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MalE of Group A Streptococcus Participates in the Rapid
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Study of the maltose/maltodextrin binding protein MalE in Escherichia coli has resulted in fundamental
insights into the molecular mechanisms of microbial transport. Whether gram-positive bacteria employ a
similar pathway for maltodextrin transport is unclear. The maltodextrin binding protein MalE has previously
been shown to be key to the ability of group A Streptococcus (GAS) to colonize the oropharynx, the major site
of GAS infection in humans. Here we used a multifaceted approach to elucidate the function and binding
characteristics of GAS MalE. We found that GAS MalE is a central part of a highly efficient maltodextrin
transport system capable of transporting linear maltodextrins that are up to at least seven glucose molecules
long. Of the carbohydrates tested, GAS MalE had the highest affinity for maltotriose, a major breakdown
product of starch in the human oropharynx. The thermodynamics and fluorescence changes induced by GAS
MalE-maltodextrin binding were essentially opposite those reported for E. coli MalE. Moreover, unlike E. coli
MalE, GAS MalE exhibited no specific binding of maltose or cyclic maltodextrins. Our data show that GAS
developed a transport system optimized for linear maltodextrins longer than two glucose molecules that has
several key differences from its well-studied E. coli counterpart.

Analysis of microbial carbohydrate physiology has been a
fertile area of scientific research for many decades. Fundamen-
tal discoveries in the areas of transcriptional regulation, selec-
tive nutrient utilization, and molecular transport have been
derived from studies of microbial carbohydrate acquisition and
processing (13, 27, 34). For example, the uptake and utilization
of maltose/maltodextrins by Escherichia coli has become a
model for understanding how microbes transport and use com-
plex sugars (3).

The study of E. coli MalE, the periplasmic substrate binding
protein of the maltose/maltodextrin ATP binding cassette
transporter, has been a particularly fruitful area of investiga-
tion (32, 33). Although E. coli MalE binds to a variety of
�-1,4-linked oligoglucosides, including linear, cyclic, reduced,
and oxidized maltodextrins, only a portion of the bound ligands
is subsequently transported into the cell (10). The interaction
of purified E. coli MalE with the actively transported substrates
maltose and maltotriose causes an increase in the E. coli MalE
maximum emission wavelength (10, 39). The change in the

fluorescence emission spectrum correlates with the closed and
open forms of the E. coli MalE-ligand complex (8). The closed
form is needed for active transport to occur (11). The binding
of E. coli MalE to substrates that are actively transported
results in an endothermic reaction that is entropy driven (40).
Conversely, the binding of E. coli MalE to nontransported
substrates is exothermic and results in a decrease in the max-
imum fluorescence emission wavelength of E. coli MalE (9,
40). Therefore, study of E. coli MalE has generated data show-
ing two major modes of ligand binding: one in which an endo-
thermic reaction driven by entropy results in active transport
and one in which an exothermic reaction fails to result in
transport of the bound ligand.

Investigation of maltose/maltodextrin utilization by gram-
positive bacteria initially lagged behind investigation of malt-
ose/maltodextrin utilization by E. coli but has accelerated re-
cently as fundamental distinctions have been recognized (16,
21, 28). In contrast to the freely diffusible periplasmic location
of E. coli MalE, gram-positive bacterial homologues of E. coli
MalE are putative lipoproteins whose amino termini are an-
chored in the cell membrane (38). Isogenic mutant strains of
various gram-positive bacteria in which genes encoding puta-
tive maltodextrin binding proteins were inactivated were still
able to utilize and/or transport maltose but not maltotriose (23,
31). Moreover, a recent study found that the purified MalE
homolog from Bacillus subtilis had far greater affinity for mal-
totriose than for maltose, suggesting that the binding spectrum
is different than that of E. coli MalE (31).

Our laboratory focuses on understanding how the gram-
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positive bacterium group A Streptococcus (GAS) causes di-
verse infections in humans (20). Recently, we have performed
genome-wide transcriptome analyses of GAS during various
phases of host-pathogen interactions, such as growth in human
blood and saliva and infection of mouse soft tissue and the
nonhuman primate oropharynx (7, 8, 29, 41). The transcript
levels of M5005_spy1058, the gene coding for a putative ho-
molog of E. coli MalE, were consistently elevated in these
investigations, suggesting that M5005_SPy1058 has a role in
host-pathogen interactions. Antibodies to M5005_SPy1058
were found in humans recovering from GAS infections and in
mice experimentally infected with GAS, demonstrating that
M5005_SPy1058 is produced during infection and stimulates
an immune response (17). A subsequent investigation showed
that M5005_SPy1058 participates in the earliest stages of GAS
colonization of the oropharynx (31).

Based on homology with E. coli MalE (26% amino acid
identity and 42% similarity), M5005_SPy1058 has also been
annotated MalE (2, 6). To better understand how GAS MalE
contributes to GAS colonization of the oropharynx, we ana-
lyzed GAS MalE utilizing a multifaceted approach. We em-
ployed complementary modalities to investigate the binding
characteristics and substrate specificity of purified GAS MalE.
Using a �malE isogenic mutant strain, we correlated the ob-
served binding properties with growth characteristics and per-
formed nutrient uptake assays to elucidate the role played by
MalE in global GAS physiology. Our investigations show that
GAS MalE-ligand binding has properties distinct from those
observed for E. coli MalE, perhaps because of a difference in
nutrient availability at the site of host-pathogen interaction.
The differences in the maltodextrin binding proteins of GAS
and E. coli demonstrated here suggest that there were diverse
evolutionary pressures in the development of bacterial carbo-
hydrate binding strategies.

MATERIALS AND METHODS

Bacterial strains. The genome of serotype M1 strain MGAS5005 has been
completely sequenced (37). Strain MGAS5005 has been studied extensively with
animal models of GAS infection and in vitro, and the studies have included
transcriptome analysis during growth in human saliva (7, 30, 36, 41). The �malE
isogenic mutant strain is an MGAS5005 derivative in which nearly the entire
malE open reading frame is replaced by a spectinomycin (spc) resistance cassette
in a nonpolar fashion (31). The comp�malE strain is a genetically complemented
derivative of the �malE strain in which the malE open reading frame plus the
promoter region is present in trans (31).

Culture media. GAS was grown on Trypticase soy agar containing 5% sheep
blood agar (Becton Dickinson) or in Todd-Hewitt broth containing 0.2% (wt/vol)
yeast extract (THY) (Difco). Various carbohydrates were added at a concentra-
tion of 0.5% (wt/vol) to a carbohydrate-free preparation of a commercially
available chemically defined medium (CDM) (JR Biosciences) (42). We have
shown previously that GAS does not grow in the carbohydrate-free CDM when
no exogenous carbohydrate is added (31). In this paper, we use the terms
glucose-medium, maltose-medium, maltotriose-medium, etc. to refer to the car-
bohydrate-free CDM with a specific carbohydrate added at a concentration of
0.5%.

Growth of GAS strains in various media. All growth experiments were done at
least in quadruplicate. For comparison growth studies using THY or CDM, GAS
strains were grown overnight in THY. An overnight culture was added to fresh
medium to obtain a uniform starting optical density at 600 nm (OD600) of 0.01,
generally about 1:100 dilution. The spectrophotometric density was then deter-
mined hourly until completion of the experiment. GAS was grown in human
saliva as described previously (30). Saliva was collected on ice from healthy
volunteers as described in a Baylor College of Medicine Institutional Review

Board human subjects protocol (30). Pooled saliva collected from at least four
donors was used to minimize the effects of donor variation on the study results.

Carbohydrate transport assays. Strains MGAS5005, �malE, and comp�malE
were grown to the mid-exponential phase in CDM with the carbohydrate of
interest added at a concentration of 0.5%. The bacteria were collected by cen-
trifugation, washed, and suspended to obtain an OD600 of 0.5 in 160 �l CDM
lacking carbohydrates. Under these conditions a 1-ml suspension contained
1.75 � 108 GAS CFU. [14C]glucose (300 mCi/mmol; 200 �Ci/ml), [14C]maltose
(600 mCi/mmol; 200 �Ci/ml), and [14C]maltotriose (900 mCi/mmol; 100 �Ci/ml)
were purchased from American Radiolabeled Chemicals, St. Louis, MO.
[14C]maltose was determined to be �98% pure by thin-layer chromatography,
whereas [14C]maltotriose was found to be �90% pure (American Radiolabeled
Chemicals, personal communication). Forty microliters of a 14C-labeled sugar
was added to GAS cells at 37°C to obtain a final volume of 200 �l and a final
concentration of radiolabeled carbohydrate of 20 �M. At different times 40-�l
samples were removed and filtered on a 0.45-�m nitrocellulose membrane (Mil-
lipore), which was then rinsed twice with CDM lacking carbohydrates. Liquid
scintillation counting was used to determine the radioactivity retained on each
filter (Beckman model LS7500). For competition experiments, cells harvested in
the mid-exponential growth phase were suspended in CDM containing 100 �M
unlabeled carbohydrate prior to addition of the radiolabeled carbohydrate. For
kinetic studies, the final 14C-labeled sugar concentration was varied from 10 nM
to 50 �M. Samples were taken every 30 s for the first 120 s, a period during which
carbohydrate transport rates were found to be linear. All experiments were
performed in quadruplicate on at least two separate occasions.

GAS MalE overexpression and purification. The GAS malE gene encoding a
protein which lacked the putative secretion signal sequence and in which the
N-terminal cysteine was replaced by a glycine residue was previously cloned into
E. coli (17). Recombinant, soluble GAS MalE was overexpressed and purified to
apparent homogeneity as described previously, using the following modifications
(17). Briefly, the cell paste was resuspended in 10 mM Tris–1 mM EDTA (pH
8.0) and sonicated on ice for 15 min. The sample was centrifuged at 60,000 � g
for 30 min to pellet the cell debris and insoluble material. The NaCl concentra-
tion in the clarified lysate was adjusted to 100 mM, and the lysate was passed
through a DEAE column to absorb the unwanted material. The pass-through
material was diluted 15-fold and passed through a HiTrap Q column (GE
Healthscience). GAS MalE eluted between 45 and 150 mM NaCl on a 10 to 500
mM NaCl gradient. After this the eluted GAS MalE was purified further to
apparent homogeneity using sizing chromatography (Fig. 1).

Fluorescence spectroscopy. Fluorescence spectra were recorded with a Perkin-
Elmer model 204 fluorescence spectrophotometer that was connected to a com-
puter for digital recording. The excitation wavelength was 275 nm, and the
emission spectrum was scanned from 290 to 350 nm. An excitation wavelength of

FIG. 1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
analysis of purified recombinant GAS MalE. GAS MalE was cloned
and overexpressed in E. coli and then purified to apparent homoge-
neity as described in Materials and Methods. Proteins were separated
on a 12% polyacrylamide gel.
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275 nm was the maximum excitation wavelength based on the excitation scan (see
Fig. S1 in the supplemental material). The maximum emission wavelength was
determined from the scanned spectrum using curve fitting.

Isothermal titration calorimetry. Isothermal titration calorimetry (ITC) mea-
surements were obtained with a VP-ITC calorimeter (MicroCal LLC). The
purified protein was exchanged with the appropriate buffer (10 mM Tris [pH
8.0]–150 mM NaCl or 10 mM phosphate [pH 8.0]–150 mM NaCl) using sizing
chromatography. The same buffer was used to dissolve the solid carbohydrates to
obtain the desired concentrations. Typically, the protein was loaded into the
sample cell (volume, 1.4 ml) at a concentration of 5 to 10 �M. The maltodextrin
solutions were loaded into the injection syringe at a concentration between 50
and 100 �M. The typical amount injected was 8 to 10 �l, and the total injection
volume was 290 �l with 300-s spacing between consecutive injections. The in-
jection syringe was stirred at 290 rpm. The data were analyzed using Origin 7.0
(OriginLab) with an ITC customer add-on. The software analysis included con-
sideration of the stepwise dilution.

Statistical analysis. Growth data were compared using analysis of variance.
The results of radiolabeled carbohydrate uptake assays performed with 20 �M
carbohydrate were compared using linear regression. Apparent Km and Vmax

values for glucose, maltose, and maltotriose were calculated by nonlinear regres-
sion using GraphPad Prism 4 and the following equation: Y � (Vmax � X)/
(Km � X). Statistical significance was assigned at a P value of 0.05 using Bon-
ferroni’s adjustments for multiple comparisons when appropriate. Statistical
calculations were performed with the NCSS software, version 2004.

RESULTS

Strain MGAS5005 exhibits robust growth in maltodextrins
longer than maltose. In a previous investigation we found that
the GAS serotype M1 strain MGAS5005 grew in a chemically
defined medium with maltose as the sole carbon source (re-
ferred to as maltose-medium here) at a rate that was lower
than the rate in glucose-medium and to a lower final density
(31). Surprisingly, we found that strain MGAS5005 grew faster
and to a higher final density in maltotriose-medium than in
maltose-medium (Table 1). The growth of strain MGAS5005
in maltotriose-medium was essentially identical to the growth
in a medium containing glucose, the preferred carbon source
for many bacteria (Table 1) (24, 35). Importantly, the major
habitat for GAS in humans, the oropharynx, has high levels of
maltotriose and maltodextrins longer than glucose and maltose
as a result of starch breakdown by salivary �-amylase (14, 19).
We next determined whether the rapid growth of strain
MGAS5005 in maltotriose-medium was also observed in media
with longer maltodextrins as the sole carbon sources. The dou-
bling times and final concentrations of strain MGAS5005 in
maltotetraose-, maltopentaose-, maltohexaose-, and maltohep-

taose-media were not statistically different than those in mal-
totriose- or glucose-medium (Table 1). In contrast, compared
to growth with maltotriose or glucose, we observed increased
doubling times and lower final concentrations when strain
MGAS5005 was grown in lactose- or sucrose-medium. These
data indicate that strain MGAS5005 is able to utilize malto-
dextrins longer than maltose in a highly efficient manner, re-
sulting in growth that is faster and more robust than growth
with either maltose or other disaccharides.

Vmax of strain MGAS5005 for labeled maltotriose is higher
than Vmax for maltose. We previously established that strain
MGAS5005 transports less maltose than glucose when the
concentration of labeled carbohydrate is 20 �M (31). To ob-
tain further insight into the transport kinetics of glucose, malt-
ose, and maltotriose in strain MGAS5005, we determined Km

and Vmax values for the three carbohydrates using concentra-
tions ranging from 10 nM to 50 �M. Of the three sugars tested,
maltotriose had the lowest apparent Km (2.1 �M) (Table 2).
The maximum uptake rates for maltotriose and glucose were
not statistically different, whereas the Vmax for maltose was
significantly different than the Vmax for either glucose or mal-
totriose (P 	 0.001). Therefore, we concluded that the uptake
of radiolabeled maltotriose by strain MGAS5005 is faster than
the uptake of maltose and similar to the uptake of glucose.

MalE is needed for optimum growth of strain MGAS5005 in
maltodextrin-media. In a previous study, nonpolar inactivation
of GAS malE decreased growth in maltose-medium without
affecting growth in nutrient-rich broth or in glucose-medium
(31). In maltotriose-medium, strain MGAS5005 and the
comp�malE strain grew to final densities that were more than
twice that of the �malE isogenic mutant strain (Fig. 2A; see
Table S1 in the supplemental material). Importantly, the
�malE isogenic mutant strain was essentially unable to grow in
media in which the maltodextrin supplied was longer than
maltotriose (Fig. 2B; see Table S1 in the supplemental mate-
rial), whereas the wild-type and complemented strains grew
equally well. We observed no differences in growth of the three
stains in a medium containing either lactose or sucrose (see
Table S1 in the supplemental material). These data indicate
that MalE is needed for the optimal growth of strain
MGAS5005 in various media containing maltodextrins but is
not involved in the utilization of lactose or sucrose.

MalE is needed for optimum transport of maltotriose. To
test whether MalE participates in the transport of maltotriose,
we determined the Km and Vmax values for maltotriose for
the wild-type, �malE, and comp�malE strains. The Vmax of the
�malE strain for maltotriose was approximately one-third the
Vmax of the MGAS5005 or comp�malE strain for maltotriose
(Table 2). Similarly, inactivation of malE led to an increase in

TABLE 1. Growth of strain MGAS5005 in various media

Carbon
sourcea

Doubling time
(min)b

Final absorption
(mean 
 SD)c

THY 51.2 1.421 
 0.073
Glucose 57.2 1.214 
 0.121
Maltose 73.2 0.712 
 0.052
Maltotriose 59.6 1.266 
 0.082
Maltotetraose 64.3 1.144 
 0.105
Maltoheptaose 63.9 1.112 
 0.081
Maltohexaose 61.7 1.151 
 0.114
Maltoheptaose 65.4 1.141 
 0.092
Lactose 72.6 0.727 
 0.081
Sucrose 69.4 0.925 
 0.031

a Carbon sources were added at a concentration of 0.5% (wt/vol) to carbohy-
drate-free chemically defined medium.

b The doubling time was determined during the logarithmic phase of growth.
c The final absorption value is the OD600 in the stationary phase of growth.

TABLE 2. Transport of 14C-labeled sugars by group A Streptococcus

Strain
Apparent Km (�M)/Vmax (nmol/min/1010 CFU)a

Glucose Maltose Maltotriose

MGAS5005 4.5/135 12.5/67 2.1/127
�malE 4.3/131 16.3/43 17.3/41
comp�malE 5.1/142 11.5/72 1.9/139

a Apparent Km values were determined by assuming that transport follows
Michaelis-Menton kinetics.
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the apparent Km for maltotriose, from 2.1 �M in strain
MGAS5005 to 17.3 �M. Finally, consistent with previous ob-
servations, the �malE strain had slightly increased Km and
decreased Vmax values for maltose compared with the strain
MGAS5005 values (Table 2) (31). These data indicate that
MalE is required for the majority of but not all maltotriose
uptake by strain MGAS5005 and that MalE affects the uptake
of maltose, a finding consistent with our previous growth data
(31).

Inability to detect specific GAS MalE binding to maltose. E.
coli MalE binds maltose with a half-maximum concentration
(Kd) of �1 �M in an enthalpy-unfavorable, entropy-driven
reaction that results in an increase in the E. coli MalE maxi-
mum emission wavelength (9, 10, 40). Surprisingly, when malt-
ose was added to purified GAS MalE, we were unable to detect
a change in the shape of the GAS MalE fluorescence emission
spectrum, although the emission intensity appeared to be
slightly lower (data not shown). However, we were unable to
reliably estimate the decrease in the GAS MalE fluorescence
intensity with maltose because of a high degree of variability in
repeated measurements. Moreover, the decrease in the GAS
MalE fluorescence intensity with maltose was not saturable.
Even after addition of millimolar amounts of maltose, we con-
tinued to observe a decrease in the fluorescence emission in-
tensity. Next we performed ITC titration of maltose into GAS
MalE at several different temperatures to be sure that we were
not performing fluorescence spectroscopy at the isoenthalpic
temperature. This titration produced no discernible evidence
of binding between GAS MalE and maltose (data not shown).
We concluded that the interaction between maltose and GAS

MalE is nonspecific and either heat silent or too weak to be
detected by our methodology.

Purified GAS MalE binds maltotriose with submicromolar
affinity in an enthalpy-driven reaction. To obtain further in-
sight into the molecular basis of GAS maltodextrin transport,
we carried out biophysical characterization of the interactions
between the purified GAS MalE protein and various linear
maltodextrins longer than two glucose molecules. We initially
employed ITC measurements to determine the binding free
energy, binding enthalpy, binding entropy, and stoichiometry
of GAS MalE and various linear maltodextrins. Figure 3A
shows representative raw ITC data for maltotriose titrated into
GAS MalE at 12 and 24°C. The data suggest a 1:1 binding
model for GAS MalE-maltotriose at submicromolar affinity
(0.14 to 0.42 �M) (see Table S2 in the supplemental material).
In the temperature range used for our measurements (6 to
30°C), the binding of maltotriose by GAS MalE was enthalpy
(�H) driven and entropy (�S) unfavorable. The enthalpy
was almost independent of temperature (T), with a value of
�10.7 � 103 
 0.3 � 103 cal/mol. The estimated binding heat
capacity of GAS MalE-maltotriose binding was minimal, with
a value of �10 
 20 cal/mol/K (degrees Kelvin). These data
are essentially opposite those observed for E. coli MalE-mal-
totriose binding, which is enthalpy unfavorable and entropy
driven (40).

We also analyzed the temperature dependence of the affinity
of GAS MalE for maltotriose at temperatures ranging from 6
to 30°C (Fig. 3B). We calculated the van’t Hoff enthalpy (di-
rectly related to the slope of ln K [binding affinity] versus 1/T)
by determining the relationship between temperature and the

FIG. 2. MalE is vital to the ability of GAS to utilize maltodextrins.
OD600 values were determined at different times during growth in a
carbohydrate-free chemically defined medium supplemented with ei-
ther 0.5% (wt/vol) maltotriose (A) or 0.5% (wt/vol) maltotetraose (B).
The data are means 
 standard deviations for five independent exper-
iments.

FIG. 3. GAS MalE binds maltotriose with submicromolar affinity in
an enthalpy-driven reaction. (A) Negative binding enthalpy demon-
strated by representative ITC curves for GAS MalE binding with
maltotriose at 12 and 24°C. (B) Plot of �ln(K) versus 1/T, showing a
linear relationship. The van’t Hoff enthalpy was calculated from the
slope of the linear relationship to be �8.0 � 103 
 1.0 � 103 cal/mol.
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binding affinity of GAS MalE for maltotriose. Analysis of the
data generated yielded an estimated van’t Hoff enthalpy of
about �8.0 � 103 
 1.0 � 103 cal/mol (Fig. 3B). Considering
the potential experimental errors, we believe that the results of
the van’t Hoff enthalpy calculation are close to the calorimetric
enthalpy (less than 25% deviation from our ITC measurement,
�11 � 103 cal/mol) (12), thereby confirming the thermody-
namic measurements obtained initially.

GAS MalE binds linear maltodextrins up to seven glucose
molecules long with submicromolar affinity. To characterize
the interactions of GAS MalE with linear maltodextrins longer
than maltotriose, we obtained ITC measurements for GAS
MalE binding of maltotetraose, maltopentaose, maltohexaose,
and maltoheptaose. GAS MalE had a binding affinity for each
of the linear maltodextrins in the submicromolar range (Fig.
4). The binding of linear maltodextrins and GAS MalE is
enthalpy favorable (�H 	 0) (see Table S3 in the supplemental
material). As the length of the maltodextrin increased, the
enthalpy driving force decreased and the entropy driving force
(�S) increased in a compensatory fashion (Fig. 4). This re-
sulted in about the same binding free energy (�G), suggesting
that enthalpy-entropy compensation plays an important role.
The finding that there is increasing entropy with increasing
maltodextrin length is again directly opposite the results for E.

coli MalE, for which enthalpy increases and entropy decreases
when maltodextrins longer than maltose are bound (40).

GAS MalE binding of maltotriose and longer maltodextrins
results in a decrease in the maximum intrinsic fluorescence
wavelength. The maximum emission wavelength of E. coli
MalE increases upon binding to linear maltodextrins (9–11). In
light of our findings regarding the thermodynamics of GAS
MalE-maltodextrin binding, we hypothesized that GAS MalE
would exhibit a decrease in the maximum emission wavelength
when it was bound to linear maltodextrins. GAS MalE alone
had a typical bell-shaped emission spectrum with the maximum
wavelength (�max) around 325 nm when it was excited with
275-nm light (Fig. 5A). When maltotriose was added to GAS
MalE, the emission spectrum shifted such that the maximum
fluorescence occurred around 315 nm (�max, 315 nm), a de-
crease compared to the wavelength observed with GAS MalE
alone. When we plotted the change in �max versus the malto-
triose concentration (Fig. 5B), the Kd of maltotriose was
approximately 0.2 �M, which is very similar to the affinity
determined using ITC. Two other longer maltodextrins, mal-
totetraose and maltopentaose, were tested using the same ex-
perimental setup (Fig. 5C and D). For maltotetraose and mal-
topentaose, the binding affinities calculated using fluorescence
spectroscopy were again quite similar to those obtained using
ITC (0.3 and 0.4 �M). Therefore, similar to E. coli MalE, the
binding of linear maltodextrins to GAS MalE results in a shift
in the maximum fluorescence intensity, indicating that a con-
formational change occurs upon maltodextrin binding (10).
However, the fluorescence shift induced in GAS MalE is op-
posite that observed with E. coli MalE, a finding consistent
with the dissimilarities observed in the binding thermodynam-
ics of the two proteins.

GAS MalE does not strongly interact with �-cyclomaltodex-
trin, and GAS is unable to utilize cyclomaltodextrins for
growth. A hallmark of E. coli MalE is its ability to bind to a
variety of �-1,4-linked oligoglucosides, such as cyclic maltodex-
trins (9, 40). Serotype M1 strain MGAS5005 produces proteins
putatively involved in the creation and utilization of cyclic
maltodextrins (37). Therefore, we hypothesized that GAS
MalE would be able to bind cyclic maltodextrins and that cyclic
maltodextrins could serve as a nutrient source for GAS. How-
ever, similar to our findings with maltose, we were unable to
detect binding of 
-cyclomaltodextrin by GAS MalE using
either ITC or fluorescence spectroscopy (data not shown).
Analogous to our results with maltose, addition of 
-cyclo-
maltodextrin to GAS MalE resulted in a decrease in the max-
imum fluorescence intensity that was not saturable, indicating
that there was a nonspecific reaction. Moreover, when �-, 
-,
or �-cyclomaltodextrin was the sole carbon source in a chem-
ically defined medium, we detected no discernible growth of
strain MGAS5005 (see Table S1 in the supplemental material).
Therefore, we concluded that unlike E. coli MalE, GAS MalE
does not interact appreciably with 
-cyclomaltodextrins.

Transport of maltotriose is not inhibited by the presence of
maltose or �-cylcomaltodextrins. Our previous data indicated
that the transport of maltotriose is primarily mediated by MalE
and that the binding of MalE to maltotriose was very-high-
affinity binding compared to maltose and 
-cylcomaltodextrin
binding. As expected, preincubation of GAS cells with unla-
beled maltotriose led to nearly complete inhibition of labeled

FIG. 4. Enthalpy-entropy compensation. (A) Plots of �G (F), �H
(Œ), and �T�S (}) versus maltodextrins. The data show two trends of
enthalpy changes depending on the number of glucose units; one is the
rapid change from maltotriose to maltotetraose, showing the effect of
extra glucose moiety binding, and the other is the lack of change from
maltopentaose to maltoheptaose, indicating that the extra glucose no
longer contacts the protein. (B) Plot of �H versus T�S for all the
maltodextrins with a slope of 1, suggesting that there is an enthalpy-
entropy compensation effect that results in minimal change in the total
binding free energy.
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maltotriose transport (Fig. 6; see Table S4 in the supplemental
material). However, preincubation of GAS cells with either
maltose or 
-cyclodextrin did not significantly affect malto-
triose uptake. On the basis of these findings together with our
previous data, we concluded that, unlike E. coli MalE, GAS
MalE has a much higher affinity for maltotriose than for malt-
ose and 
-cyclomaltodextrin that results in the preferential
transport and utilization of linear maltodextrins longer than
two glucose molecules.

DISCUSSION

GAS is the leading cause of human bacterial pharyngitis and
may colonize the throat of up to 50% of school age children in
nonepidemic periods (1, 22). Despite extensive study over
many decades, much remains to be learned about the molec-
ular mechanisms used by GAS to colonize and infect the hu-
man pharynx. The studies reported here were conducted to
better understand the function of GAS MalE, a protein re-
cently shown to be critical to GAS colonization of the orophar-
ynx (31).

We were especially interested in comparing GAS MalE to its
well-studied homolog in E. coli. There were several reasons to
suspect that GAS MalE might have different structural and
functional characteristics than E. coli MalE. First, the level of

FIG. 6. Maltotriose uptake by GAS is not inhibited by maltose or

-cyclomaltodextrin. Serotype M1 strain MGAS5005 was grown to the
mid-exponential phase in a carbohydrate-free CDM supplemented
with 0.5% maltotriose. Cells were harvested by centrifugation, washed
with carbohydrate-free CDM, and suspended to an OD600 of 0.5.
Unlabeled 12C-carbohydrates were added at a concentration of 100
�M prior to addition of [14C]maltotriose at a final concentration of 20
�M. �, labeled maltotriose alone; F, labeled maltotriose plus unla-
beled maltotriose; ■ , labeled maltotriose plus unlabeled maltose; Œ,
labeled maltotriose plus unlabeled 
-cylcomaltodextrin (
-CD). Sam-
ples were removed at the baseline and every 30 s for 120 s and passed
through a 0.45-�m filter. The filters were washed twice with carbohy-
drate-free CDM, and liquid scintillation counting was used to deter-
mine the amount of radioactivity retained on each filter. The data are
means 
 standard deviations for four independent experiments.

FIG. 5. Fluorescence spectroscopy analysis of GAS MalE-maltodextrin binding. The samples (0.5 �M GAS MalE protein) were excited with
275-nm UV light, and the emission spectra were scanned from 290 to 350 nm. The samples were added along with progressively higher
concentrations of the maltodextrins, and then emission spectra were recorded. (A) Representative normalized GAS MalE fluorescence emission
spectra with various maltotriose concentrations. (B to D) Plots of ��max versus concentrations of maltotriose (B), maltotetraose (C), and
maltopentaose (D).
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homology at the amino acid level is relatively low (26% identity
and 42% similarity). Second, most E. coli MalE is found free in
the periplasmic space, whereas we have previously demon-
strated that GAS MalE is found on the GAS cell surface, which
is consistent with its predicted lipoprotein structure (17, 31).
Finally, the overall structure of the GAS maltose gene region
is distinct from that in E. coli (2, 6). No previous investigations
of purified MalE or related homologues have been conducted
with gram-positive human pathogens, and thus the ligand bind-
ing characteristics of GAS MalE were unknown prior to this
investigation.

As predicted, we found some similarities and several notable
differences between GAS MalE and E. coli MalE. First, like E.
coli MalE, GAS MalE has the capacity to bind to maltotriose
and maltodextrins up to and including maltoheptaose with high
affinity (9). However, whereas E. coli MalE also binds maltose
at a Kd of �1 �M, we were unable to demonstrate GAS MalE
maltose-specific binding even at millimolar concentrations of
maltose (33). Moreover, in contrast to E. coli, we found that
strain MGAS5005 grew more rapidly and to a higher final
density when maltodextrins longer than two glucoses were the
sole carbon source than when maltose was the sole carbon
source (43).

We also found that GAS incorporated radiolabeled malto-
triose more rapidly than it incorporated maltose and that the
majority of maltotriose transport was MalE dependent. There-
fore, we concluded that GAS MalE evolved to be highly effi-
cient for transport of maltodextrins at least three glucose mol-
ecules long at the expense of maltose binding.

The most dramatic difference that we observed between
GAS MalE and E. coli MalE was the nearly complete reversal
of the thermodynamic and fluorescent properties of ligand
binding. The interaction of E. coli MalE with ligands that are
subsequently transported, such as maltose, maltotriose, or
maltotetraose, results in an endothermic reaction and an in-
crease in the maximum emission wavelength (9, 40). In con-
trast, GAS MalE binding to maltotriose and other transported
ligands involved an exothermic reaction that resulted in a de-
crease in the maximum emission wavelength. These data sug-
gest that the mechanism of maltodextrin binding by GAS MalE
may be different from the mechanism employed by E. coli
MalE. Interestingly, the findings for GAS MalE are quite sim-
ilar to the findings obtained for hyperthermophilic pro-
karyotes, such as Pyrococcus furiosus (5, 26).

Our data raise the question of why GAS would evolve to
produce a maltodextrin binding protein that optimally binds
and initiates transport of maltotriose and longer maltodextrins
at the expense of maltose and cyclic maltodextrins. One pos-
sible explanation was provided by a functional analysis of sal-
ivary �-amylase, the major starch-degrading protein present in
the human oropharynx (25). Unlike pancreatic �-amylases,
salivary �-amylase does not create a significant amount of
glucose when it digests starch (14). Instead, the major products
are maltose, maltotriose, maltotetraose, and longer maltodex-
trins. Importantly, maltotriose and longer maltodextrins make
up more than 80% of the breakdown products resulting from
starch digestion by salivary �-amylase, meaning that maltose
production is limited (15, 19). Moreover, salivary �-amylase is
unable to break down maltotriose, which allows large quanti-
ties to accumulate on dentition and in saliva following food

ingestion (14, 15). Therefore, maltotriose and longer malto-
dextrins are relatively plentiful in the oropharynx compared to
maltose and glucose, which may provide an explanation for
why GAS developed a system tailored to the transport of
longer maltodextrins. Another explanation for the relatively
low affinity of GAS MalE for maltose is that GAS may employ
an additional non-MalE pathway for maltose uptake. In recent
studies of two gram-positive organisms, Enterococcus faecalis
and Bacillus subtilis, workers found that maltose uptake was at
least partially mediated by a phosphotransferase system (16,
28). Our data also suggest that there is a non-MalE pathway
for maltose transport in GAS, meaning that there would be
limited pressure on MalE to maintain a structure ideal for
maltose uptake.

The data presented here raise several questions regarding
maltose/maltodextrin in GAS. First, if purified GAS MalE
does not bind maltose, why would the �malE strain exhibit
decreased growth in a medium containing maltose and de-
creased uptake of radiolabeled maltose? GAS is known to have
numerous known and putative carbohydrate metabolism en-
zymes on its cell surface (4). Therefore, one explanation for
the effect of MalE on growth in a medium containing maltose
is that GAS may convert maltose to maltodextrins that are
subsequently transported via MalE. Another question raised
by our data is, why does GAS not grow well in maltose-me-
dium? It has been known for a long time that maltose aug-
ments intracellular iodophilic polysaccharide storage by GAS
(18). It may be that maltose-induced iodophilic polysaccharide
is detrimental to the growth of GAS. Finally, the fact that the
�malE strain exhibits some transport of labeled maltotriose
and growth on a medium containing maltotriose suggests that
there may be another mechanism for transport of maltotriose
into GAS other than a MalE-mediated pathway. Studies to
further delineate maltose/maltodextrin transport and utiliza-
tion by GAS are currently under way.

In conclusion, we studied the transport of malto- and cyclo-
maltodextrins by GAS MalE using a multimodal approach.
Our study demonstrated that GAS MalE has a different bind-
ing spectrum and different binding characteristics than E. coli
MalE. GAS evolved to produce a MalE protein that is highly
efficient at transporting maltotriose and longer maltodextrins,
perhaps because these carbohydrates are key nutrient sources
for GAS in vivo. Further investigations of the mechanisms of
microbial nutrient utilization are likely to yield new insights
into host-pathogen interactions.
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