








14318

the growth medium (19), presumably because of proteolysis.
This proteolysis 1s more pronounced in the cytoplasm than in
the periplasm, more pronounced in the stationary than in the
logarithmic phase, and more pronounced in minimal than in
rich medium. In late stationary phase, where cell fractionation
i1s least plagued by cross-contamination because of labile
spheroplasts, the total activity of pAP503 and 504 becomes
too low for accurate determination. The relative activities of
the mutants with respect to each other are, however, repro-
ducible under defined conditions.

LDsy Values—The LD5o values of all mutants are listed in
Table I, from which it can be seen that all mutant 3-lacta-
mases confer substantial resistance to ampicillin. This finding
1s only consistent with enzyme translocation across the inner
membrane, since nontranslocated enzyme is known to confer
no resistance to B-lactams whatsoever (14). A correlation
between total catalytic activity and the LD;o, can be obtained
(55) (data not shown) that is consistent with the proteins
having been translocated across the inner membrane. We
conclude from these in vivo data that a substantial fraction
of each of the mutants must be transported to the outer face
of the inner membrane or may be released into the periplasm.

Cell Fractionations with Immunoprecipitation—Cells were
fractionated into three “compartments,” periplasm, cyto-
plasm, and membrane, as described under “Experimental
Procedures.” Each fraction was analyzed by immunoprecipi-
tation and gel electrophoresis. In each set of fractionations,
the wild type and the —20,—1 mutant, from which the signal
has been almost completely deleted (19), were included as size
markers and as controls for the quality of the fractionation
procedure. Where appropriate, the deletion —11,—1 was also
included as a size marker. Typical autoradiographs are shown
in Fig. 3. The results of these fractionations are listed in Table
I and can be summarized as follows. The revertant R4a
behaves like the wild type. This sequence can be considered

TABLE [
Mutant phenotypes
Mutant®  Activity’ LD G:;;Eh Processing® Location’
vz ug/mi

pTG2 100 >4000 + + P
-11,—1 o7 3) -+ - C
—20,—1 106 5 + — C
pAP501 14 500 + -+ p
pAP502 24 700 + + D
pAP503 8 100 -+ - c,m,(p)
pAP504 8 100 + — ¢,m,(p)
pAP505 23 500 + + p

R4a 18 400 + + p

R3a 14 400 + — c,m
R8a 15 400 + — c,m
R15a 20) 700 + — c,m

“Deletions are specified by the residue numbers of the first and
last amino acids that are missing. The signal sequence is numbered
from —23 (Met) to —1 (Gly), and the mature protein from +1 to +263.
The other mutants are defined in Figs. 1 and 2. pTG2 specifies the
wild type (Ref. 15).

®In French press lysates, compared to wild type (pTG2).

° Determined in broth, using ampicillin.

“The symbol + signifies normal growth within one standard de-
viation from wild type.

* Determined from the size of the 3-lactamase species on denatur-
ing gel electrophoresis.

/ Summary from cell fractionation experiments (Fig. 3) and conclu-
sions from experiments in Tables II and III. The symbol p signifies a
periplasmic location, ¢, cytoplasmic, and m, membrane. A parenthesis
signifies a minor portion at this location.
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a deletion of the first two amino acids of the mature protein
(which we constructed previously and determined to be trans-
located and cleaved (19)) with a simultaneous substitution of
the COOH-terminal signal sequence residues from Phe-Gly
to Leu-Ala. This substitution 1s conservative (16-18), and the
sequence remains fully functional. Most interesting i1s the
behavior of the other three revertants R3a, R8a, and R15a.
Although we had observed a substantial in vivo resistance to
ampicillin, the protein fractionates entirely with the sphero-
plasts and is not cleaved (Table I). These two findings are
only consistent with a membrane location of these revertants
such that the active site is capable of hydrolyzing periplasmic
B-lactams. Anchoring by the uncleaved signal would be a
likely way of achieving such a location.

The cell fractionation of the constructions with two com-
plete signals 1n series (pAP501 and 502) shows a protein band
of the size of the mature protein in the periplasmic fraction.
This demonstrates that, although these constructions contain
two cleavage sites, cleavage occurs quantitatively after the
second, and folded precursor protein cannot be obtained this
way. While this work was In progress, a similar observation
was reported on another protein (56). Under the conditions
of the labeling experiment, no intermediate band of the size
of the precursor accumulates, leaving open the question of
whether or not both signal peptidase sites are attacked se-
quentially.

In the case of a truncated downstream signal, the three
constructions differ in the availability of a processing site
after the first signal (Fig. 1). The plasmids pAP503 and 504
do not possess such a site, whereas pAP505 does. The frac-
tionation results reflect this. A protein of the size of the
processed deletion mutant —1,—11 is found in the periplasm
for pAP505, indicating cleavage after the first signal and
release into the periplasm of an active, soluble protein con-
taining a truncated signal. In contrast, for pAP503 and 504,
immunoreactive bands are observed in the cytoplasmic frac-
tion and (for pAP503) in the membrane fraction as well, but
only very little is found in the periplasm. The expression of
pAP504 appears a little weaker so that only the main cyto-
plasmic band is visible. The distinction between “membranic”
and “cytoplasmic” fraction from these experiments alone
would be difficult since a weak association with a membrane
may not survive the fractionation procedure. We deduce from
the combination of resistance and fractionation data, how-
ever, that a large portion of the §-lactamase from pAP503
and 504 is membrane associated even though some of it may
be lost from the membrane into the cytoplasmic fraction upon
cell fractionation. The important point of these results is the
correlation between the fractionation data and the in vivo
measurements of ampicillin resistance. Both of these plasmids
confer high resistance to #-lactams (Table I) indicating that
the enzymes are active and their active sites are accessible to
B-lactams in the periplasm. We conclude, therefore, that a
large fraction of these mutant proteins encoded by pAP503
and 504, similar to the revertants R3a, R8a, and R15a de-
scribed above, remains anchored to the outer face of the inner
membrane in an enzymatically active state.

Cell Fractionations with Activity Determinations—To dem-
onstrate the location of the gene products on the outer face
of the iInner membrane, protease accessibility experiments are
traditionally used (57). The active, folded form of 3-lactamase
1s, however, very protease resistant, and the catalytic activity
was therefore localized as such. For this purpose cell fraction-
ations were carried out, and enzymatic activity was deter-
mined in all cell fractions. A substantial activity in the unlysed
spheroplasts, when compared with suitable controls, would
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Fi1G. 3. Cell fractionation of sample mutants. For each mutant, three fractions were applied to the gel: c
(cytoplasm), p (periplasm), and m (membrane). The conditions for the cell fractionation and the gel electrophoresis
are described under “Experimental Procedures.” The symbol s (standard) signifies wild-type B-lactamase (pTG2)
as a size marker.

TABLE 1l
B3-Lactamase activities of revertants

Relative activities of various fractions in cell fractionation experiments. The first number in each column
indicates the (B-lactamase activities related to the French press lysate of the wild type (Fraction of wild type, F'r.
of w.t.). The French press lysate of the wildtype is set to 1.0. The second number in each column in parentheses
relates each faction to the French press lysate of the particular mutant and is expressed in percent (percent of
French press, % of F.P.).

. French . Cytoplasm/ Unlysed
Mutant press Periplasm Cytoplasm Triton spheroplasts
Er. of w.t. Fr. of w.t. Fr. of w.t. Fr. of w.t. Fr. of w.t.
(% of F.P.) (% of F.P.) (% of F.P.) (% of F.P.) (% of F.P.)
pTGEb 1.0 (100) 0.90 (90) 0.068 (7) 0.047 (5) 0.08 (8)
—20,—1 0.64 (100) 0.015 (2) 0.56 (88) 0.663 (103) 0.068 (11)
R3a 0.21 (100) 0.0023 (1) 0.036 (17) 0.072 (34) 0.065 (31)
R8a 0.23 (100) 0.0026 (1) 0.055 (24) 0.083 (36) 0.068 (30)
R15a 0.29 (100) 0.0027 (1) 0.049 (17) 0.102 (35) 0.068 (24)

“ Mutants are specified as described in Table I and Figs. 1 and 2.
*pTG2 specifies the wild type.

III. Fractionation of the revertants R3a, R8a, and R15a all
show very similar levels of activity in intact spheroplasts, in
spheroplasts lysed by osmotic shock, or in Triton-solubilized

directly demonstrate the location of the protein on the outer
face of the inner membrane, as well as its correct folding. The
results of these experiments are summarized in Tables II and
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TABLE 111
3-Lactamase activities of double signal mutants

Relative activities of various fractions in cell fractionation experiments. The first number in each column
indicates the §8-lactamase activities related to the French press lysate of the wild type (Fraction of wild type, Fr.
of w.t.). The French press lysate of the wild type is set to 1.0. The second number in each column in parentheses
relates each fraction to the French press lysate of the particular mutant and is expressed in percent (percent of

French press, 7% of F.P.).

Mutant® F;:élscsh Periplasm Cytoplasm Cyﬁ?ﬁiiimz SDE;E;FitS
Fr. of w.t. Fr. of w.t. Fr. of w.t. Fr. of w.t. Fr. of w.t.
(% of F.P.) (% of F.P.) (% of F.P.) (% of F.P.) (% of F.P.)
pTG2° 1.0 (100) 0.77 (77) 0.057 (6) 0.058 (6) 0.069 (7)
—20,—1 0.55 (100) 0.0096 (2) 0.41 (74) 0.44 (80) 0.048 (9)
-11,—1 0.35 (100) 0.0038 (1) 0.15 (42) 0.099 (28) 0.031 (9)
pAP501 0.075 (100) 0.058 (77) 0.0095 (13) 0.0077 (10) 0.0094 (12)
pAP502 0.14 (100) 0.10 (73) 0.011 (8) 0.0104 (7) 0.012 (9)
pAP503 0.038 (100) 0.0064 (17) 0.0063 (17) 0.0079 (21) 0.021 (55)
pAP504 0.016 (100) 0.0020 (13) 0.0021 (13) 0.0015 (9) 0.013 (77)
pAPH05 0.13 (100) 0.096 (75) 0.014 (11) 0.012 (9) 0.012 (9)

“ Mutants are specified as described in Table I and Figs. 1 and 2.

*pTG2 specifies the wild type.

spheroplasts. These results indicate that the active site of the
enzyme 1is accessible to the outside of the spheroplasts. In the
control experiments using the mutant —20,—1 in which most
of the signal sequence has been deleted, only a small fraction
of the total activity of the lysed spheroplasts is accessible in
intact spheroplasts, indicating a cytoplasmic location of the
enzyme. The wild type carrying pTG2 has, as expected, almost
all of the B-lactamase activity in the periplasmic fraction.

The effectiveness of the fractionation protocol is limited by
two problems: First, early log phase cells of the mutant strains
all show higher relative catalytic activity with respect to pT'G2
than do stationary phase cells. The spheroplasts are, however,
rather labile, making these fractionations difficult. Late sta-
tionary phase cells can be fractionated more reproducibly, but
the catalytic activities of the poorly expressed revertants are
too low for accurate activity determinations, possibly due to
protease degradation. As an acceptable compromise, we used
cells harvested in early stationary phase.

Most (>97%) of the catalytic activity determined in a total
French press lysate can be recovered in the appropriate frac-
tion in the controls pT'G2 and —20,—1. In the case of the
pseudo-revertants, however, only about one-third of the total
activity found in the lysate is recovered in the cell fractions
of the same mutant, even in the presence of detergent. Several
control experiments demonstrated that a lysis of whole cells
under standard fractionation conditions (high concentration
of cells, resuspended in hypertonic medium in the presence of
excess EDTA) leads to decreased recoveries of activity for -
lactamase from all locations (periplasmic, cytoplasmic, and
membrane). Similar results are obtained when spheroplasts
are subjected to lysis in the French press. The loss of activity
is less when Mg“* is added to the hypertonic solution and also
if the French press lysis is carried out at lower cell densities.
Neither of these modifications can be used in actual cell
fractionations, however, since a minimum cell density is nec-
essary to detect the low activity of some mutants, and incom-
plete release of cytoplasmic protein is observed in the presence
of Mg**. The possibility that the spheroplast buffer itself is
responsible for lower (-lactamase activities was eliminated
with suitable controls. It seems likely that in hypertonic
medium, some membrane aggregation or vesicle formation
occurs at high cell densities, and this makes some of the
enzyme 1naccessible to substrate.

For the double signal sequence constructions, the results

are summarized in Table III. For pAP501, 502, and 505, a

fractionation similar to the wild type is observed with a similar
percentage yield of activity. Again, the important cytoplasmic
control —20,—1 shows only negligible leakage during cell frac-
tionation. These results are then consistent with a periplasmic
location of the gene products of the constructions pAP501,
502, and 505. In contrast pAP503 and 504 contain the greatest
activity in the unlysed spheroplasts, even more than upon
lysis by osmotic shock or by Triton treatment. These findings
are consistent with a location of these mutant proteins pre-
dominantly on the outer face of the inner membrane, just as
for the revertants R3a, R8a, and R1ba. It is difficult to
determine experimentally whether the small amount of activ-
ity found in the periplasm is released in vivo or is a conse-
quence of the cell fractionation.

Growth Rates—Cell growth rates were determined for all
transformants, in order to detect any effects of the mutant
proteins on other cellular processes. Since the 8-lactamase is
not essential for cell growth or survival in the absence of 3-
lactam antibiotics, only the impaired transport of other, es-
sential proteins explains a low growth rate for g-lactamase
mutants (19). In the present case 1t was of particular interest
to determine whether a membrane location of B-lactamase
could impair other cellular functions and cause a decreased

pTG2 -11-1 -20-1 501 502 503 504 505

—
--—
S

FiG. 4. Analysis of sample mutants by the maxicell tech-
nique. Irradiated cells were treated for 30 min with [*’S]methionine
for 15 min at 37 °C, lysed, and applied to acrylamide electrophoresis
as described under “Experimental Procedures.”
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erowth rate. Under the conditions of the experiments (E. coli
host strain DHI1, rich medium 2YT, growth temperature
37 °C), no significant decrease in growth rate was observed
for any of the plasmid constructions (see Table I). This
indicates a surprising tolerance of E. colt toward extraneous
protein on the outer face of its inner membrane.
Maxicells—To confirm the data on cleavage by the signal
peptidase, the mutants pAP501-505 were also analyzed in
maxicells (Fig. 4), especially since antibody precipitation of
pAP503 and 504 resulted only in very weak bands. The results
are entirely consistent with the other data. Signal processing

occurs for pAP501, 502, and 505 but not for pAP503 and 504.

DISCUSSION

We have obtained, both by construction and selection pro-
cedures, mutants of 3-lactamase that remain anchored to the
outer face of the inner membrane. There are two significant
observations about these mutants. First, they are enzymati-
cally active, and second, their expression does not cause any
harmful effects to the cells that harbor them. The NH,
terminus of 3-lactamase may be extended without elimination
of activity (19, 58). This finding is consistent with the recently
published crystal structure (59). We show here that catalytic
activity is still maintained even if the NH, terminus is mem-
brane associated. On the one hand we obtained revertants in
which a completely altered polar COOH-terminal portion of
the signal, devoid of any signal peptidase recognition site,
causes the signal to be uncleavable. On the other hand we
specifically constructed transported proteins with truncated
signals, with similar results. The completely unrelated signal
sequence of the pseudo-revertants, whose only notable feature
is a lack of charged amino acids, appears not to inhibit
transport. We must conclude, therefore, that for the initiation
of transport through the membrane only the NH,-terminal
charged part of the signal, and a sufficiently long hydrophobic
portion is necessary. It is the sequences further downstream
that determine the further fate of the protein. The results
obtained here can be contrasted with our earlier findings (19,
55), in which deletions of more than seven amino acids from
the COOH terminus of the signal were found to prevent
translocation of the protein. We show here, by the fusion of
another, complete signal NH,-terminal to the truncated one,
that the protein with the truncated signal is not itself refrac-
tory to transport. While both in the deletion mutants (with a
single signal, Ref. 19) and in the revertants described here
the signal peptidase recognition sequence is absent, the hy-
drophobic core sequence is much shorter in the deletion
mutants tested previously, and this 1s the most likely cause
of the different translocation behavior. Note that the
COOH-terminal part of the signal sequence in the revertants
does not contain any charged amino acid, and its amino acid
composition i1s somewhat similar to that of natural signal
sequences. In the deletion mutants of the COOH-terminal
part of the signal, however, charged amino acids were intro-
duced by the beginning of the mature protein. The amino
acids following the hydrophobic core may thus determine the
transport and release of the protein to the periplasm.

The question then arises whether release from the mem-
brane into the periplasm is dependent upon a functional signal
peptidase recognition site. We believe that this is not neces-
sarily the case, since we have previously shown (55) that
mutants appear to be released to the periplasm without cleav-
age of the signal. We cannot rigorously prove that the previ-
ously described mutants are found in the periplasmic fraction
because of a true release in vivo since the protein might be
released upon cell fractionation if the association to the
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membrane 1s very weak. It must be noted, however, that in
those mutants (55) almost all of the activity was found in the
periplasmic fraction whereas in the mutants described here,
no activity (R3a, R8a, and R15a) or only a very small per-
centage (pAP503 and pAP504) appeared in the periplasmic
fraction. This reproducible difference in fractionation behav-
1or must be caused by a different property of the proteins. We
suggest, therefore, that the previously described mutants (55)
are largely released to the periplasm in vivo whereas only
small fractions of the double signal constructions (pAP503
and pAP504) are released, and the revertant proteins (R3a,
R8a, and R15a) are not found in the periplasm. It appears,
therefore, that it is not necessarily the act of signal cleavage
that permits release of the protein to the periplasm, but the
signal “joining” sequence itself may permit the release of some
preproteins but not others. Its structure may determine
whether a preprotein can remain anchored to the membrane
after the translocation step is completed.

None of the constructs described here have any measurable
effect on the growth rate (which reflects, presumably, the
effect on the transport of other, essential proteins) whereas
some of our earlier mutants do have severe pleiotropic con-
sequences (19, 55). Very small deletions (for example, of either
residue +1 or —1) were found to have drastic effects on the
growth rates (19). It is surprising that the expression of these
new “membrane proteins” in E. coli has no ill effect on the
cells. Since there must be a finite number of sites for protein
secretion (possibly the SecY/SecA complex), the mutant 3-
lactamase molecules must be able to dissociate from these
sites of translocation and become anchored in the lipid bilayer
without great structural disturbance to the membrane as a
whole.

We must then pose the question of why other uncleavable
mutants of (-lactamase have such drastic consequences on
cell growth (e.g. point mutants mpl15, mpl7, and mp63 (Ref.
55) and especially deletions —1 and +1 (Ref. 19)). Since these
point mutants are close analogs of the wild type, their signal
sequences may be competitive inhibitors of signal peptidase
(19), whereas the constructs reported here may be so different
at the signal peptidase recognition site that binding to the
enzyme does not occur. This 1s plausible for R3a, R8a, and
R15a and for the (absent) second cleavage site of pAP505. It
is not clear, however, why pAP503 and pAP504 behave so
different from the mutant —1, when a very similarly truncated
first signal is present. The reconciliation of these differences
must involve the sequence following the first signal, but we
cannot yet provide a plausible molecular explanation. It is
known (60) that the presence of signal peptidase is essential
for growth, and inhibition of this enzyme may well interfere
with normal essential cellular traffic. Alternatively, we cannot
yet rule out that the protein conformation around the signal
cleavage site may in some mutants slow down translocation,
e.g. by preventing proper hairpin formation or proper recog-
nition by a transport component.

Another deduction from these experiments is that a NHo-
terminal extension of the B-lactamase neither abolishes activ-
ity nor prevents protein folding. This does not imply that the
folding kinetics and thermodynamics of the pre-S-lactamase
are necessarily identical to the mature S-lactamase, but it
shows that the protein can eventually reach an active, folded
state even 1n the presence of various NH;-terminal extensions.
This finding stands in contrast to several observations in
yeast, where no enzymatic activity of the g-lactamase precur-
sor was found (11, 61, 62). In yeast the precursor has, however,
presumably not traversed any membrane. The signal may
thus influence the folding kinetics in the cytoplasm and/or
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alter the folding pathway such that the native structure can
only be achieved after passage through a membrane. Alter-
natively, a cytoplasmic factor may influence the folding of the
precursor protein. It can be deduced from the experiments
described here that cleavage of the signal is not necessary for
the folding of the protein on the periplasmic face of the
membrane. Rather, it appears that the membrane anchoring
of the signal permits the rest of the protein fold into an
enzymatically active state.
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