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Fig. 4. Refolding kinetics of pre-G-lactamase. (A) The enzyme activity
1s shown (in arbitrary units) as a function of time after dilution into
the refolding cocktail. A time course typical of several independent
refolding experiments in shown. (B) Replot of the data for a reversible
first-order process. The zero point corresponds to the plateau in (A),
but it was not used in the calculation of the least squares fitted line.
The line, together with the small raptd phase implied by (B) was used
to generate the curve in (A).

as yet no information on the presence of different kinetic
phases.

Therefore, we can conclude that it 1s the presence of the
signal sequence that causes a slow folding rate. The reduced
cysteines have, in contrast, no global effect since the folding
rates of the reduced wild-type protein and the Cys— Ala
mutant protein appear identical.

Discussion

We have developed a method to purify the precursor of
3-lactamase to homogeneity in milligram quantities. This
method does not depend on any affinity property of
3-lactamase, involves only denatured forms of the protein
and should, with few modifications, be applicable to other
proteins. We can thus directly demonstrate that pre-(G-
lactamase can fold to an enzymatically active torm, which
must be thermodynamically stable. Our experiments show
that, at least under the conditions tested, a simple dilution
of the denaturant produces only a low yield of enzymatically
active protein. The folding intermediates of the precursor
may be especially prone to aggregation and a refolding
cocktail had to be developed to increase the yield. Con-
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Fig. 5. Refolding kinetics of reduced mature $-lactamase and the
3-lactamase Cys— Ala double mutant protein. Typical time courses of
several independent refolding experiments are shown. (A) The wild-

type enzyme was reduced and denatured in 8 M urea containing
10 mM DTT for 1 h and then diluted into the refolding cocktail.

(B) The Cys— Ala double mutant 8-lactamase was denatured in 8 M
urea for 1 h and then diluted into the refolding cocktail. The ordinates
indicate the refolding yield measured by enzymatic activity.

celvably, detergent molecules present in the cocktail bind
to the signal and facilitate the folding of the mature domain
by preventing the signal from interacting with a hydrophobic
region of a folding intermediate. In addition, the final
structure might be stabilized by shielding the exposed
hydrophobic signal sequence with detergent molecules.

Other investigators (Roggenkamp et al., 1981, 1983,
1985; Tai et al., 1985) have reached the conclusion that
either the 8-lactamase precursor cannot fold to an acttve form
at all or that the folded form may be inactive. Our results
show unambiguously that a conformation can be reached in
which pre-f3-lactamase 1s enzymatically active. By develop-
ing proper folding conditions, we could demonstrate that the
absence of activity of the precursor is not a thermodynamic
but a kinetic problem or one of irreversible modification
during purification in the published literature. We have
measured the K,; values of the mature (-lactamase, a
Cys— Ala double mutant and the precursor protein and find
very similar values, indicating at most very slight differences
in substrate binding. This demands a nearly identical
conformation of the protein in all cases.

The rate, however, with which the precursor can be
refolded is at least a factor of 15 slower than the rate with
which the reduced mature protein or the Cys— Ala double
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mutant is refolded under identical conditions. The higher
kinetic barrier may slow down the in vivo folding of the
precursor to permit membrane transport and prevent a
premature folding to a compact, native structure. It is,
however, difficult to estimate the folding rate of the mature
form and of the precursor under in vivo conditions. Since
we now know that the folding of the precursor can be
followed by an enzymatic assay, such measurements might
in principle become feasible.

While these experiments were carried out on a variant of
B-lactamase that is different in two amino acids 1n the signal
from the form that occurs in nature (Ala— Gly at position
—1, Ser—Arg at position —22), it was demonstrated
previously that this variant behaves like authentic RTEM
(-lactamase in every respect investigated (Kadonaga et al. ,
1984). Both of these substitutions are commonly observed
in signal sequences. We have therefore no reason to suspect
that the effect of this signal sequence on the folding and
transport of the preprotein should be any different from that
of the naturally occurring RTEM signal sequence.

The signal sequence appears to have the effect of
preventing a premature folding of the protein by kinetically
modulating the folding pathway. It is unclear whether
particular structural features in signal sequences are needed
for this observed ‘folding retardation’ effect. Bacterial signal
sequences have no primary sequence homology (Watson,
1984). Possibly, both the hydrophobic character and a
sufficient length of the signal are necessary to create non-
productive folding intermediates of significant lifetimes so
that the overall folding rate would be slowed. The cleavage
of the signal might then trigger a much faster folding of the
mature protein to the native structure on the periplasmic side.

In vivo experiments with shortened (non-functional) signal
sequences of (S-lactamase (Pliickthun and Knowles, 1987)
demonstrated that, in all cases, an enzymatically active
cytoplasmic 3-lactamase 1s produced. Interestingly, mutated
uncleavable signal sequences also lead to a functional
membrane-bound (Pluckthun and Pfitzinger, 1988) or
released (Kadonaga ez al., 1985) enzyme. However we have
not yet investigated the rate of folding for these mutants.
In these cases, the uncleavable signal may be anchored in
the membrane during the folding process and would then
not be accessible to the rest of the domain to disturb the
folding pathway. The mature domain might then conceivably
fold to the native form with faster kinetics. For proteins with
cleavable signal sequences, the rate of signal cleavage
determines whether the periplasmic folding of a precursor
or the folding of the mature protein is the relevant process
in vivo. Detailed investigations of 3-lactamase suggest that,
under the conditions tested, signal cleavage precedes
periplasmic folding, and folding occurs with the processed
form (Minsky et al., 1986). A non-native, but processed
form of B-lactamase that 1s bound to the outer face of the
inner membrane was shown to be an intermediate in the
transport and folding pathway of this enzyme. Recently,
mutants were isolated that are blocked in folding and may
accumulate 1n a state similar to this intermediate (Fitts ef al.,
1987).

The precursor of the outer membrane protein A (OmpA)
was also purified recently (Crooke ef al., 1988b). It is
difficult to delineate native and non-native conformations in
this case since 1t 1s a membrane protein. It would also be
problematic to clearly define folding rates except for the
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conversion to ‘transport incompetent conformations’. A
comparison of the precursors of the maltose binding protein
and the ribose binding protein (Park et al., 1988) with their
mature forms also found that the signal sequence slows the
folding rates. Therefore this ‘folding retardation” may be a
general phenomenon. It 1s tempting to speculate that a protein
whose transport i1s post-translational, such as (8-lactamase,
must efficiently maintain a transport-competent conformation
and needs a high kinetic barrier retarding precursor folding.
The fact that a simple dilution of urea-solubilized pre-(-
lactamase leads to only a low folding yield—in contrast to
the other precursor proteins investigated (Park er al.,
1988)—may be a direct consequence of this high kinetic
barrier. The presence of reduced cysteines probably does
not bear on the question of cytoplasmic folding since it could
be demonstrated that the reduced form of pre-3-lactamase
can still be refolded to a native structure.

While the relationship between folding and transport into
mitochondria has also been investigated for a synthetic hybrid
protein (Eilers and Schatz, 1986, 1988; Eilers et al., 1988;
Endo and Schatz, 1988; Vestweber and Schatz, 1988), the
influence of the signal on the folding rate has not yet been
delineated 1n detail. It is still unknown how a transport
competent conformation of the mitochondrial precursor is
obtained. A distinct unfolding step (Chirico et al., 1988;
Deshaies er al., 1988; Eilers et al., 1988), protein factors
stablilizing the unfolded state of newly synthesized proteins
or an intrinsically slow folding rate might be important for
obtaining such a conformation.

In conclusion, we could show that the signal sequence
slows down the folding of pre-G-lactamase, but does not
prevent its folding to a native-like structure. A non-native
structure 1n which small subdomains can be transported
through the membrane may be an essential requirement
(Randall, 1983; Randall and Hardy, 1984). Possibly these
subdomains should not be stabilized by interactions within
the native globular domain so that they can be accessible
to the export machinery. Further experiments are needed
to clarify the precise role of soluble or membrane-bound
factors (Miiller and Blobel, 1984; Crooke and Wickner,
1987; Collier et al., 1988) that may interact with the nascent
polypeptide chain in bacteria. The importance of folding
modulators may be dissectable by the use of this refolding
assay which can be performed in the presence of other
proteins.

Materials and methods

Enzymes and chemicals

Restriction endonucleases, E.coli DNA polymerase (Klenow fragment) and
ligase were from New England Biolabs, Boehringer Mannheim, GIBCO
BRL or Renner. *°S-Labeled nucleotides were from Amersham. Nitrocefin
was from BBL Microbiology Systems (Cockeysville, MD). Components
of culture media were from Difco. Ultrapure bovine serum albumin (BSA)
was from GIBCO BRL. Other biochemicals were from Sigma, Merck or
Aldrich and were of the highest grades available.

Bacterial strains

E.coli K12 strains DH1 (F~, recAl, endAl, gvyrA95, thi-1,
hsdR17(r,~,m, "), sup E44, (relAl), \™) was from D.Hanahan, Harvard
University. E.coli K12 strain POP2136 (F~, endAl, thi, hsdR, aroB, mal,
YV ¢I857) was from R.Kleene, Ludwigs-Maximilians-Universitidt, Munich
and was used for construction with the A P;-promoter. E.coli K12 strain
N4830 (F , su , his, ilv, rpsL, A8 (A cI857, ABAM, AHI)) was obtained
from Pharmacia. E.coli K12 strain W3110 (F~, A~ , IN (rrnD-rrnkE)) was
obtained from W.Wetekam (Hoechst AQG).



General methods

Bacterial growth was performed according to Miller (1972). Recombinant
DNA techniques were based on Maniatis et al. (1982). Plasmid DNA was
isolated as described by Ish-Horowicz and Burke (1981) or Birnboim and
Doly (1979). Transformation of E. coli was carried out either by the method
of Dagert and Ehrlich (1979) or Hanahan (1983). Polyacrylamide gel
electrophoresis was as described by Fling and Gregerson (1986). Silver stain-
ing was carried out with a staining kit from Amersham. DNA sequencing
was carried out by the dideoxy method (Sanger et al., 1977) with ‘quasi
end labeling” (C.H.Duncan, NEN Product News, 4, Nr. 3, p. 6) modified
for double strands (A.Skerra and A.Pliickthun, unpublished data).
Mutations in the [(-lactamase gene were introduced using site-directed
mutagenesis of the EcoRI— Pst fragment of pTG2 subcloned in M13mpl 1
by the method of Zoller and Smith (1983).

Construction of overexpression vector

The source of the 8-lactamase gene was the vector pTG2 (obtained from
J.Knowles, Harvard University) (Kadonaga et al., 1984). This gene contains
two point mutations (Ser —22 to Arg and Ala —1 to Gly) in the signal
sequence that were introduced to obtain unique restriction sites, but the gene
product is identical to authentic RTEM -lactamase in all respects
investigated. Therefore, the pT'G2 gene product is referred to as wild-type
in this work. The numbering of the signal sequence is from —23 (Met) to
—1, and that of the mature protein is from +1 to +263. Deletions are
referred to by the first and last amino acids that are missing.

First, a plasmid was constructed in which 8-lactamase was put under the
control of the inducible fac promoter derived from pKK223-3 (Brosius and
Holy, 1984). pKK223-3 was partially digested with BamHI and treated with
the Klenow fragment of E.coli DNA polymerase I to produce blunt ends.
This DNA was then cut with Pvul and this fragment containing the fac
promoter and the N-terminal fragment of 3-lactamase was 1solated. pTG2
was linearized by partial XmnlI digestion, cut with Pvul, and the largest
fragment was isolated. After ligation of these two fragments, the resulting
plasmid has both a functional ampicillin and tetracycline resistance, thus
permitting manipulations of the bla gene. Next, the Ndel site near the origin
of replication was removed by cutting with the enzyme, filling with the
Klenow fragment and religating. An EcoRI fragment (filled in with Klenow
polymerase) containing the lacl gene from the plasmid pJW271 (obtained
from J.Wang, unpublished data) was then ligated into the Pvull site. To
place the 8-lactamase under fac-promoter control, the region between the
polylinker and the ATG of §3-lactamase had to be removed. The unique
EcoRl site of the polylinker was trimmed with nuclease S1 and the intervening
sequence between this blunt end site and the Pvul site of the bla gene was
replaced by the small EcoRI—Pvul fragment of pTG2 (coding for
B-lactamase) and an oligonucleotide cassette connecting the blunt end of
the promoter to the EcoRI site in codon 3 of the bla gene. The oligonucleotide
also introduced a unique Ndel site preceding the start codon. Thus, in the
resulting plasmud pAPS (Figure 6), 8-lactamase expression is under fac-
promoter control and can be repressed by a lac repressor from a gene resident
on the same plasmid. The placement of the /acl? gene in the middle of the
rop gene increases the copy number of pAPS.

The Ndelc fragment of the plasmid pAS1 (Rosenberg et al., 1983) was

inserted into the single Ndel site of pAPS. This fragment contains the A
P;-promoter and the nut; and nutp sites. The resulting plasmid pAL2

(Figure 6) provides ampicillin resistance to 50 ug/ml without previous heat
induction.

Assay of (-lactamase activity

The 3-lactamase activity was determined spectrophotometrically at 486 nm
with the chromogenic substrate nitrocefin (O’Callaghan et al., 1972) at 25°C.
A molar extinction coefficient Ae = 16 000 was used in the calculations
(Sigal et al., 1984). Because of the poor solubility of nitrocefin, stock
solutions of this compound were prepared in dimethyl sulfoxide (DSMO),
but the final concentration of DMSO in the assay never exceeded 0.5%.
This concentration of DMSO was shown not to influence the enzymatic
rate. The standardized assay was as follows: 20 ul of 3-lactamase solution
was mixed with 980 ul nitrocefin mix (0.2 mM nitrocefin, 0.25 mg/ml
ultrapure BSA, 50 mM potassium phosphate, 0.5% DMSO, pH 7.0,
preincubated at 25°C). The BSA in the assay mix was found to stabilize
the wild-type, the Cys— Ala double mutant and the precursor alike.

For monitoring column fractions for 8-lactamase activity, 200 ul nitrocefin
assay mix without BSA were placed in wells of a microtiter plate and mixed
with 10 ul of the column fractions.

For the determination of the K, values, the nitrocefin concentration was
varied but the DMSO concentration was always adjusted to 0.5%. The data
were analyzed with Eadie —Hofstee plots. The protein concentrations used
in the determination of k., were obfained from OD,g, measurements

in the case of the wild type RTEM enzyme and the Cys— Ala double mutant,

The precursor of g-lactamase

Fig. 6. Maps of the plasmids pAP3S and pAL2 used for the expression
of B-lactamase and pre-3-lactamase, respectively. The construction is
described in detail in the text.

using the known extinction coefficient of the enzyme (Fisher er al., 1980).
Since urea and 8-mercaptoethanol in the precursor stock solution and several
components of the refolding cocktail preclude most protein assays,
quantitative gel scanning was carried out instead. Several dilutions of wild
type (-lactamase and the precursor were prepared containing BSA or
ovalbumin as an internal standard. From replicate experiments with several
dilutions, the concentration of precursor was calculated using mature
(-lactamase as the standard.

Fermentation

For the production of pre-8-lactamase, E.coli strain N4830 harboring plasmid
pAL2 was grown in a 50-1 fermenter at 30°C. This strain provides the
thermolabile repressor A clgs; the N-protein (Gottesman et al., 1980).
The 2AYCG medium used consisted of 2.75% K,HPO,, 0.9% KH,PO,,
0.2% (NH4),SO,4, 0.05% Na-citrate-2H,O, 1% casamino acids, 0.5%
yeast extract and 1% glucose at pH 7.0. The fermentation culture was
inoculated with 1 1 of an overnight culture grown in the same medium at
30°C with 50 mg/l ampicillin. At an ODssq of 0.6, the temperature was
shifted to 42°C for 30 mun for inducing the A P;-promoter. The culture
was then shifted to 37°C and the cells were grown for an additional 3 h.
The formation of inclusion bodies was followed by phase contrast
microscopy. The cells were centrifuged and stored at —20°C.,

For the production of the Cys— Ala double mutant, the E. coli strain W3110
harboring a derivative of pTG2 (Kadonaga ez al., 1984) with the two point
mutations was used. The fermentation was carried out in 2AYCG medium
(see above). Growth at 37°C was continued to an ODssq of 5.7. The cells
were harvested by centrifugation and frozen.

1475



A.A.Laminet and A.Pluckthun

For the production of the wild-type enzyme, the E.coli strain W3110
harboring the plasmid pAPS5, in which the 8-lactamase is under control of
the tac promoter, was used. When growth at 37°C had reached an OD4s
of 1.0, isopropylthiogalactoside (IPTG) was added to a final concentration
of 1 mM. Growth was allowed to continue for another 5 h. The cells were
harvested by centrifugation and frozen.

Purification of pre-G-lactamase

Frozen cell paste was thawed in 4 ml/g TES0/2 (50 mM Tris—HCI, 2 mM
EDTA, pH 8.0). Lysozyme and DNase I were added to final concentrations
of 20 mg/ml and 0.1 mg/ml respectively, and the suspension was stirred
for 1 h at room temperature. Triton X-100 was added to a final concen-
tration of 1% and the stirring was continued for another hour. Unless noted
otherwise, all subsequent steps were carried out at 4°C. The cell suspen-
sion was passed twice through a French Pressure Cell at 16 000 p.s.i. and
centrifuged three times at 3200 g (1 h). The pellets were resuspended in
TES0/2, combined, and washed twice with TES0/2 to remove residual Triton
X-100.

This pellet was resuspended in TESO/2 (40 mg protein/ml) and diluted
with urea to give a final concentration of 8 M urea by addition of a detonized
urea solution [9 M, deionized with AG501-X8 mixed bed resin (Bio Rad)].
This suspension was stirred for 1 h at room temperature and centrifuged
(45 000 g, 1 h, 4°C). To the cleared solution—the solubilized inclusion
bodies—3-mercaptoethanol was added to a final concentration of 5%, and
the solution was stirred for 1 h and finally cleared again with a 45 000 g
centrifugation step (1 h). The latter two resulting pellets contained no
pre-G-lactamase detectable by SDS —PAGE. The solubilized inclusion bodies
were stirred with ammonium sulfate (25 % saturation) overnight. The solution
was centrifuged at 45 000 g (1 h, 4°C). The pellet was resuspended in 65 ml
of a solution containing 8 M urea and 2 % (-mercaptoethanol. Ampholines
(5 ml of a 40% solution pH 5—7, LKB No. 1809—-121) H,0O (30 ml) and
Ultrodex (4 g, LKB No. 2117—510) were added to the suspension. A
preparative isoelectric focussing step was carried out essentially as described
elsewhere (see LKB application note 198, revised 1980). The focussing gel
was run for 25 h at 10 W and 10°C. The pre-S-lactamase-containing gel
section was detected by placing a dry filter paper on top of the gel slurry
until wet and staining it with Coomassie brilliant blue R250. The gel section
was transferred to a second gel slurry and run again under identical con-
ditions. Pre-$3-lactamase was eluted from the Ultrodex gel slurry with 8 M
urea containing 1% f-mercaptoethanol in a small column. This fraction
was completely homogeneous on SDS —PAGE detected by Coomassie stain,
silver stain and antibody stain after Western blotting and was used for folding
experiments.

Purification of wild-type and Cys— Ala (3-lactamase

This procedure is a modification of the procedures of Fisher et al. (1980)
and of Melling and Scott (1972). Unless noted otherwise, all subsequent
steps were carried out at 4°C. Frozen cell paste (410 g) was thawed in 1 |
of 0.2 M Na/K-acetate-buffer (pH 5.5). The cell suspension was passed
twice through a French Pressure Cell with 16 000 p.s.i. The pH of the lysed
cell suspension was adjusted to 4.9 with HCI and clarified by two 12 000 g
centrifugation steps (30 min). The pH of the supernatant (670 ml) was
adjusted to 5.5 with solid Na-acetate. Ammonium sulfate precipitations were
carried out and the material precipitating between 25 and 70% saturation
was collected.

The pellet was dissolved in 150 ml of 0.1 M potassium phosphate buffer
(pH 7.0) and dialyzed against 25 mM 2-[N-morpholino}-ethanesulfonate
(MES, pH 6.5) buffer. The dialyzed suspension was cleared by a 16 000 g
centrifugation step for 90 min. The supernatant (200 mi) was then loaded
onto a pre-equilibrated (25 mM MES, pH 6.5) DEAE —cellulose column
(Whatman DES2, 3.0 X 26 cm), from which the protein was eluted with
100 mM MES (pH 6.5) buffer. Fractions with enzymatic activity were
pooled and dialyzed against 25 mM Tris—HC] (pH 7.0) buffer. The dialyzed
suspension (680 ml) was loaded onto a DEAE —cellulose column (Whatman
DES2, 3.0 X 26 cm) pre-equilibrated with 25 mM Tris—HCI, pH 7.0.
B3-Lactamase was eluted with a 25—100 mM Tris—HCI (pH 7.0) bufter
gradient. Fractions with enzymatic activity were pooled (435 ml). The protein
was precipitated with ammonium sulfate of 80% saturation and centrifuged
(16 000 g, 30 min). The pellet was resuspended in 50 ml of 10 mM
Tris—HCI (pH 7.0) buffer and dialyzed against the same buffer. To the
resulting protein solution, 5 ml of a 40% Ampholine solution (pH 4 —6,
LKB No. 1809—116) was added and the solution was adjusted to 100 ml
with 10 mM Tris—HCI (pH 7.0) buffer. Then 4 g Ultrodex was added and
the slurry was subjected to preparative isoelectric focussing for 20 hat 10 W
and 4°C. 8-Lactamase was focussed at pH 5.3 —35.4. The protein was eluted
from the gel matrix with 5 vol 25 mM Tris—HCl (pH 7.0) buffer.
B-Lactamase was homogeneous by SDS —PAGE at this stage. To eliminate
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any denatured protein, an affinity chromatography step was carried out as
the final step.

Affinity chromatography |

Phenylboronate affinity columns with a hydrophobic spacer (B-type) on CH-
Sepharose 4B or a hydrophilic spacer (L-type, Affigel 10, BioRad) were
prepared according to Cartwright and Waley (1984). RTEM B-lactamase
was found to bind only to the column with the hydrophobic spacer. The
enzyme was dialyzed against loading buffer (20 mM triethlanolamine —HCI,
0.5 M NaCl, pH 7.0), and loaded onto a B-type column, which was washed
to elute any inactive enzyme, and the active enzyme was eluted with 0.5 M
borate, 0.5 M NaCl, pH 7.0.

Experiments with the refolded precursor were carried out with several
buffers on both column types, but the active precursor enzyme could not
be specifically eluted with borate. Therefore, we have so far not been able
to selectively purify the refolded precursor protein.

Protein sequence determination

The (-lactamase precursor (0.3 mg/ml) was extensively dialyzed against
0.1% trifluoroacetic acid. From this solution, aliquots were withdrawn for
gas phase sequencing on an Applied Biosystems 470 A gas phase sequenator
and for quantitative amino acid analysis on a Beckman System 6 300 amino
acid analyzer,

Protein folding assay

For carrying out folding experiments, all proteins first had to be in a reduced
state in 8 M urea. The precursor was directly obtained in this state from
purification and could be used without further steps. The wild-type enzyme
was incubated in 8 M urea containing 10 mM DTT at 25°C for at least
I h. SDS—PAGE stained with silver was used to confirm quantitative
reduction. The Cys— Ala double mutant of §-lactamase was incubated in
8 M urea not containing reducing agent at 25°C.

Solutions of reduced proteins (wild type B3-lactamase, Cys— Ala-3-
lactamase or pre-3-lactamase) in 8 M urea were diluted 1:50 into refolding
buffer. The basic refolding buffer was 50 mM potassium phosphate buffer
pH 7.0 containing 10 mM DTT. By further experimentation (see Results)
the following refolding cocktail was developed to increase the refolding yield:
100 mM urea, 100 mM ammonium sulfate, 0.01% Tween 20, 50 mM
potassium phosphate, 10 mM DTT, pH 7.0. The final urea concentration
is higher (tyically 260 mM) since urea is introduced from the enzyme stock
solution as well. The folding reaction was followed by withdrawing samples
(20 ul) and immediately assaying the enzymatic activity by the standard-
ized nitrocefin assay (see above). The protein concentrations were such that
these enzymatic activity assays could be carried out directly without further
dilutions. In all cases (except for the first time point of the refolding assay
of the mature enzymes) straight time courses were observed in the activity
assays. This rules out significant further refolding taking place during the
short time of the enzymatic activity assay (30 s).

For the determination of the refolding yield of wild type or Cys— Ala
B-lactamase, aliquots from the same stock solution used for the denaturation
were appropriately diluted and assayed for enzymatic activity.
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