
JOURNAL OF BACTERIOLOGY, July 1983, p. 97-106
0021-9193/83/070097-10$02.00/0
Copyright © 1983, American Society for Microbiology

Vol. 155, No. 1

Reconstitution of Maltose Transport in Escherichia coli:
Conditions Affecting Import of Maltose-Binding Protein into

the Periplasm of Calcium-Treated Cells
JOHANN M. BRASS,* ULRIKE EHMANN, AND BERND BUKAU

Department ofBiology, University of Konstanz, D-7750 Konstanz, West G&rmany

Received 7 January 1983/Accepted 19 April 1983

The reconstitution of active transport by the Ca2+-induced import of exogenous
binding protein was studied in detail in whole cells of a malE deletion mutant
lacking the periplasmic maltose-binding protein. A linear increase in reconstitu-
tion efficiency was observed by increasing the Ca2+- concentration in the
reconstitution mixture up to 400 mM. A sharp pH optimum around pH 7.5 was
measured for reconstitution. Reconstitution efficiency was highest at 0°C and
decreased sharply with increasing temperature. The time necessary for optimal
reconstitution at 0°C and 250 mM Ca was about 1 min. The competence for
reconstitution was highest in exponentially growing cultures with cell densities up
to 1 x 109/ml and declined when the cells entered the stationary-growth phase.
The apparent Km for maltose uptake was the same as that of wild-type cells (1 to 2
puM). Vmax at saturating maltose-binding protein concentration was 125 pmol per
min per 7.5 x 107 cells (30% of the wild-type activity). The concentration of
maltose-binding protein required for half-maximal reconstitution was about 1 mM.
The reconstitution procedure appears to be generally applicable. Thus, galactose
transport in Escherichia coli could also be reconstituted by its respective binding
protein. Maltose transport in E. coli was restored by maltose-binding protein
isolated from Salmonella typhimurium. Finally, in S. typhimurium, histidine
transport was reconstituted by the addition of shock fluid containing histidine-
binding protein to a hisJ deletion mutant lacking histidine-binding protein. The
method is fast and general enough to be used as a screening procedure to
distinguish between transport mutants in which only the binding protein is
affected and those in which additional transport components are affected.

It is often desirable to test the biological
function of proteins and nucleic acids by intro-
ducing them into cells. Since gram-negative cells
are surrounded by an outer and an inner mem-
brane, much effort has been expended to devel-
op conditions for making these membranes per-
meable to such large molecules (21, 22, 34). The
best-known example is transformation, during
which gram-negative bacteria take up DNA by
passive diffiision after Ca2+ treatment combined
with a temperature shift (6, 22, 30). Until recent-
ly, Ca2+ treatment was only used for DNA
import.
We have shown that pretreatment with Tris

and Ca2+ is a simple and gentle method for
making the outer membrane permeable to small
molecules like that of maltose (8). Under these
conditions, even proteins can be imported into
the periplasm, as demonstrated by the reconsti-
tution of maltose transport in the nonpolar dele-
tion strain HS3018 (AmalE maW) by the addi-

tion of maltose-binding protein (MBP).
Previously, the reconstitution of binding pro-
tein-dependent transport had only been
achieved by the addition of binding protein to
spheroplasts or isolated membrane vesicles of
mutant strains that were free of this protein (4,
15, 16, 20, 28). Reconstitution experiments with
whole cells, which are much easier and highly
reproducible, reflect a more natural situation.
The technique allows testing not only of the
binding protein interaction with inner membrane
transport proteins, but also of the interaction of
binding protein with outer membrane porins (X-
receptor [maltoporin]) in the case of maltose
transport. Here we present a detailed study of
the conditions affecting this process to charac-
terize this reconstitution procedure more close-
ly. We also describe experiments showing the
general applicability of this procedure to the
reconstitution of other binding protein-depen-
dent transport systems.
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TABLE 1. Bacterial strains and plasmids used
Strain/plasmid Genotype/phenotype Origin

E. coli
poplO80 HfrG6 lamB102 metA trpE(Am) galE galY Hofnung et al. (19)
popl740 HfrG6 malB12 his Hofnung et al. (18)
HS3018 F- AmaLE444 mall-l araD139 A(argF- Shuman (30a)

lac)U169 relAl rpsLI5OflbBS301 deoCI
ptsF25

JB3018-2 F- maM-l araD139 A(argF-lac)U169 relAl Brass, this study-mal+ transductant of
rpsLlSOflbBS301 deoCI ptsF2S HS3018

LA5539 F- lacY galE arg ptsF zee-700-TnlOfpk W. Boos, personal communication
LA6021 mgl-SOI Independent, spontaneous mgl mutants of

LA5539, GBP defective, selected by W.
Boos

LA6022 mgl-502
LA6028 mgl-503
pHG4 Tetr mgl+ pACYC184 derivative harboring the 6-

kilobase EcoRI fragment containing the
mgl region as described by Muller et al.
(24)

S. typhimurium
LT2 Wild type Ames and Lever (2)
TA271 hisF645 dhuAl Ames and Lever (2)
TA2918 AhisJ6776 Ames et al. (3)
TA1835 A(ubiX-dhuA-hisJ-hisP)5651 Ames et al. (3)

MATERIALS AND METHODS
Bacterial strin and growth medium. The bacterial

strains used are listed in Table 1. Overnight cultures
were grown in minimal medium A (MMA) (23) plus
0.4% glycerol and the appropriate supplements. Cells
grown on nutrient broth were also competent for
reconstitution. The efficiency of reconstitution, how-
ever, was lowet than that of the cells grown in minimal
medium.

Binding protein purification. Shock fluid (25) and
purified MBP (14) were prepared as described else-
where. All protein preparations were centrifuged for
20 min at 40,000 x g before lyophilization. Binding
protein activity was measured by the substrate binding
test as described previously (27).

Standard proedure for reconstitution of maltose
transport. The optimized conditions for reconstitution
were as follows. Cultures of strains HS3018
(AmalE444 malWl; nonpolar deletion in malE, consti-
tutive expression of the remaining malB genes) and
pop1740 (AmalB1l2, lacking all five malB genes) were
grown overnight at 37C in MMA plus 0.4% glycerol
(HS3018) or 0.4% glucose (pop1740) in such a way that
exponentially growing cells could be harvested the
next morning (optical density at 578 nm - 1). A total of
109 cells were spun down, the supernatant was decant-
ed, and the remaining drops of medium were removed
with a paper towel. The pellet was washed once with
ice-cold 100 mM Tris-hydrochloride buffer (pH 7.2)
containing 10 mM glycerol, 50 ,ug of chloramphenicol
per ml, and 250 mM CaCl2. (Washing with Ca2+-free
buffer resulted in a complete loss of the reconstitution
competence of the cells.) After centrifugation, the
cells were suspended in 50 ,ul of the same buffer (0°C)
and transferred to a new test tube containing 1 mg of
purified (14) and lyophilized MBP (final concentration,
20 mg/ml) or appropriate amounts of lyophilized crude

shock fluid. The suspension was shaken at 0°C from 30
min to 2 h; varying the incubation time over this range
did not influence reconstitution efficiency. The initial
rate of maltose uptake was determined after the cells
were washed free of MBP with 1 ml of 0.9%o NaCl at
room temperature.
For the determination of the initial rate of maltose

uptake, 1 x 109 AmalE cells treated as described
above or 5 x 108 wild-type cells were suspended at
room temperature in 1 ml of MMA containing 10 mM
glycerol and 50 ,ug of chloramphenicol per ml. At time
zero, ['4C]maltose (specific activity, 5.9 mCi/mmol;
final concentration, 6.75 ,uM) was added. Samples (150
IL1) were withdrawn at 10, 25, 40, 60, and 80 s, and the
cells were filtered onto membrane filters (0.65-,um
pore size; Millipore Corp.) and washed three times
with 5-mI portions ofMMA at room temperature. The
radioactivity of the dried filters was counted in a
toluene-based scintillation fluid.
We found that the ability ofMBP for restoration and

substrate binding could be differentiated by denatur-
ation. Although MBP easily renatures for its maltose-
binding activity after treatment with 4 M guanidine
hydrochloride and subsequent dialysis against buffer,
it remained entirely inactive with respect to transport
restoration.

Reconstitution of other binding protein-dependent
transport systems. For the reconstitution of galactose
transport, the cells were grown in LB (23) plus 10-3 M
fucose and subjected to the standard reconstitution
procedure, except that shock fluid (40 ,ug/ml) from a
mgl strain harboring plasmid pHG4 (galactose-binding
protein [GBP] overproducer; GBP content in this
shock fluid - 50% of the total protein) was added to
the cells (Table 2). The initial rate of galactose uptake
was determined as described for maltose uptake ex-
cept that [(4C]galactose (specific activity, 50 mCi/
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FIG. 1. Reconstitution of active maltose transport
in whole AmalE cells with purified MBP and crude
shock fluid. A total of I x 109 cells from an exponen-
tially growing culture of strain HS3018 (AmalE mal7P)
in MMA plus 0.4% glycerol (or 0.4% glucose in the
case of strain popl740 [AmalB]) were subjected to the
standard reconstitution procedure. After the cells
were washed free of Ca2' and MBP, maltose uptake
was measured. Symbols: *0, HS3018 without protein
in the reconstitution mixture; A, HS3018 plus 40 mg of
crude shock fluid per ml containing 20 mg ofMBP per
ml; *, HS3018 plus 20 mg of MBP per ml; O, HS3018
plus 20 mg ofMBP per ml in the reconstitution mixture
and 20 mM NaN3 in the uptake medium; x, popl740
plus 20 mg ofMBP per ml. The results are given as the
amount of maltose taken up by 7.5 x 10' cells.

mmol; final concentration, 0.4 ,uM) was added to the
uptake mixture, which contained only 1 x 108 cells per
ml.
For the reconstitution of histidine transport in Sal-

monella typhimurium, cells were grown in Vogel-
Bonner minimal medium (23) containing 0.4% glucose
and 40 ,ug of histidine per ml and subjected to the
standard reconstitution procedure, except that shock
fluid (40 mg/ml) from strain TA271 (constitutive
expression of histidine-binding protein) was added to
the cells (Table 2). The initial rate of histidine uptake
was measured by the protein incorporation assay
described by Ames (1).

RESULTS

Reconstitution of active maltose transport with
MBP. The calcium-induced permeability in-
crease of the outer membrane allowed the recon-
stitution of maltose transport in the nonpolar
deletion strain HS3018 (AmalE maW). This
strain lacks the periplasmic MBP but constitu-
tively expresses the remaining malB genes re-
sponsible for the active transport of maltose
(30a). Strain HS3018 had virtually no maltose
transport, whereas maltose transport could be
reconstituted in the same cells after pretreat-

ment with Tris buffer plus calcium containing
purified MBP (1 mgI50 ,ul of incubation mixture)
or crude shock fluid (2 mg/50 pA; MBP content,
about 1 mg/50 p1) from a maltose-induced lamB
strain (poplO8o) (Fig. 1).

In earlier reconstitution experiments under
suboptimal conditions, purified MBP was five
times less efficient than was crude shock fluid
containing equivalent amounts of MBP (7, 8).
With the new, optimized standard procedure
described below, purified MBP and crude shock
fluid had virtually the same activity (Fig. 1).
Therefore, in many of the following experi-
ments, crude shock fluid was used instead of
purified MBP.
MBP did not restore maltose transport in the

control strain (popl740), which carries a dele-
tion covering all five genes necessary for malt-
ose uptake (Fig. 1).
NaN3 (20 mM) completely inhibited maltose

uptake in reconstituted cells as it did in wild-
type cells. This demonstrates that the maltose
uptake in reconstituted cells is due to active
transport.
Calcium dependence ofreconstitution. The cal-

cium concentration was a critical factor in the
reconstitution of maltose transport. Cells incu-
bated with shock fluid at 0°C in Tris buffer (100
mM) alone were completely incompetent for
reconstitution. Reconstitution efficiency in-
creased linearly with increasing Ca2+ up to 400
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FIG. 2. Calcium dependence of reconstitution of
maltose transport. Samples of 1 x 109 cells from strain
HS3018 were subjected to the standard reconstitution
procedure except that different Ca2" concentrations
from 10 to 500 mM were used during washing and in
the reconstitution mixture. Shock fluid, containing 10
mg of MBP per ml was added to the reconstitution
mixture. After the cells were washed in 0.9%o NaCl,
the viability (0) (100%o = viability of cells in 100 mM
Tris, pH 7.2) and the initial rate of maltose uptake per
7.5 x 107 cells (0) were determined.
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FIG. 3. Influence of temperature on reconstitution
and viability. Samples of 2 x 109 cells from the AmalE
strain (HS3018) were subjected to the standard proce-
dure except that the cells were kept at the indicated
temperature during washing in Tris-Ca2" buffer and
during incubation in the same buffer with shock fluid
containing 10 mg of MBP per ml. As the control, cells
from a malE+ derivative (JB3018-2) were treated in the
same way except that shock fluid was omitted. After
the cells were washed in O.9o NaCl, the efficiency of
reconstitution in HS3018 (O) was determined and
expressed as picomoles of maltose taken up per min-
ute by 7.5 x 10' cells. In the control experiment with
JB3018-2 cells, the percent relative viability (A) and
the percent relative maltose transport activity (U)
were compared with those of JB3018-2 cells treated
with MMA (100lo).

mM. The viability of the cells remained high at
all Ca2+ concentrations (Fig. 2).

In control experiments with cells from a
malE+ derivative (JB3018-2) of strain HS3018,
the amount of MBP leaking out through the
outer membrane of Ca2+-treated cells was deter-
mined with anti-MBP-antibodies in Ouchterlony
double-diffusion plates. In contrast to cells treat-
ed for 2 h under suboptimal conditions (37°C, 25
mM Ca2+), where no leakage of MBP in wild-
type cells was observed (8), the exit of around
5% of total cellular MBP into the supernatant of
malE+ cells treated for 2 h under optimal condi-
tions (0°C, 250 mM Ca2+) was measured (data
not shown).
The possibility that the inner membrane of the

cells was also permeabilized by the Ca2+ treat-
ment was tested by adding [14C]maltose to cells
of strain pop1740, which is defective in maltose
uptake due to a malB deletion. The cytoplasm of
these cells did not equilibrate with external
[14C]maltose (150 ,uM) during 2 h of treatment at
0°C in the presence or absence of 250 mM Ca2'.
The internal maltose concentration reached only
7% of the external maltose concentration (data
not shown). This shows that the inner membrane
is not susceptible to permeabilization by the
standard reconstitution procedure.

Temperature dependence of reconstitution.
The temperature at which the cells were kept
during the incubation with Ca2' and shock fluid
strongly influenced the reconstitution efficiency.
The efficiency of reconstitution increased dra-
matically with decreasing temperature of the
reconstitution mixture (Fig. 3).

Control experiments were performed to clari-
fy whether this temperature effect was due to a
higher Ca2+-induced permeabilization of the
outer membrane at low temperatures or to other
factors, such as different viability of the cells at
different temperatures. The viability and the rate
of maltose transport of cells from a malE+
derivative (JB3018-2) of strain HS3018 were
measured after a pretreatment of the cells for 2 h
with 250 mM Ca2' at different temperatures and
compared with those of cells pretreated with
MMA at room temperature. In the range from 0
to 25°C, we found no great difference in viability
or maltose transport between the Ca2+-treated
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FIG. 4. pH dependence of reconstitution. Samples
of 1 x 109 cells from the AmalE strain (HS3018) were
subjected to the standard reconstitution procedure
except that the pH of the washing buffer and of the
reconstitution mixture was varied as indicated. Shock
fluid containing 10 mg of MBP per ml was added to
strain HS3018. The pH in the uptake buffer was kept at
7.1. As the control, cells from a malE+ derivative
(JB3018-2) were treated in the same way except that
shock fluid was omitted. After the cells were washed
in 0.90% NaCl, the initial rates of maltose transport
were determined in both strains. The values are given
as relative rates (in percent). Symbols: 0, HS3018,
100%o = 80 pmolUmin per 7.5 x 107 cells; 0, JB3018-2,
100lo = 450 pmol/min per 7.5 x 107 cells.
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FIG. 5. Time dependence of reconstitution of malt-
ose transport at 0 and 37°C. Cells (2 x 1010) from strain
HS3018 were subjected to the standard reconstitution
procedure except that the cells were suspended in 750
p1l of 10 mM Tris buffer (pH 7.2), containing 25 mM
Ca2?, 10 mM glycerol, and 50 ,ug of chloramphenicol
per ml. Shock fluid containing 5 mg ofMBP per ml was
added to the cells. After being shaken at 0°C (A) or
37°C (B) for the indicated times, samples of 50 ,ll of the
reconstitution mixture containing around 2 x 109 cells
were withdrawn. After the cells were washed in 0.9%
NaCl, the initial rate of maltose transport was deter-
mined.

malE+ cells and malE+ cells treated with MMA.
Above 25°C, however, both viability and trans-
port in Ca2+-treated cells decreased dramatical-
ly relative to MMA-treated cells. Thus, the low
efficiency of the procedure in the temperature
range between 25 and 45°C was due to a loss of
viability of the cells treated in 250 mM Ca2 . In
contrast, the low efficiency of reconstitution in
the temperature range from 10 to 25°C could be
due to suboptimal permeabilization of the outer
membrane. (At 25 mM Ca2 , no loss of viability
and only a slight decrease in maltose transport
activity [from 83 to 61%] were observed upon
increasing the temperature from 0 to 37°C [data
not shown].)
pH dependence of reconstitution. A sharp pH

optimum around 7.5 was measured for reconsti-
tution (Fig. 4). Wild-type cells showed nearly
normal maltose transport activity after pretreat-
ment in Tris buffer plus Ca2+ in the pH range
between 5.5 and 8. malE cells, however, showed
a very poor reconstitution competence in the pH
range between 5.5 and 6.5.
Time dependence of reconstitution. Under opti-

mal conditions (0°C and 250 mM Ca2+), reconsti-
tution proceeds rapidly. The kinetics of this
process could not be resolved, since the cells
were fully reconstituted within 1 min after the
addition of shock fluid (data not shown). There-

fore, we measured the process using a subopti-
mal Ca2+ concentration (25 mM). To test wheth-
er the more efficient reconstitution observed at
0°C was due to a more extensive permeabiliza-
tion of the outer membrane, we compared the
kinetics of reconstitution at 0 and 37°C. (As
mentioned above, at 25 mM Ca2+ the viabilities
of these cells were identical.) Reconstitution
increased much more rapidly in cells treated at
0°C (Fig. 5A) than at 37°C (Fig. SB). The slope of
the curve at 0WC was 10 times steeper than that
of the curve at 37°C, indicating a 10-fold-higher
rate of permeabilization. We also noticed a
striking difference in the plateau level of trans-
port after 3 h of reconstitution (three times lower
in the case of the 37°C cells).

Stability of maltose transport in reconstituted
cells. To determine the stability of maltose trans-
port, we subjected the malE cells to the opti-
mized standard reconstitution procedure but
measured transport after shaking the cells for
different times at room temperature in MBP-free
MMA containing glycerol (10 mM) and chloram-
phenicol (50 ,ug/ml). A twofold increase in the
initial rate of maltose uptake was observed after
incubation for 60 min in MMA, followed by a
slow decrease in activity during the next 2 h.
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FIG. 6. Stability of maltose transport in reconsti-
tuted cells. Cells (7.5 x 109) from strain HS3018 were
subjected to the standard reconstitution procedure of
applying shock fluid containing 10 mg (A) or 50 mg (0)
of MBP per ml. After the cells were washed in 0.9%
NaCl, however, they were suspended in 5 ml of uptake
medium and shaken at room temperature for the
indicated time periods. Samples of 1 x 109 cells were
then withdrawn and transferred to new uptake medi-
um, and the initial rates of maltose transport were
determined.
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Cells treated with high (100 mg/ml) and low (20
mg/ml) concentrations of shock fluid were equal-
ly stable (Fig. 6).

Influence of growth phase of the recipient ceUs
on reconstitution. Cells growing in MMA plus
0.4% glycerol (Fig. 7B) exhibited a rapid de-
crease in competence for reconstitution (Fig.
7A) as soon as the exponential growth of the
culture slowed at cell densities higher than 109/
ml (optical density at 578 nm = 1). This was not
due to a decrease in maltose transport per se in
stationary-phase cells, since stationary-phase
malE+ cells with and without Ca2' treatment
are fully active in maltose transport (data not
shown).

Fidelity of reconstitution as judged by the Km of
the maltose transport system. MBP introduced
into the periplasm during reconstitution ap-
peared to function normally in transport. Ca2+-
treated malE cells exposed to MBP in crude
shock fluid (20 mg/ml [equivalent to 10 mg of
MBP per ml]) exhibited a Km of 1.89 ,uM (Fig. 8)
as compared with a Km of 1 to 2 ,uM. for maltose
transport in wild-type cells (32).
MBP concentration optimum for reconstitution

of maltose transport in maLE cells. The concen-
tration optimum for MBP in the reconstitution
mixture was determined by adding various
amounts of purified MBP to AmalE cells. A
concentration of 45 mg of MBP per ml, equiva-
lent to 1 mM, was necessary for half-maximal
reconstitution of maltose transport at a saturat-
ing concentration of maltose (6.75 ,uM) (Fig. 9).
The extrapolated maximal rate of transport as a
function of the MBP concentration (Fig. 9) was
128 pmol per min per 7.5 x 107 cells, a value
which is around 30o of the rate of Ca2+-treated
cells from a malE+ maITM derivative of strain
HS3018 (Table 2).
General applicability of the Ca2+-dependent

reconstitution procedure for whole cells. The cal-
cium-dependent reconstitution procedure with
whole cells, described here in detail, appears to
be generally applicable (Table 2). (i) E. coli
HS3018 could be reconstituted with shock fluid
from maltose-induced S. typhimurium cells. The
S. typhimurium and E. coli shock fluids were
equally effective. (ii) The galactose transport of
E. coli LA6021 and LA6022, which lack GBP,
could be reconstituted by the addition of shock
fluid containing GBP. Strain LA6028, also lack-
ing GBP, could not be reconstituted. (iii) The
procedure is also applicable to S. typhimurium.
Histidine transport in S. typhimurium TA2918,
which lacks the histidine-binding protein, was
restored by the addition of shock fluid from
strain TA271, constitutively expressing histidine
transport genes (3). A deletion mutant covering
also the hisP gene (TA1835) could not be recon-
stituted.

DISCUSSION
In a previous paper (8), we introduced a novel

approach to successful binding protein-depen-
dent restoration of transport by adding binding
protein to whole cells that had been treated with
Ca2+ to increase the permeability of the outer
membrane to large molecules. We showed that
cells of a nonpolar malE deletion strain, which
lacks periplasmic MBP but constitutively ex-
presses the remaining malB genes (30a), were
partially restored for maltose transport activity
by the import of MBP into the periplasm. Ac-
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FIG. 8. Determination of the Km of maltose trans-
port in reconstituted cells. Samples of 1 x 109 cells
from strain HS3018 were subjected to the standard
reconstitution procedure of applying shock fluid con-
taining 10 mg of MBP per ml. The Km of maltose
transport was determined by measuring the initial
rates of maltose uptake at maltose concentrations
between 3 x 10-7 and 5.15 x 10-6 M.

cording to a recent proposed model of maltose
transport (30a), a buried maltose-binding site of
the MalF, G, K protein complex which is inac-
cessible in the absence of MBP becomes acces-
sible after interaction with maltose-loaded MBP.
In the present paper, we describe the optimized
reconstitution procedure (250 mM Ca", 0°C)
that drastically improves the efficiency of the
technique and present data that indicate that the
method can be extended to study the interaction
of other binding proteins with membrane-bound
proteins involved in the substrate transport.
With the new procedure (Fig. 1), the efficien-

cy of purified MBP (20 mg/ml) in the reconstitu-
tion of maltose transport was increased by a
factor of 50 compared with previously published
data (7, 8). The efficiency of crude shock fluid
containing the same concentration of MBP was
increased by a factor of 10. Thus, both prepara-
tions were now found to be equally effective
because of improved permeabilization of the
outer membrane. This result clearly shows that
the import of MBP alone is sufficient for the
reconstitution and rules out the possible involve-
ment of additional components in this type of
reconstitution experiment.
The improved permeabilization of the outer

membrane under optimized conditions was, in
part, due to higher Ca2' concentrations (250
mM) in the reconstitution mixture (Fig. 2). A
similar concentration optimum for Ca2+ (80 mM)
was measured for transformation in E. coli (33).
The other important factor responsible for the
improved reconstitution was the incubation of
the cells at a reduced temperature during the

reconstitution procedure. The efficiency of re-
constitution increased dramatically upon de-
creasing the temperature to O°C. A very similar
temperature dependence was observed in the
transformation of E. coli (33). A temperature
upshift to 42°C, however, which is usually ap-
plied in transformation, drastically decreased
the efficiency of reconstitution (data not shown).
The data shown in Fig. 3 indicate that the low
efficiency of the reconstitution procedure in the
temperature range between 25 and 45°C was due
to a loss of viability of the cells treated in 250
mM Ca2'. In contrast, the low efficiency of
reconstitution in the temperature range between
10 and 25°C, where no loss of viability or
maltose transport activity in the wild type was
observed, could be due to suboptimal permeabi-
lization of the outer membrane.
AmalE cells showed a high reconstitution

competence in the pH range between 7.0 and
8.0. Reconstitution was poor in the pH range
from 5.5 to 6.5 (Fig. 4). In contrast, maltose
transport in malE+ cells was normal after pre-
treatment with Ca2' at this pH. This may indi-
cate that the Ca2`-binding sites, which are re-
sponsible for outer membrane permeabilization,
are available only at neutral pH. The binding of
Ca2' to this site at acidic pH may be inhibited by
protonation. A very similar pH optimum was
measured for the transformation of E. coli (26,
33).
As in the transformation of E. coli (33), a

strong decay of the reconstitution competence
of the AmalE cells was observed at the end of
the exponential growth phase (Fig. 7). In con-
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TABLE 2. General applicability of the Ca2+-dependent reconstitution procedure with whole cells
Initial rate of transport' (pmol/min per

Relevant Concn (mg/ml) of 7.5 x 107 cells) of:
Strain genotype Treatment shock fluid (strain) Maltose Galactose Histidine

(6 x 10-6 M) (5 x 10-7 M) (3 x 10-e M)

E. coli
JB3018-2 malE+ MMA b 597

Ca2+ 423
HS3018 AmalE Ca2+ 0.22

Ca2+ 20 (poplO80) 94.8
Ca2+ 20 (LT2) 79.8

LA5539 mgl+ MMA 81.1
Ca2+ 6.7

LA6021 mgl Ca2+ 0.16
Ca2+ 40 [LA5709(pHG4)] 17.5

LA6022 mgl Ca2+ 0.00
Ca2+ 40 [LA5709(pHG4)] 20.4

LA6028 mgl Ca2+ 0.00
Ca2+ 40 [LA5709(pHG4)] 0.02

S. typhimurium
TA271 hisJ+ dhuA Vogel-Bonner 0.80

Ca2+ 0.56
TA1835 hisJ hisP Ca2+ 0.014

Ca2+ 40 (TA271) 0.00
TA2918 hisJ Ca2+ 0.29

Ca2+ 40 (TA271) 0.80
a Reconstitution and transport assays were done as described in the text.
b , None.

trast, in malE+ cells the rate of maltose trans-
port is highest in early stationary phase (data not
shown). The low reconstitution competence in
these cells could be due to the higher degree of
murein cross-linking observed in late exponen-
tial cultures (11).
The effects of Ca2+ concentration, pH, tem-

perature, and growth phase on the recipient cells
are strikingly similar for reconstitution (Fig. 2
through 4 and 7) and transformation (26, 33) in
E. coli. Since reconstitution depends only on the
permeabilization of the outer membrane, one
can conclude that ih transformation these fac-
tors also mainly influence the permeation of
DNA through the outer membrane.
The inner membrane is apparently not per-

meabilized to the same extent as the outer
membrane by treatment with 250 mM Ca2' at
0°C. This can be concluded from the high viabili-
ty of the cells (Fig. 3) and the fact that cells of a
malB deletion strain (popl740) could not be
loaded with [14Clmaltose by the Ca2+ treatment
for 2 h. In contrast, the equilibration of the
periplasmic space with MBP appeared to be
complete after 60 min at 25 mM Ca2+ and 0°C
(Fig. 5A) and after 1 min at 250 mM Ca2+ and
0°C (data not shown). Our earlier report about
the import of the malT gene product into the
cytoplasm (7) could not be verified.
A possible explanation for the higher suscepti-

bility of the outer membrane to Ca2"-induced
permeabilization is that the outer membrane is
linked covalently (via lipoprotein [9, 17]) and
noncovalently (via the porins [29]) to the rigid
murein layer. Microlesions in the outer mem-
brane may result from the fact that these bonds
do not allow shrinkage of the membrane after
the binding of Ca2+ to negatively charged lipo-
polysaccharide or phospholipid molecules.
Ca2-induced shrinkage of artificial membranes
has been reported earlier (10).
MBP molecules that enter the periplasm stay

active in this compartment and do not leak out
upon washing and transfer into a new medium.
This can be concluded from the high stability of
maltose transport in these cells (Fig. 6). The
increase in maltose transport which was ob-
served in h 1 after reconstitution may be due to a
better energization of the cells after this time.
The fact that only very slow leakage ofMBP was
observed suggests that MBP is bound in the
periplasm or that the outer membrane loses its
leakiness after transfer to Ca2+-free medium or
both.
The Km for maltose in reconstituted transport

(2 ,M; Fig. 8) is identical to that of wild-type
cells (32). This shows that the reconstitution
procedure is a gentle method allowing the nor-
mal function of all components involved in malt-
ose transport. The high affinity clearly demon-
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strates that reconstitution experiments with
whole cells not only allow testing of the interac-
tion of MBP with the inner membrane MalF, G,
K protein complex but also allow testing of the
interaction of MBP with the outer membrane
maltoporin. This latter interaction was shown to
be required for the high affinity of the maltose
transport system in wild-type cells (13, 35). The
physical interaction of MBP and maltoporin has
been directly demonstrated recently by affinity
chromatography (5). It is interesting to note that
lamB derivatives of strain HS3018 showed a
reduced (10%) competence for reconstitution
(maltose transport was measured at 10-4 M;
data not shown). Experiments are in progress to
decide whether the reduced reconstitution is due
to the reduced import ofMBP into the periplasm
of lamB cells or to the increased exit of MBP
after transfer into MBP-free medium.
The concentration of purified MBP necessary

for half-maximal reconstitution of maltose trans-
port in AmalE cells (1 mM; Fig. 9) comes very
close to the estimated MBP concentration in the
periplasm of maltose-induced wild-type cells
(12). This high concentration may reflect the
affinity of MBP for interaction with one of the
other four maltose transport proteins. Prelimi-
nary experiments suggest that the component
with the lowest affinity for MBP is the malto-
porin.
The reconstitution procedure appears to be

generally applicable, since other binding pro-
tein-dependent transport systems could also be
reconstituted (Table 2). The method is fast and
easy enough to be used as a screening procedure
to distinguish transport mutations affecting only
a periplasmic binding protein (LA6021, LA6022,
and TA2918) from those also affecting additional
transport components of the respective trans-
port system (LA6028 and TA1835).
Thus, the Ca2+ treatment described here rep-

resents a gentle method of permeabilization of
the outer membrane, allowing a variety of mac-
romolecules access to the periplasm. The inter-
action of soluble binding proteins with mem-
brane-bound proteins involved in transport or
chemotaxis can now be studied in detail with the
advantage of defining the Kd of this protein-
protein interaction in vivo.
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