.
f Reactions were given by all strains within the group.
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thetic substrates. b-Mannosidase activity was detected in only
a limited number of species of the viridans group streptococci
(S. gordonii, S. intermedius, and S. anginosus) when assayed
using synthetic 4MU-linked or pNP-linked substrates, and
these data were consistent irrespective of the leaving group or
the concentration of substrate presented to bacterial cell sus-
pensions. This extends the observations of Kilian et al. (20),
who reported the activity in S. gordonii and S. anginosus only
when using a chromogenic substrate. In addition, we have used
the corresponding a-linked mannosides as substrates and dem-
onstrated that none of the viridans group streptococci had the
capacity to degrade these substrates. a-Mannosidases from
yeast or mammalian sources which cleave a-(132) mannose
residues from native glycoproteins or free glycans have previ-
ously been shown to lack activity when pNP–a-D-mannoside or
4MU–a-D-mannoside was presented as a substrate (26) and
that synthetic substrates may underrepresent the incidence of
this enzyme activity. Given the failure of synthetic substrates to
detect mannosidases, a number of strategies have been
adopted for the measurement of the these enzymes, including
monitoring the release of mannose from free oligosaccharides
and resolving enzyme-treated glycans using high-performance
liquid chromatography methodologies (26, 34). In the present
study, we have utilized MALDI-TOF MS to monitor RNase B
degradation. MALDI-TOF MS is particularly applicable to the
rapid analysis of biological samples due to its ability to tolerate
high concentrations of salts and buffers as encountered in
biological systems and is relatively rapid. This methodology has
recently been shown to be applicable to the detection of man-
nosidases acting on RNase B (31) and has been applied here to
investigate the presence of mannosidase activities within the
viridans group streptococci.

The recent availability of genomic sequence data for a num-
ber of bacterial species, including S. pneumoniae (http://www
.tigr.org/tdb, The Institute for Genomic Research) has fa-
cilitated investigations linking genome organization with the
production of functional proteins. Interrogation of these
data using the WIT suite of software (WIT; http://wit
.integratedgenomics.com/IGwit) indicates the presence of an
open reading frame in S. pneumoniae coding for a protein with
homology to an hypothetical a-mannosidase present in E. fae-
calis and Streptococcus pyogenes (P score 5 1.17 3 102115 and
6.86 3 102111, respectively). These in silico data are in accor-
dance with our demonstration of functional a-mannosidase in
this organism and other closely related species. There is no
evidence for a b-mannosidase in this genomic data, but this
may form one of a number of genes for which no function can
be ascribed at present. Further biochemical characterization of
mannosidase of viridans group streptococci and the substrate
specificity of the enzyme(s) will be required to elucidate the
mechanism by which this degradation is achieved.

The function of mannosidases produced by viridans group
streptococci is unclear. High-mannose-type glycans are fre-
quent constituents of host tissues and are found as components
of the extracellular matrix, e.g., laminin, being involved in a
wide range of cellular functions (11, 25, 27). In addition, the
major platelet integrin, GP IIb/IIIa, contains high-mannose-
type oligosaccharides, predominantly the Man5 and Man6 gly-
coforms (33). Degradation of the Man5 glycoform of human
glycoproteins in vivo may not only modulate their function but

also release carbohydrates and play a role in the persistence of
viridans group streptococci at infection sites. We have demon-
strated that mannosidase activities are produced by major
pathogens within the viridans group of streptococci, including
S. oralis and S. mitis, which are associated with infective endo-
carditis and infections in immunocompromised patients, S.
pneumoniae, which is the cause of pneumonia, otitis media,
and meningitis, and S. intermedius, which is associated with
purulent abscesses of the liver and brain (3, 12, 13, 22, 37). The
effect of mannosidase activities on host tissues and high-man-
nose-type glycoproteins remains to be established. The ability
of viridans group streptococci to grow on RNase B, however,
may be a useful test to assist in the identification of this com-
plex group of microorganisms.
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