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In Gram-negative bacteria, TEM-1 B-lactamase provides the major
mechanism of plasmid-mediated gB-lactam resistance. Natural vari-
ants of TEM-1 with increased antibiotic resistance have appeared
in response to the use of extended-spectrum B-lactam antibiotics
(e.g., ceftazidime) and B-lactamase inhibitors (e.g., clavulanic acid).
Some of the variant enzymes are more efficient at catalyzing
B-lactam hydrolysis, whereas others are more resistant to inhibi-
tors. M182T is a substitution observed in both types of variant
TEM-1 B-lactamases. This mutation is found only in combination
with other amino acid substitutions, suggesting that it may correct
defects introduced by other mutations that alter the specificity. An
engineered core mutation, L76N, which diminishes the periplasmic
B-lactamase activity by 100-fold, was used as a model to under-
stand the mechanism of suppression of the M182T mutation.
Biochemical studies of the L76N enzyme alone and in combination
with the M182T mutation indicate that the M182T substitution acts
at the level of folding but does not affect the thermodynamic
stability of TEM-1 B-lactamase. Thus, the M182T substitution is an
example of a naturally occurring mutation that has evolved to alter
the folding pathway of a protein and confer a selective advantage
during the evolution of drug resistance.

I n bacteria and viruses where the spontaneous mutation rate is
often high and the generation time is short, the rapid emer-
gence of drug-resistant organisms has created a problem for the
use and development of antibiotics. In response to the selective
pressure of drug exposure, amino acid substitutions that alter the
specificity of the drug target accumulate and confer a selective
advantage when the antibiotic is encountered (1). A puzzling
phenomenon has been the accumulation of additional mutations
that do not appear to confer a selective advantage by altering
substrate specificity (2, 3). A plausible hypothesis is that these
“secondary” mutations compensate for defects in catalytic ac-
tivity or enzymatic stability arising from specificity-altering
primary mutations (4).

Bacterial resistance toward B-lactam antibiotics such as pen-
icillins and cephalosporins is most often mediated by the bac-
terial synthesis of B-lactamases, which inactivate these com-
pounds by catalyzing their hydrolysis. One of the most common
plasmid-mediated B-lactamase enzymes is TEM-1. This enzyme
utilizes a catalytic serine residue (S70) to cleave the lactam ring
(5, 6). In response to the clinical use of extended-spectrum
B-lactam antibiotics, naturally occurring variants of TEM-1
B-lactamase have been isolated that contain amino acid substi-
tutions that alter the enzyme’s substrate specificity (7). Some of
the new variants exhibit increased activity (kcai/Km) against the
extended-spectrum antibiotics without losing their activity
against penicillins (7). Other mutations can render the enzyme
resistant to B-lactamase inhibitors such as clavulanic acid (8).

Among the 90 TEM-1 natural isolates found to date, substi-
tutions at residues that directly affect substrate binding and
catalysis (R164, G238, and E104) or inhibitor binding (M69 and
R244) are repeatedly found (9-15). The substitution of threo-
nine for methionine at residue 182 of TEM-1 B-lactamase is also

a frequent mutation in natural isolates (16-20). M182T does not
have a direct role in catalysis or substrate/inhibitor binding (17)
and is never found alone, but always in combination with other
mutations (Table 1). Interestingly, M182T accompanies muta-
tions that affect inhibitor binding (as in TEM-32) as well as
mutations that extend the substrate specificity of the enzyme
(TEM-20 and TEM-52). In the three-dimensional structure,
Met-182 is far away from the sites of the coupled primary
mutation so that any suppression mechanism must operate at a
distance. The nature of the evolutionary advantage conferred by
M182T to mutant B-lactamase strains has yet to be systematically
explored although M182T increases the thermal stability of
B-lactamase mutant M691 when measured in crude periplasmic
extracts (21).

In natural isolates, a very small selective advantage because of
a mutation may lead to enhanced survival over many genera-
tions. Consequently, it is not surprising that relatively small
defects may accompany the primary mutations that are associ-
ated with M182T in the wild (21, 22). For this reason, we used
an engineered substitution at an invariant, buried residue of
TEM-1 B-lactamase, Leu-76, as a probe to select for second-site
mutations that suppressed its deleterious effects (21). Leu-76
was chosen as the site of a potentially suppressible “primary”
mutation because it resides in the hydrophobic core of the
enzyme within the important helix H2 in the a-helical domain of
TEM-1 B-lactamase (23). Moreover, it is one of the few amino
acids within the sequence that were intolerant of substitutions in
a functional mutagenesis study (24). We therefore expected that
a mutation at this site would have a pronounced effect on the
structure or function of the enzyme. Indeed, the L76N substi-
tution results in a dramatically reduced resistance toward am-
picillin in Escherichia coli (21). More importantly, genetic re-
version analysis identified M182T as the only secondary
mutation that could restore the loss of B-lactamase function (21).

In the present work, we explore the mechanisms by which
M182T corrects deleterious effects stemming from the L76N
mutation. The results show that M182T restores the periplasmic
B-lactamase activity that is lost because of the L76N mutation by
correcting a folding defect introduced by L76N. By itself, the
M182T mutation has only a small effect on the enzyme activity
and stability, but its presence suppresses pathways that lead
the L76N mutant protein toward misfolding, aggregation, and
proteolysis.
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Table 1. Naturally occurring extended-spectrum and
inhibitor-resistant B-lactamases*

B-Lactamase Substitutions

TEM-1 Wild type

TEM-20 M182T, G238S

TEM-32 M182T, M69I

TEM-43 M182T, E104K, R164H
TEM-52 M182T, E104K, G238S
TEM-63/TEM-64 M182T, L21F, E104K, R164S
TEM-72 M182T, G238S, E240K

*Taken from the table of TEM-1 variants at http://www.lahey.hitchcock.org/
pages/Ihc/studies/webt.htm.

Materials and Methods

Strains, Plasmids, Construction of Mutants, and Protein Purification.
Mutants were constructed by oligonucleotide-directed mutagen-
esis as described previously (21). E. coli strains XL1-Blue and
SB646 (21) harboring the pJ1522 plasmid carrying the blatpm-1
gene under control of a constitutive promoter were used for the
analysis of in vivo expression of B-lactamase. TEM-1 B-lactamase
and its mutants were purified to >90% homogeneity from E. coli
XL1-Blue cells containing the pBG66 plasmid under the control
of the natural B-lactamase promoter. These strains were grown
in culture for 9 h to late log phase. Periplasmic proteins were
isolated by osmotic shock (25). The solution was adjusted to a
final concentration of 100 mM NaAc (pH 7.5) and 800 mM NaCl
(Buffer A) and concentrated with an Amicon Centriprep-10
concentrator. The protein solution was then applied to a 1-ml
HiTrap zinc chelating column (Pharmacia) equilibrated in
Buffer A. After washing with Buffer A, B-lactamase was eluted
by using a linear gradient of Buffer B (100 mM NaAc (pH
4.0)/800 mM NacCl). Fractions containing B-lactamase activity
were identified by nitrocefin hydrolysis and SDS/PAGE and
were pooled and concentrated with a Centriprep-10 concentra-
tor. The B-lactamase was further purified by Sephadex G-75 gel
filtration chromatography using a 25 mM sodium phosphate
buffer (pH 7.0). The purity was verified by SDS/PAGE.

Enzyme Assays. 3-lactamase activity was determined by observing
the rate of nitrocefin (10 uM) hydrolysis at 486 nm at 25°C in 100
mM sodium phosphate buffer (pH 7.0) (26). Protein concentra-
tions were determined by the method of Bradford (27). The
kinetics of ampicillin hydrolysis were determined at 235 nm
(Ae = 900 M~ ecm™1) (12) at 30°C in 0.05 M phosphate buffer
(pH 7.0). Spectrophotometric measurements were made on a
Beckman DU640 or DU70 spectrophotometer using a 0.1- or
1.0-cm pathlength cuvette as needed. Kinetic parameters Vmax
and K, were determined by fitting to the Michaelis-Menten
equation using unweighted nonlinear least squares.

Western Blots. Proteins were separated by SDS/PAGE (Mini-
Protean II, Bio-Rad) using 12% Bio-Rad Ready Gels. Proteins
were transferred to Hybond ECL nitrocellulose membrane
(Amersham Life Science), incubated with a rabbit anti-g-
lactamase antibody (28) (1:12,000 dilution) followed by a donkey
anti-rabbit horseradish peroxidase conjugate (1:3,000 dilution).
Binding was detected by using the Amersham ECL Detection kit
according to the manufacturer’s instructions. Quantitation was
performed by densitometry using authentic B-lactamase stan-
dards in the linear range of the response.

Equilibrium Denaturation. For equilibrium denaturation, purified
B-lactamase was incubated overnight at room temperature in 50
mM sodium phosphate and 50 mM NaCl (pH 7.0) containing
various concentrations of guanidine hydrochloride (29). Fluo-
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rescence spectroscopy was performed on a Perkin—Elmer LS-5
fluorescence spectrometer. The protein concentration was 0.6
uM, and emission was measured at 340 nm (290 nm excitation).
Circular dichroism spectroscopy was performed on a Jasco
(Easton, MD) Spectropolarimeter J-710 instrument at 25°C. The
far UV CD signal of the samples was monitored at 220 nm at
25°C. The protein concentration was 15 uM. The concentration
of guanidine hydrochloride was determined by using the refrac-
tive index (30).

Equilibrium denaturation transitions followed by fluorescence
were analyzed by using a two-state (Eq. 1) model, which includes
parameters for a linear pre- and/or posttransition dependence
on denaturant concentration (31):

{FU + SU[Gdn]}f( — AGo + m-[Gdn])/RT
+ {Fn + sn[Gdn]}
1 + o~ AGo+ m{Gdn))/RT (1]

Fobs:

where Fops is the observed fluorescence signal [Gdn] is the
concentration of Gdn-HCI, Fy is the fluorescence of the un-
folded protein, sy is the slope of the posttransition baseline
because of the effect of Gdn-HCI on the fluorescence of the
unfolded protein, Fxn is the fluorescence signal of the native
protein, sy is the slope of the pretransition baseline because of
the effect of Gdn-HCl on the fluorescence of the native protein,
AG, is the free energy change from protein unfolding, m is the
slope of a plot of observed AG (—RT In (U)/(N)) against
[Gdn-HCI], R is the gas constant, and T is the temperature in °K.
The error limits shown are the standard deviations of the
parameter estimates as determined by non-linear least squares
fitting.

The CD denaturation data were fit to a three-state model,
including an intermediate species, I, according to Eq. 2:

{CU + sU[Gdn]}-e( — AG1 + ml-[Gdn])/RT,e( — AG2 + m2[Gdn))/RT

+ {C; + 5;[Gdn]}e' ~ 201 +mIGAD/RT 4 1O+ s\ [Gdn]}
1+ e( — AG| + m]'[Gdn])/RT,e( — AG2 + m2[Gdn])/RT
4 o~ AG1 + m{Gdn)/RT

Cobs =

(2]

where the symbols have essentially the same definition as given
for Eq. 1, except for the inclusion of an intermediate species. AG
corresponds to the free energy of the N to I transition extrap-
olated to zero denaturant, and AG, corresponds to the free
energy of the I to U transition. To simplify the fitting, the AG;
and m; for the first denaturation transition were held at the
values determined by fitting to the simpler fluorescence data.
This fitting procedure assumes that there is only one inter-
mediate and that it is observed by both fluorescence and CD
(29, 32).

Periplasmic Aggregation Experiments. Crude periplasmic extracts
were denatured in 6 M Gdn-HCI, and aliquots were diluted

Table 2. Values for minimal inhibitory concentration of
ampicillin and wild-type and mutant B-lactamase-specific
activities in a wild-type E. coli strain (XL1-Blue)

Sample MIC* Specific activity® Relative activity, %
Wild-type 3,000 38+8 100

L76N 100 0.4 *0.2 1.0
M182T 2,000 31+ 13 81.6
L76N/M182T 2,000 154 39.5

*MIC (minimal inhibitory concentration) measured in pg/ml of ampicillin.
Data from ref. 21.
TSpecific activity in mM ampicillin per mg of total protein per min at 25 °C.
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Table 3. Kinetic parameters of wild-type and mutant
B-lactamase catalysis of ampicillin hydrolysis*

1077 X kcat/Kmr

Sample keat (s71) Ko, M M-Ts1 Ratiot
Wild type 830 + 30 58 + 1 1.4 1.00
L76N 660 = 13 150 =5 0.43 0.30
M182T 820 = 50 50 +7 1.4 0.96
L76N/M182T 820 + 40 110 = 10 0.8 0.53

*The kinetic parameters were measured using ampicillin as the substrate as
described in Materials and Methods.
TRatio of kcat/Km of mutant relative to wild-type B-lactamase.

directly into 100 mM sodium phosphate buffer (pH 7.0). The rate
of aggregation was recorded as an increase in the absorbance at
350 nm because of light scattering by increased turbidity at 25°C
by using a Beckman DU70 spectrophotometer (33). When
renaturation was complete, the amount of recovered B-lacta-
mase activity was determined by measuring the hydrolysis of
ampicillin (300 wM) as described above.

Inclusion Body Isolation. Overnight cultures of E. coli XL1-Blue
carrying B-lactamase plasmids (plasmid pJ1522) were grown to
an Agp of 1.0 at 37°C in LB medium in the presence of 12.5
pg/ml chloramphenicol. The cells were harvested by centrifu-
gation at 8,000 X g for 10 min. The soluble periplasmic fraction
was released by osmotic shock by resuspending the pellet in 1 ml
of 0.03 M Tris, 1 mM EDTA, 20% sucrose buffer (pH 8.0) for
10 min (0°C), centrifuging in a microfuge at 15,000 rpm for 5 min,
and resuspending the pellet in 2 ml of cold water for 10 min.
After centrifugation at 15,000 rpm for 5 min, the supernatant,
containing soluble periplasmic proteins, was set aside. The pellet
was resuspended in 1 ml of lysis buffer and extracted repeatedly
with detergent to isolate inclusion bodies (34).

Results

Effects of Mutations on Ampicillin Resistance and B-Lactamase Activ-
ity. The substitution of L76 in the hydrophobic core of TEM-1
B-lactamase to a polar asparagine (L76N) seriously compromises
the ampicillin resistance of a wild-type E. coli strain carrying a
plasmid with the mutant blatgm gene (21). The L76N mutation
increases the sensitivity to ampicillin (as measured by the
minimum inhibitory concentration value), and causes a dra-
matic, 100-fold reduction in the periplasmic 3-lactamase specific
activity (Table 2 and ref. 21). The M182T substitution is a
common clinical isolate that was also found in a suppressor
screen for second-site mutations that restore ampicillin resis-
tance when combined with L76N (21). By itself, M182T causes
a slight (20-30%) increase in sensitivity to ampicillin and a
comparable decrease in the B-lactamase activity (Table 2).
However, in combination with L76N, the M182T suppressor
restores ampicillin resistance to near wild-type values and in-
creases the PB-lactamase activity to 40% of the wild type.
Changing Leu to Asn within the hydrophobic core of the protein
clearly has a detrimental effect on the amount of B-lactamase

1 2 3 4

Fig. 1.

activity in vivo, which is largely suppressed by the second-site
mutation, M182T.

Kinetic Parameters of Mutant and Wild-Type B-Lactamases. To de-
termine whether M182T suppresses the effects of the L76N
mutation by altering the catalytic parameters of the enzyme, the
two single mutants (L76N and M182T) and the double mutant
(L76N/M182T) were purified to homogeneity, and the kinetic
parameters were measured by using ampicillin as the substrate
(Table 3). The catalytic efficiency of L76N is 30% of wild type,
but M182T by itself has no effect on ko or Ky, values. When
M182T is combined with L76N, it causes a slight increase in
activity against ampicillin, resulting in a double mutant with 53%
the catalytic efficiency of the wild type.

None of the three mutant enzymes shows appreciable devia-
tions from wild-type structure as judged by far UV and near UV
circular dichroism spectroscopy (data not shown). The small
effects of these mutations on the structure and intrinsic catalytic
properties of B-lactamase cannot account for the overall effect
of these mutations on the ampicillin resistance in vivo.

Expression Levels of Mutant and Wild-Type B-Lactamases. The effects
of the L76N and M182T mutations on the amounts of B-lacta-
mase protein expression were examined by Western blots (n =
7) using a polyclonal antibody to TEM-1 B-lactamase (28). The
L76N mutation decreases the steady-state levels of the protein
in whole-cell extracts to 20 * 6% of the wild type (Fig. 1, lanes
2 and 4). When periplasmic fractions are isolated, only half of the
total L76N is periplasmic and soluble (Fig. 1, lane 5). The other
half fractionates with the insoluble, cellular fraction. Because the
B-lactamase signal sequence is completely removed, the insol-
uble fraction represents periplasmic inclusion bodies and mem-
brane-associated material. Unlike L76N, the M182T mutant is
present at wild-type levels (107 = 15%), and the majority is
soluble (Fig. 1, lane 7). The combination of both mutations in
L76N/MI182T restores the total amount of B-lactamase protein
to near wild-type levels (70%) (Fig. 1, lane 8). The majority of
the double mutant is also soluble and periplasmic (lane 9). Thus,
when combined with L76N, the suppressor mutation M182T
largely restores the steady-state amount of TEM-1 B-lactamase
protein to wild-type levels.

If the low expression of L76N in wild-type E. coli is due to
increased proteolysis, expressing it in a protease-deficient strain
should enhance its periplasmic expression levels. In accord with
this prediction, L76N was present at virtually wild-type levels
when expressed in an E. coli strain (SB646) lacking an outer
membrane and four periplasmic proteases (21) (Fig. 2). Despite
the near wild-type amount of B-lactamase protein, the periplas-
mic extracts from the protease-deficient strain expressing L76N
have only 8% of the wild-type activity (21). When the actual
B-lactamase activity measured in the periplasmic extracts is
compared with the activity expected from the same amount of
purified enzyme (kinetic constants from Table 3), the majority
(67%) of L76N is in a catalytically inactive form that is likely
misfolded (Fig. 2B). Whereas misfolded, inactive L76N persists
in a protease-deficient strain like SB646, it is almost entirely
proteolyzed in a wild-type E. coli strain (Fig. 24). By contrast,

6 7 8 9

gl gy

Steady-state levels of wild-type and mutant B-lactamases from a wild-type strain of E. coli (XL1-Blue). Lane 1, control of purified wild-type p-lactamase;

lanes 2, 4, 6, and 8, whole cell extracts; lanes 3, 5, 7, and 9, periplasmic extracts; lanes 2 and 3, wild-type; lanes 4 and 5, L76N; lanes 6 and 7, M182T; and lanes
8 and 9, L76N/M182T. Total B-lactamase was determined from whole-cell extracts boiled in sample buffer; periplasmic extracts were prepared as described in

Materials and Methods.
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Fig. 2. Effects of expression in a protease-deficient strain. (A) XL1-Blue
(wild-type strain); (B) SB646 (protease-deficient strain). Active and inactive
B-lactamases within the periplasmic space of a protease-deficient strain. The
amount of active B-lactamase was calculated from the activity of periplasmic
extracts and the specific activity of the purified protein. The total amount of
B-lactamase protein was determined from densitometry of Western blots (see
text).

the M182T mutation alone results in wild-type levels of mostly
active B-lactamase protein (Fig. 2 4 and B). When combined
with L76N, the suppressor mutation M182T restores B-lacta-
mase expression to the correctly folded, soluble, and enzymat-
ically active form (Fig. 2).

Thermodynamic Properties of Mutant B-Lactamases. The enhanced
proteolysis of L76N in wild-type cells could result from the
reduced thermodynamic stability caused by the substitution of a
hydrophobic leucine by a polar asparagine residue in the hydro-
phobic core of the enzyme. M182T might then restore global
stability simply by stabilizing other regions of the protein.

To test this possibility, the effects of the L76N and M182T
substitutions on TEM-1 stability separately or in combination
were examined by reversible denaturation of B-lactamase in
Gdn-HCI. The equilibrium unfolding of wild-type B-lactamase
monitored by the loss of CD signal at 220 nm proceeds through
two transitions involving the equilibrium formation of a “mol-
ten-globule” intermediate (Fig. 3), consistent with previous
reports (29, 32, 35). For the wild-type protein, the first transition
(N — 1) has a mid-point at 0.8 M Gdn-HCI and the second (I —
U) at 2.3 M Gdn-HCI (Fig. 34 and Table 4). Because there is
little difference in the fluorescence properties of I and U,
fluorescence (Fig. 3B) reveals only one transition, which approx-
imately corresponds to the first transition observed by CD
(Fig. 34).

Both single mutations L76N and M182T significantly desta-
bilize the folding intermediate relative to the unfolded state
(Table 4, AG1u). By contrast, the native protein is destabilized
only in the double mutant. Individually, the L76N and M182T
substitutions have small effects on the stability of the native
structure relative to the unfolded state (AGnu, Table 4). How-
ever, the native structure of the double mutant is destabilized by
approximately 4 kcal/mol relative to the unfolded state, implying
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Fig. 3.  Equilibrium denaturation of wild-type and mutant TEM-1 B-lacta-
mase at 25°C. (A) Gdn-HCl denaturation monitored by CD spectroscopy. The
final protein concentration was 15 wM. Points represent averages of four
experiments. The curves are drawn according to a three-state model (Eq. 2;
Table 4). (B) Gdn-HCl denaturation monitored by fluorescence spectroscopy.
The B-lactamase samples (0.6 uM final concentration) were excited at 290 nm,
and their fluorescence emission was monitored at 340 nm. The theoretical
curves are drawn by using a two-state model (Eq. 1; Table 4).

that, in the native protein, the two mutations synergistically
destabilize the folded state. The effects of these mutations on the
thermodynamic stability of the native and intermediate states
are counter to their effects on the amount of correctly folded
B-lactamase in the periplasm. Surprisingly, for these B-lactamase
variants, periplasmic stability is not dependent on the thermo-
dynamic stability of the protein or its folding intermediate.

Periplasmic Misfolding/Aggregation and Inclusion Body Formation.
Because the effects of these mutations cannot be attributed to
changes in stability or intrinsic catalytic activity, the remaining
possibility is an effect on protein folding and/or aggregation. To
directly address whether L76N promotes the accumulation of
aggregated or misfolded forms within the periplasm, a pheno-
type that is subsequently suppressed by M182T, periplasmic
extracts from cells harboring wild-type or mutant B-lactamase
were denatured in Gdn-HCI and then diluted to allow refolding.
Under these conditions, only the extract containing L76N
showed a low efficiency of refolding (7 = 10% activity regain)

Sideraki et al.



Table 4. Thermodynamic parameters for the equilibrium transitions observed with wild-type and

mutant gB-lactamase

mi*, mig¥,
Sample AGp*, kcal/mol kcal/liter A', % N AG*, kcal/mol kcal/liter AGnyS, kcal/mol
Wild type 4.1 +0.2 49 + 0.3 82 +1 59+ 0.5 2.6 0.3 10.0 £ 0.7
M182T 6.3 +0.7 6.4 + 0.7 67 + 4 3.0+ 0.6 1.5+0.2 9.3+ 1.3
L76N 6.2 = 0.6 43 +04 90 =7 4 +1 1.9+04 10.2 = 1.6
L76N:M182T 34+0.2 5.1 +0.3 56 =8 2.7 +16 1.2 +0.8 6.1 £ 1.8

*AG, for the transition from N to | as measured by fluorescence. As a single transition, this first denaturation process is more accurately
determined by fluorescence. The second transition by CD spectroscopy was determined by forcing the first transition to correspond to
that monitored by fluorescence. The m values are slopes of plots of AG against the Gdn-HCl concentration. Pre- and post-transition
changes in the signal were treated as linear functions as described (31).

The CD signal (at 220 nm) of the intermediate as a percentage of the CD signal of the native protein.

*AG, and m for the transition from | to U.
SAG, for the transition between N and U.

(Table 5). M182T, L76N/M182T, and the wild-type enzyme
refolded to a significantly higher extent (62-82%). Light scat-
tering (turbidity) measurements at 350 nm also showed that
extracts containing the L76N mutant were the only ones that
exhibited pronounced aggregate formation. The rate of aggre-
gation depended on total protein concentration (not shown).
None of the other extracts formed light-scattering aggregates on
refolding (Table 5). Whereas aggregation is a complex kinetic
process, particularly in a mixture of denatured periplasmic
proteins, it is significant that only the L76N mutant showed an
increased tendency to form aggregates under these conditions.

The L76N substitution also increases the formation of
B-lactamase-containing periplasmic inclusion bodies. Densitom-
etry of multiple, independent experiments shows a 1.5-fold
increase (P < 0.05) in the amount of insoluble L76N compared
with wild type. By contrast, M182T forms few inclusion bodies,
and the majority is present in the soluble fraction (Table 5).
Collectively, these results suggest that the L76N mutation pro-
motes the accumulation of misfolded and aggregated B-lacta-
mase within the periplasmic space. Because the majority of the
double mutant (L76N/M182T) is soluble and active within the
periplasm, the M182T mutation suppresses this enhanced ag-
gregation and misfolding caused by the L76N mutation. M182T
may destroy an aggregation-prone site created by L76N or alter
the folding mechanism to kinetically disfavor aggregation and
misfolding.

Discussion

While never isolated alone in naturally occurring variants of
TEM-1 B-lactamase, a threonine in place of methionine at
position 182 of the TEM-1 sequence has been found in combi-

Table 5. Aggregation properties of wild-type and
mutant B-lactamases

Wild type L76N  M182T L76N:M182T
% inclusion bodies* 217 31*x2 135 195
Light scattering at 350 nm*  None + None None
% activity recovered*® 8211 7=%=12 65=10 62 4

*The percentage of p-lactamase protein found in periplasmic inclusion body
preparations as a percentage of the B-lactamase in whole-cell extracts. The
amount of B-lactamase protein was determined by densitometric quantita-
tion of Western blots from multiple (n = 4-6) independent experiments.

TAggregation was recorded as light scattering at 350 nm after diluting
periplasmic extracts from a GdnHCl concentration of 6M into 100 mM sodium
phosphate buffer, pH 7.0. The final GdnHCl was 0.88 M.

SActivity recovered after completion of refolding was measured using ampi-
cillin as the substrate. Averages are from multiple, independent experiments
(n = 5-7). Per cent recovered activity was based on the activity of non-
denatured extracts, which had the same final concentration of GdnHCI.
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nation with mutations that render the enzyme resistant to
inhibitors (M69I) or extend its substrate specificity (G238S,
R164H/S, E104K, and E240K, Table 1). In addition, M182T
restores functionality to the L76N or L76S substitution engi-
neered into the TEM-1 sequence, as well as to a 147Y:E48C
double mutant isolated from a library of random substitutions
(21). Strikingly, the M182T change was also found to restore the
ampicillin resistance in hybrid fusion constructs between the
TEM-1 and Proteus vulgaris B-lactamases (36). Clearly, whether
in natural or engineered variants, this mutation is beneficial to
the structure/function of the enzyme although by itself it does
not affect substrate binding or catalysis (17). Because of its
pleiotropic effects on the function of a number of mutations
throughout the molecule, M182T has been proposed to be a
global suppressor of defects introduced into TEM-1 B-lactamase
by primary mutations (21, 37).

Our results show that one mechanism by which M182T
complements the primary mutations in drug-resistant p-lacta-
mase is through suppression of defects in the protein folding
pathway. The L76N mutant is, by itself, highly susceptible to
proteolysis, as shown by the high expression levels for this protein
in a protease-deficient strain (21). This increased susceptibility
is not a consequence of the mutant’s lowered thermodynamic
stability, but arises because of the propensity of L76N to form
insoluble aggregates and inactive, misfolded forms. M182T
corrects the low expression levels of L76N, increasing soluble
B-lactamase levels 10-fold and decreasing the amount of inactive
B-lactamase that accumulates in a protease-deficient strain.
M182T also slightly improves catalysis, probably from a subtle
rearrangement of the geometry of the active site, resulting in a
double mutant roughly half as efficient as the wild-type enzyme.
It should be noted that Met-182 lies quite far (17 A) from Leu-76
within the structure of the TEM-1 B-lactamase. Leu-76 is located
in the hydrophobic core of the enzyme, buried within helix H2
in the a-helical domain (23). Helix H2 also contains residues
Ser-70 and Lys-73, which are crucial for catalysis. Met-182 lies
within a small stretch of residues (180-182) found before helix
HS8 and after the omega loop (residues 161-179) of the protein
(23). It is therefore surprising that a Thr at this position can
address defects associated not only with mutations in the re-
motely located Leu-76, but also mutations around the substrate
or inhibitor binding site (e.g., G238S).

Whereas an engineered core mutation such as L76N causes a
drastic impairment in in vivo B-lactamase folding in the wild, the
deleterious effects on expression of substitutions such as M691
and G238S must be relatively small. During the natural selection
of resistant bacteria, a specificity-altering mutation like G238S
has to retain sufficient function to provide a competitive advan-
tage to the bacterial host. Nevertheless, correction of subtle
folding defects by M182T could provide a competitive advantage
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after many generations of selection among the large populations
of bacteria found in infections. Furthermore, the complex and
changing environment of a bacterial infection (e.g., the body
temperature of a patient with a fever) may also favor the
selection of subtle changes that are difficult to measure in the
laboratory.

The subtle character of defects introduced into B-lactamase by
naturally occurring specificity-altering mutations is evident in
the case of M69 and G238 mutants. Both M69I and G238S have
been isolated as single TEM mutants, suggesting that these
mutations alone can produce viable B-lactamases (15, 38).
Expression levels for these mutants are near wild type, unlike the
low levels observed with L76N (refs. 21 and 39, and unpublished
results). Whereas G238S is a destabilizing mutation to the
enzyme (40), it is not known what effect M69I has on the
thermodynamic stability of the protein. However, M182T in-
creases the thermal stability of extracts containing M691I (21).
Molecular modeling provides scant insight into how a substitu-
tion at residue 182 specifically addresses defects associated with
changes at Met-69, other than that a Thr at position 182 may
form a new hydrogen bond anchoring the two domains of the
protein and potentially stabilizing its active site (41). Mutations
like G238S and M691 may destabilize the protein, yet leave
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B-lactamase expression levels essentially unchanged. Other mu-
tations associated in natural isolates with M182T such as E104K,
have, in fact, a stabilizing effect on the structure of B-lactamase
(40), providing another argument that the effects of M182T are
due to alterations in folding rather than stability.

Phenotypes associated with drug-resistant B-lactamase vari-
ants have usually been attributed to the cumulative effects on
specificity and catalysis arising from multiple mutations. Obvi-
ously, the increased resistance of bacteria to a range of antibi-
otics requires the re-engineering of B-lactamase specificity and
catalysis through evolution. Suppressor mutations such as
M182T could play an important role in the evolution of new
activities or altered specificity. M182T, by complementing fold-
ing defects introduced by other mutations in the molecule, would
permit B-lactamase to sample a much larger repertoire of
sequence space by further expanding the number and types of
positions that may tolerate substitution. Our results suggest that
the effects of drug-resistance mutations on protein folding and
aggregation should be considered as a significant contributor to
the mechanisms by which drug resistance evolves.
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