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Folding and aggregation of TEM 6-lactamase: 
Analogies with the  formation of inclusion 
bodies  in Escherichia coli 
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Abstract 

The enzyme TEM @-lactamase  has been used as a model for understanding the pathway leading to  formation of 
inclusion bodies in Escherichia coli. The equilibrium denaturation of TEM p-lactamase revealed that  an intermedi- 
ate  that has lost enzymatic activity, native protein fluorescence, and UV absorption,  but retains 60% of the 
native circular dichroism signal, becomes populated at intermediate (1  .O-1.4 M) concentrations of guanidium chlo- 
ride  (GdmCl).  This species exhibits a large increase in bis-1-anilino-%naphthalene sulfonic acid fluorescence, in- 
dicating the presence of exposed hydrophobic  surfaces.  When  TEM @-lactamase was unfolded in different  initial 
concentrations of GdmCl and refolded to  the same  final  conditions by dialysis a distinct minimum in the yield 
of active protein was observed for initial concentrations of GdmCl in the 1.0-1.5 M  range. It was shown that  the 
lower reactivation yield was solely due  to  the  formation of noncovalently linked aggregates. We propose that  the 
aggregation of TEM @-lactamase involves the association of a  compact  state having partially exposed hydropho- 
bic surfaces.  This  hypothesis is consistent with our recent findings that TEM @-lactamase inclusion bodies con- 
tains extensive secondary structure (Przybycien TM, Dunn  JP, Valax  P, Georgiou G, 1994, Protein Eng 7: 131-136). 
Finally, we have also shown that protein  aggregation was enhanced at higher temperatures and in the presence 
of 5 mM dithiothreitol and was inhibited by the addition of sucrose. These conditions exert a similar effect on 
the  formation of inclusion bodies in vivo. 

Keywords: 0-lactamase; inclusion bodies; molten globule;  protein  folding 

In recent years it  has become apparent  that  the tendency of 
proteins to aggregate is of considerable significance for the 
physiology of the cell as well as  for numerous  applications in 
biotechnology (DeYoung et al., 1993). Protein aggregates are 
formed in vivo as a result of mutations  that  affect  the folding 
pathway, expression of heterologous polypeptides, or exposure 
of the cell to certain  environmental stresses. Expression of het- 
erologous genes in Escherichia coli and other gram-negative 
bacteria is often accompanied by the  formation of micron- 
size aggregates or inclusion bodies (Mitraki & King, 1989; De 
Bernardez-Clark & Georgiou, 1991). Whether a protein will fold 
to its native state  or aggregate to  form inclusion bodies depends 

Reprint  requests to: George Georgiou, Department of Chemical  En- 
gineering, University of Texas, Austin, Texas 78712; e-mail: ggamail. 
che.utexas.edu. 

Abbreviations: Bis-ANS, bis-1-anilino-8-naphthalene sulfonic acid; 
GdmC1, guanidium  chloride; DTT, dithiothreitol; OD,, optical  density 
measured  at 600 nm; FTIR, Fourier  transform  infrared spectroscopy. 

on a variety of physicochemical and physiological parameters, 
including interactions with chaperones, the growth temperature, 
level  of protein synthesis, and  the concentration  of small sol- 
utes in the in vivo folding  environment (Schein & Noteborn, 
1988; Bowden & Georgiou, 1990; Blum et al., 1992). 

Little is known regarding the mechanism of protein aggrega- 
tion in the cell. It is generally  accepted that aggregation and fold- 
ing are competing processes with the  former exhibiting higher 
order kinetics and  thus becoming favored at elevated protein 
concentrations. A central question is at what point does the fold- 
ing pathway  branch off. Is aggregation the result of specific 
complementary interactions between late, nativelike, folding in- 
termediates, or is it simply a consequence of the insolubility of 
either the unfolded or native  state?  Earlier in vitro studies pro- 
duced somewhat conflicting answers (London et al., 1974; Gold- 
berg et al., 1991). However,  there is mounting evidence that in 
vivo protein  aggregation, as manifested by the  formation of 
inclusion bodies, is a highly specific process resulting from  the 
association of intermediates having appreciable secondary struc- 
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ture. Seminal studies by  King and coworkers revealed that con- 
ditional mutations in the tailspike protein of phage P22 influence 
the extent of aggregation in vivo and folding pathway in vitro 
but not  the stability and solubility of the native  state  (Mitraki 
et al., 1991,  1993). Amino acid substitutions that specifically af- 
fect the folding pathway in the cell and  are manifested by a 
change in the propensity to form inclusion  bodies  have also been 
isolated in other  proteins  (Mitraki & King, 1992; Rinas et al., 
1992; Chrunyk et al., 1993; Wetzel, 1994). 

The  TEM P-lactamase is exported across the cytoplasmic 
membrane and is found in soluble form in the periplasmic 
space when expressed from its native promoter in pBR322-type 
vectors. Inclusion bodies are formed upon overexpression from 
a  strong promoter  and  at elevated temperatures when TEM 
p-lactamase is secreted via an  OmpA leader peptide (Georgiou 
et al., 1986;  Bowden & Georgiou, 1990).  Signal peptide deletions 
that abolish export lead to massive aggregation in the cytoplasm 
in the  form of highly regular, cylindrical inclusion bodies (Bow- 
den et al., 1991). Conditions that affect the  formation of TEM 
0-lactamase inclusion bodies include the  growth  temperature, 
the  addition of nonmetabolizable sugars in the culture medium, 
and host mutations that impair the formation of disulfide bonds 
(Bowden & Georgiou, 1990; Chalmers et al., 1990; M. Oster- 
meier, unpubl. obs.). 

In this  work we have  investigated the equilibrium denaturation, 
the  folding kinetics, and the aggregation of TEM  0-lactamase 
in vitro. We present evidence that aggregation is initiated by the 
association of a molten globule-like folding intermediate. This 
result is consistent with the spectroscopic analysis of the second- 
ary  structure of TEM @-lactamase in E. coli inclusion bodies, 
which revealed the presence of appreciable nativelike structure 
in the aggregated polypeptide  chains (Przybycien et al., 1994). 
Thus, the aggregation of TEM P-lactamase, both in vitro and 
in vivo, appears to arise from specific interactions of nativelike 
intermediates. Furthermore, we demonstrate that conditions 
which have been shown to inhibit the  formation of inclusion 
bodies in E. coli exert a similar effect on aggregation in vitro. 

Results 

Folding equilibrium 

The GdmC1-induced unfolding transition of purified TEM 
0-lactamase at  room temperature (23 "C) was monitored by 
different techniques and  the results are shown in Figure 1A. 
Unfolding was found  to be completely reversible up  to con- 
centrations of 4 mg/mL (see  below). The change in fluorescence 
intensity as a function of denaturant concentration could be rep- 
resented reasonably well  by a sigmoidal transition with a mid- 
point at 0.87 M GdmC1. No change in the protein fluorescence 
was observed at  denaturant concentrations higher than 1.2 M. 
A coincident, 2-state-like transition (C, = 0.86 M) was also de- 
tected by  UV difference spectroscopy at 286.5 nm,  the wave- 
length for Aemax (Valax & Georgiou, 1991). The change in 
0-lactamase specific activity using penicillin G as the  substrate 
also exhibited a similar dependence on  the concentration of de- 
naturant with detectable activity measurable in up  to 1.5 M 
GdmC1. 

Complex changes in the protein were detected by far-UV cir- 
cular dichroism (Fig.  1A). The initial transition which accounted 
for approximately 40% of the  total signal, was sigmoidal and 
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Fig. 1. A: Equilibrium  denaturation  curves for TEM  6-lactamase  as 
measured  by  fluorescence  intensity (D); CD  at 222 nm (0); enzymatic 
activity (0); and Bis-ANS  fluorescence (A). B: Comparison of equilib- 
rium  curves  measured  by  fluorescence  intensity  (squares)  and  Bis-ANS 
binding  (triangles).  Open  symbols:  data  obtained  with 5 mM  DTT; 
closed  symbols:  data  obtained  without  DTT. 

centered around 0.8 M GdmC1. This was followed by a plateau 
between 1 .O and 1.5 M GdmCl and  a second, broader transition. 
The presence of  the  plateau in the  CD signal indicates the exis- 
tence of a  populated  intermediate state having appreciable sec- 
ondary structure.  The characteristics of this intermediate were 
further examined by the binding of the fluorescent probe Bis- 
ANS. This reporter molecule exhibits little fluorescence in aque- 
ous solutions  but becomes highly fluorescent upon binding to 
organized hydrophobic regions in proteins  (Horowitz & Butler 
1993). The wavelength for maximum Bis-ANS fluorescence was 
independent of the GdmCl concentration indicating that the ad- 
dition of the probe did not cause conformational changes in the 
protein. However, the Bis-ANS fluorescence intensity increased 
sharply at concentrations beyond 0.5 M with a maximum ob- 
served at 1.1 M GdmC1. Higher concentrations of denaturant 
led to a  gradual decrease in the Bis-ANS fluorescence, which 
paralleled the loss of the far-UV CD signal and presumably re- 
flects the global  unfolding of the protein. 

To investigate the significance of the single disulfide bond of 
0-lactamase in unfolding, the protein was reduced by incubat- 
ing in 5 mM DTT  for 12 h.  At  that  point, over 95% of the cys- 

 on March 27, 2007 www.proteinscience.orgDownloaded from 

http://www.proteinscience.org


Folding and aggregation of TEM 6-lactamase 

teines were present  in  the  free  thiol  form  as  determined by 
sulfhydryl  titration  using  Ellman's  reagent.  The  denaturation 
curves obtained by monitoring  the  change in  fluorescence inten- 
sity  (Fig. lB),  the  far-UV  CD  signal,  and  the  UV  adsorption  of 
the  protein in DTT  (data  not  shown) were indistinguishable from 
those  of  the  oxidized  protein.  The  overall  profiles  of Bis-ANS 
fluorescence were also  quite  similar,  but  the  reduced  protein 
exhibited a small, yet reproducible increase  in the Bis-ANS  flu- 
orescence  in  the 0.7-1.4 M GdmCl  region.  The  maximum Bis- 
ANS  fluorescence was observed  in 1.0 M GdmCl  and was 15070 
higher  following  reduction  with  DTT. 

0-Lactamase aggregation upon refolding 

Unfolding  of  the reduced protein in 3 M GdmCl followed by di- 
lution  with  buffer  to a final  protein  concentration  of 3 mg/mL 
resulted in the  appearance  of light scattering  material  as  soon 
as  the  concentration  of  GdmCl was reduced below 1.5 M  (M. 
Ostermeier,  unpubl.  data).  The  soluble  TEM  p-lactamase  ob- 
tained  after  dilution  had a specific activity  identical to  the  au- 
thentic  protein  and  eluted  as a single  symmetric  peak by gel 
filtration  HPLC (Valax, 1993). Light  scattering  material  con- 
sisted of  large  protein  aggregates, which could be easily collected 
by centrifugation.  Nonreducing  SDS-PAGE revealed no evi- 
dence  of  intermolecular  disulfide  bonds  among  the  polypeptide 
chains  in  the  aggregate.  Prolonged  incubation in phosphate 
buffer  did  not result  in any  appreciable release of  protein  from 
the  aggregates (P. Valax, unpubl.  obs.).  Light  scattering  ma- 
terial  did  not  form even after  prolonged  incubation  in 3 M 
GdmCl. 

Aggregation  depends  strongly on  the  protein  concentration, 
which changes  in  the  course  of  refolding  experiments  initiated 
by dilution  from  denaturant  solutions.  It was of  interest  to 
examine  the  extent  of  aggregation  and  the reversibility of  the 
refolding  process  under  conditions  where  the  protein  concen- 
tration is kept  constant  throughout  the  experiment. For this 
purpose,  known  amounts  of  TEM  0-lactamase were first  equil- 
ibrated in 3 M GdmCl  and  then  the  concentration  of  denatur- 
ant was reduced to  the  same  final value (0.02 M GdmC1) by 
dialysis.  Within  experimental  error,  the  fraction  of  the  protein 
that was soluble  after  refolding was equal  to  the  reactivation 
yield. The  reactivation yield is defined  as  the  enzymatic  activ- 
ity following  refolding  over  the  activity in a sample of identi- 
cal  protein  concentration  that was treated in the  same way as 
the  samples  that were subjected to  refolding except that  the  de- 
naturant was omitted. 

Figure 2 shows  the  fraction of the  initial  p-lactamase  activ- 
ity recovered at 23 "C  and 37 "C as a function of the protein con- 
centration.  As  expected,  the  extent  of  reactivation  of  TEM 
P-lactamase depended strongly on  both  the  temperature  and  the 
protein  concentration.  At 37 "C  and  protein  concentrations 
higher  than 0.5 mg/mL,  the  decrease  in  the yield of  active  pro- 
tein  was accompanied by the  formation  of  aggregated  material. 
In  contrast,  at 23 "C aggregation  could  not  be  detected  up  to 
4 mg/mL.  At  both  temperatures,  under conditions  where  refold- 
ing  was no longer  completely  reversible, the recovery yield upon 
refolding  was  linearly  dependent on  the  protein  concentration. 
Irreversibilities  were  solely due  to  aggregation,  as  there was no 
evidence  of  multimeric species in  solution  and  the specific ac- 
tivity of  the  refolded  protein was identical  to  the  native TEM 
0-lactamase. 
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Fig. 2. Effect of protein concentration on the recovery of enzymatic ac- 
tivity of reduced TEM  0-lactamase  unfolded in 3 mM GdmCl for 3 h 
followed by removal of the denaturant by dialysis to a final denatur- 
ant concentration of 0.02 M. 0, 23 "C; 0, 37 "C. 

The  activity recovered upon  refolding  at 37 "C was  strongly 
dependent  on  the initial GdmCl  concentration (Fig. 3). Incuba- 
tion  of native protein in GdmCl  concentrations between 1 .O and 
1.4 M prior  to dialysis  resulted in  only  about 5% recovery of 
the enzymatic  activity compared  to 60% when the initial GdmCl 
concentration was 3 M or higher. However, no such  minimum 
in  the recovered  activity  was observed  at 23 "C even though  the 
protein  concentration  for these experiments was 3 times  higher. 

All  subsequent  experiments were conducted  at 37 "C  to allow 
direct  comparison with the  formation  of  TEM  p-lactamase  in- 
clusion  bodies  in the periplasmic space  of E. coli. When  unfold- 
ing  and dialysis were conducted  under  nonreducing  conditions, 
the  activity yield was substantially  higher  for  all  initial  GdmCl 
concentrations (Fig. 4). Nevertheless,  both in the  absence  and 
in the presence  of  DTT, the refolding yield exhibited a minimum 
at  an  initial  GdmCl  concentration  of 1.4 M. 

0 2 4 6 8 
GdrnCl (M) 

Fig. 3. Recovery of enzymatic activity of reduced TEM p-lactamase un- 
folded in different initial concentrations of GdmCl and refolded by di- 
alysis to a final denaturant concentration of  0.02 M. 0 , 2 3  "C, 10 mg/mL 
protein; 0, 37 "C, 3 mg/mL  protein. 
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Fig. 4. Recovery of enzymatic  activity of p-lactamase at 37 "C  in  the 
presence or absence of 5 mM DTT. A solution of 3 mg/mL of protein 
was  incubated  in  different  initial  concentrations of GdmCl  and  refolded 
by dialysis to a final  denaturant  concentration of 0.02 M. 0, with 5 mM 
DTT; 0, without  DTT. 

The  addition of moderate  concentrations of sucrose in the 
growth medium has been shown to inhibit the aggregation of 
TEM P-lactamase in the periplasmic space of E. coli grown at 
37 "C (Bowden & Georgiou, 1990). At a  TEM p-lactamase con- 
centration of 3  mg/mL, the presence of 0.6  M sucrose resulted 
in a moderate increase in the recovery of correctly folded, ac- 
tive protein  upon refolding from solutions  containing >0.5 M 
GdmCl (Fig. 5). The effect of sucrose was most pronounced 
when refolding was initiated from the completely unfolded state. 
For protein  unfolded in 3  M GdmC1, the protein concentration 
at which aggregation became apparent increased with increas- 
ing concentrations of sucrose in the range of 0-0.6 M (Valax, 
1993). Surprisingly however, the  addition of sucrose to protein 
samples equilibrated in  less than 0.5 M  GdmCl resulted in a de- 
crease in the refolding yield. This result is puzzling because at 
such low denaturant concentrations the native conformation is 
well populated (Fig. 1) and sucrose is known to enhance the  sta- 
bility of the native state. 

Folding kinetics 

The  reactivation of p-lactamase from  denaturant solutions, as 
monitored by fluorescence, exhibits a fast phase, which accounts 
for  around 50% of the final specific activity and is complete 
within the dead  time of the experiment, followed by a slower 
phase (Laminet & Pliickthun, 1989). The kinetics of the slow 
phase in refolding from 3  M  GdmCl were monitored by the 
change in fluorescence intensity at 345 nm.  For all final GdmCl 
concentrations tested, the  data  for  the recovery of more than 
90-95% of the fluorescence intensity of the native protein could 
be fitted by a first-order rate expression. Both the amplitude and 
the  rate constant for  the slow phase in folding were dependent 
on  the final GdmCl  concentration (Table 1). The  amplitude  de- 
creased to zero for final  GdmCl  concentrations >0.6 M. The 
slow phase in the folding of the reduced protein  also exhibited 
first-order kinetics, but the amplitude was larger and  the  rate 
constant  smaller. At low final  GdmCl  concentrations, folding 
was faster for  the oxidized TEM 0-lactamase,  but the  rate con- 
stants in the presence and absence of DTT became indistinguish- 
able when the protein was diluted into 0.75 M GdmCI. 

The formation of folding intermediates that bind to Bis-ANS 
were determined as follows. The  protein was equilibrated in 
3 M GdmCl and then refolding was initiated by dilution to dif- 
ferent  final  concentrations of denaturant. Bis-ANS  was added 
to  the refolding mixture at different times following dilution 
and the fluorescence intensity at 500 nm was determined. For 
t = 0 min, Bis-ANS  was present in the dilution buffer. A Bis- 
ANS binding species was found  to  form within the  dead  time 
for these experiments. Figure 6 shows that the maximum amount 
of Bis-ANS binding increases for  the first few minutes after 
the initiation of folding and then decreases slowly. The inten- 
sity and time of addition of the probe for maximum of  Bis-ANS 
fluorescence was a  function of the final GdmC1. Dilution of 
/3-lactamase into 1.8  M  GdmCl did not result in any increase in 
Bis-ANS fluorescence over the  basal level at t = 0. 

Discussion 

The changes in the fluorescence intensity, enzymatic activity, 
and UV adsorption during the unfolding of TEM  0-lactamase 
in GdmCl followed a sigmoidal transition with a mid-point 

Table 1. Amplitudes of the fast phase and rate constants for  
the slow phase in the folding of 0-lactamase from 3 M 
GuHCl to the indicated final concentrations 
in the presence or absence of 5 mM DTT 

Amplitude (fraction of 
GuHCl  (M)  DTT  the total transition) k (min") 

0.30 + 0.43 i 0.015 0.120 f 0.003 
0.45 + 0.36 f 0.02 0.107 f 0.001 
0.60 + 0.31 i 0.012 0.089 f 0.002 
0.75 + 0.28 i 0.025 0.083 i 0.003 

0.30 - 0.31 f 0.01 0.182 i 0.002 
GdmCl (M) 0.45 - 0.14 f 0.01 0.131 f 0.001 

- 0.03 f 0.005 0.098 f 0.006 
- 0.02 f 0.01 0.078 i 0.002 

0 1 2 3 4 5  

Fig. 5. Recovery of the  enzymatic  activity of TEM  p-lactamase  in 5 mM 0.75 
0.60 

DTT and in  the  presence (0) or absence (0) of 0.6 M sucrose. The ex- 
perimental conditions were as in  Figure 4. 

 on March 27, 2007 www.proteinscience.orgDownloaded from 

http://www.proteinscience.org


Folding and aggregation of TEM p-lactamase 1957 

3 0.0 
X 

0 5 10 15  20 

Time (minutes) 

Fig. 6. Maximum fluorescence due to Bis-ANS binding. A final con- 
centration of 1 pM Bis-ANS was  added  at  different  times  after dilution 
of a solution of 0.3 mg/mL of reduced 0-lactamase unfolded in 3 M 
GdmCl to different final concentrations of denaturant. A,  0.3 M; 0, 
0.45 M GdmC1; 0, 0.45 M GdmC1, no DTT; ., 0.75 M GdmC1; 0,  
1.85 M GdmCI. 

around 0.85-0.9 M. The loss of enzymatic activity and  trypto- 
phan fluorescence indicate that  the end of this  transition is 
marked by a significant change in tertiary  structure. However, 
the far-UV CD signal revealed the existence of an intermediate 
state, which is populated at GdmCl  concentrations between 1 . 1  
and 1.5 M and has about 60% of the secondary structure of the 
native  protein. The appearance  of  this  intermediate is accom- 
panied by a  marked increase in Bis-ANS fluorescence, a  probe 
that binds preferentially to organized hydrophobic surfaces. The 
presence of significant secondary structure and exposed hydro- 
phobic  surfaces  concomitant with the loss of native tertiary 
structure is consistent with the  appearance of a compact  inter- 
mediate or "molten-globule" state (Ptitsyn et al., 1990; Fink, 
1994). Compact folding  intermediates have also been detected 
in 3 other class A  0-lactamases, from Staphylococcus aureus, 
Bacillus licheniformis, and Bacillus cereus under  conditions of 
low denaturant concentration, in acid or high salt  (Robson & 
Pain, 1976; Goto & Fink, 1989; Ptitsyn et al., 1990; Calciano 
et al., 1993). These enzymes share a high degree of topological 
similarity with the TEM  0-lactamase, but with several subdo- 
mains existing in different relative orientations (Jelsch et al., 
1992; Strynadka et al., 1992). The  compact  intermediate form 
of the B. licheniformis enzyme at low pH has been character- 
ized in detail  (Calciano et al., 1993). It has  a Stokes radius that 
is only about 10% larger than  that of the native protein, binds 
ANS, and has  a high degree of secondary  structure.  The char- 
acteristics of the compact  state  of B. licheniformis /3-lactamase 
suggest that subdomains with native  secondary structure  are 
present, but  at least some  tertiary  interactions have been lost, 
leading to some  expansion of the molecule (Fink, 1994). Given 
the homology and  structural similarity between the native B. 
licheniformis enzyme and TEM @-lactamase, it is reasonable to 
postulate that  the intermediate we detected in low GdmCl  con- 
centrations adopts a similar conformation. 

TEM  p-lactamase  contains  a single disulfide bond between 
and C Y S ' ~ ~ .  Replacement of one or both cysteines by site- 

specific mutagenesis affects the stability but  not  the enzymatic 
activity of the protein (Schultz et al., 1987; Laminet & Pluck- 
thun, 1989). When the disulfide bond was reduced by DTT, the 

denaturation  transition was not affected except that  an increase 
in Bis-ANS binding at low GdmCl concentrations was observed. 
Cys77 and CysIz3 form a disulfide bond connecting helices h2 
and h4 (Jelsch et al., 1992). Reduction of the disulfide bond pre- 
sumably leads to loss of stabilizing interactions in  the helix- 
dominated  subdomain  of @-lactamase (residues 61-211) and 
increased solvent exposure of the hydrophobic residues in he- 
lix h2. 

A  protein species that exhibits strong binding to Bis-ANS is 
formed very early upon dilution from 3 M  GdmCl (Fig. 6). 
When the  probe is added directly in the diluting buffer, a  rapid 
increase in fluorescence occurs and is complete within 10 s 
(within the dead  time for these experiments). An  additional, 
more gradual increase in fluorescence is complete within 45 s, 
depending on  the final  GdmCl  concentration, followed by a 
gradual decrease as  the protein reaches the native state. Ptitsyn 
et al. (1990) have observed similar changes in the binding of Bis- 
ANS during the folding of the S. aureus p-lactamase. They pro- 
posed that  the Bis-ANS binding species, which  is formed early 
on in the reaction,  corresponds to a  folding  intermediate with 
the characteristics of the molten globule. It is tempting to spec- 
ulate that  the binding of Bis-ANS to TEM @-lactamase reflects 
the  formation of a molten globule-like species, in analogy with 
the S. aureus enzyme. 

The maximum Bis-ANS binding was dependent on  the final 
GdmCl  concentration and  on  the time of addition of Bis-ANS. 
Maximum Bis-ANS fluorescence was observed within the first 
few minutes after folding commences. This reflects a  rapid in- 
crease in organized hydrophobic surfaces during the early steps 
in the folding transition, which coincides with the fast phase de- 
tected by the change in protein intrinsic fluorescence. The early 
steps are followed by a slower transition manifested by progres- 
sively lower  Bis-ANS binding and  a first-order change in the pro- 
tein intrinsic fluorescence. 

Both the amplitude and  the  rate constant for  the transition 
monitored by the intrinsic fluorescence depend on  the final 
GdmCl concentration. The rate constant for  the slow phase ob- 
served with the reduced protein is greater than  for  the oxidized 
TEM  0-lactamase.  A possible explanation is that  the presence 
of  the disulfide bond facilitates alignment of the 2 helices in the 
active site subdomain  of the protein and expedites the  forma- 
tion of native secondary structure. Interestingly, the  amplitude 
of the  fast phase was greater for  the reduced protein than  for 
the oxidized protein. 

At relatively higher protein  concentrations (3 mg/mL),  dilu- 
tion of  the unfolded  protein to GdmCl  concentrations lower 
than 1.5 M resulted in the  formation of light scattering material 
in the solution. The parameters that influence protein aggrega- 
tion  upon refolding were investigated by employing diafiltration 
to lower the denaturant concentration. This allowed the refold- 
ing to proceed to  the same final  conditions while keeping the 
protein concentration constant throughout  the experiment. Nei- 
ther aggregation nor any decrease in the reactivation of reduced 
p-lactamase upon refolding from 3 M GdmCl were evident even 
at relatively high protein  concentrations: 0.5 mg/mL at 37 "C 
and 4.0 mg/mL at 23 "C. At higher protein  concentration the 
reactivation yield varied linearly  with the  amount of protein. The 
slope of  the reactivation versus protein  concentration curve in- 
creased substantially at 37 "C. 

The  reactivation yield  was strongly  dependent on  the initial 
GdmCl  concentration at which TEM  0-lactamase had been in- 

 on March 27, 2007 www.proteinscience.orgDownloaded from 

http://www.proteinscience.org


1958 G. Georgiou et al. 

cubated  prior to refolding. At 37 "C, starting with 3  mg/mL of 
protein that  had been equilibrated in 1 .O-1.4 M GdmC1, the re- 
covery of active 0-lactamase was only 5% compared to over 
60% recovery when refolding was initiated from  the unfolded 
state  (i.e., in 3  M GdmC1). A similar dependence of the revers- 
ibility of refolding on the initial concentration of denaturant has 
been observed with other proteins, such as horse muscle phos- 
phoglycerate kinase (Mitraki et al., 1987), rhodanese (Horowitz 
& Criscimagna, 1986), and human growth hormone (De  Felippis 
et al., 1993). The  reactivation yield of  horse muscle phospho- 
glycerate kinase at 23 "C exhibited a sharp trough when refold- 
ing was initiated from 0.7 f 0.1  M GdmC1. This  phenomenon 
was shown to result from the aggregation of an intermediate that 
becomes populated in moderate  denaturant  concentrations and 
exhibits a reduced degree of a-helix formation relative to  the 
native state.  In the case of rhodanese, the aggregation of the 
sulfur-free enzyme in GdmCl induced minor changes in over- 
all structure,  but led to a  substantial increase in the exposure of 
apolar surfaces of the protein as evidenced by the binding of 
ANS. In  a similar fashion the aggregation of TEM P-lactamase 
is enhanced drastically in  the presence of around 0.9-1.4 M 
GdmC1, conditions that favor the formation of the compact in- 
termediates having exposed hydrophobic surfaces. The near ab- 
sence of aggregation at  the lower temperatures  further  supports 
the hypothesis that  the self-association of 0-lactamase is driven 
by hydrophobic forces (Mitraki et al., 1987). 

The reduced protein exhibited both higher Bis-ANS binding 
and showed a lower protein yield upon refolding. As discussed 
above, this greater tendency to aggregation may be related to 
increased exposure of the hydrophobic face of helix h2 in the 
reduced protein.  Also, the addition of sucrose resulted in some 
increase in the reactivation yield, the magnitude of which de- 
pends on the initial denaturant concentration. Sugars can affect 
the folding reaction in a complex manner  (Hurle et al., 1987). 
Specifically, the inhibition of protein aggregation may be related 
to one of the following processes: (1) viscosity effects that lower 
the  rate constant for  the high-order reactions responsible for 
protein self-association; (2) stabilization of the native state; (3) 
acceleration of the rate-limiting step in folding effectively de- 
creasing the concentration of the aggregation-prone intermedi- 
ate. Although we have not  attempted to determine the relative 
contribution of these 3 mechanisms, preliminary results in our 
laboratory have shown that sucrose increases the rate of refold- 
ing of 0-lactamase from 3  M  GdmCl as well as the stability of 
the native state (Valax & Georgiou, 1991; Valax, 1993). 

How  do these observations  correlate with the  formation of 
0-lactamase inclusion bodies in E. coli? We have shown earlier 
that  the  formation of inclusion bodies occurs when the protein 
is overexpressed, it is completely suppressed when the cells are 
grown at 23 "C, and it is enhanced in dsbA mutant strains where 
the  formation of disulfide bonds is impaired (Bowden & Geor- 
giou, 1990; Chalmers et al., 1990; Bowden et al., 1991; M. Os- 
termeier & G. Georgiou,  unpubl. results). Clearly, these results 
bear strong similarities  with the finding reported here for  the pu- 
rified protein. In vivo aggregation  can  also be inhibited  com- 
pletely by growing the cells in the presence of nonmetabolizable 
sugars. Bowden and Georgiou (1990) showed that  the addition 
of sugars affects neither protein synthesis nor the kinetics of pre- 
p-lactamase processing and suggested they must influence the 
folding  pathway of the mature polypeptide. We found  that  the 
addition of sucrose also  inhibits aggregation in vitro; however, 

the effect was not as  dramatic  as would have been expected 
based on  the in vivo data. Regardless, the analogies between 
the in vitro results and  the  formation of inclusion bodies is 
quite striking. It is tempting to speculate that  the  formation of 
P-lactamase inclusion bodies is dictated solely by the amino acid 
sequence  of the protein. However, the generality  of this hypothesis 
is tempered by observations that  the expression of 0-lactamase 
with a heterologous leader peptide results in a massive increase 
in inclusion body formation (Bowden & Georgiou, 1990). Thus, 
at least under some physiological conditions, other factors must 
play a role in the aggregation of TEM 0-lactamase in vivo. 

Inclusion bodies often contain  minor amounts of other pro- 
teins. With some care, such protein aggregates can be separated 
from other cellular components and thus, the  conformation of 
the aggregated polypeptide chains  can be analyzed by spectro- 
scopic techniques applicable to particulate samples. Recently, 
the secondary structure of P-lactamase and interleukin 10 in in- 
clusion bodies was determined by Raman and attenuated total 
internal reflectance FTIR spectroscopies, respectively (Oberg 
et al., 1994; Przybycien et al., 1994). Aggregates of both pro- 
teins exhibited extensive secondary structure. Clearly, the aggre- 
gation of IL-1P and 0-lactamase in E. coli must be the result of 
interactions among folding intermediates in  which  extensive  sec- 
ondary structure has already formed. For interleukin lP, the sec- 
ondary structure in inclusion bodies was  very similar to  the 
native protein. In contrast, the p-lactamase inclusion bodies ex- 
hibited an increase in &sheet content at  the expenses of helical 
structure. Such differences relative to the native protein are ex- 
pected given that  the aggregation of /3-lactamase most likely in- 
volves partially folded intermediate@). Evidently, this is not the 
case for the in vivo aggregation of interleukin 10;  for this  pro- 
tein, self-association must involve an almost completely native 
intermediate. Similarly, inclusion bodies formed by cellulase 
consist of essentially native protein and exhibit full enzymatic 
activity (Tokatlidis et al., 1991). It appears that there are at least 
2 classes of inclusion bodies: the  first class results from  the as- 
sociation of nativelike intermediates as is the case for interleu- 
kin 10  and cellulase; the second class of inclusion bodies, which 
is represented by TEM P-lactamase, involves the association of 
a compact  state having extensive secondary structure, but not 
necessarily nativelike tertiary  interactions. 

Although the completely denatured  TEM fl-lactamase in 3 M 
GdmCl was not susceptible to aggregation,  the data presented 
in this work do not completely rule out  the possibility that in 
vitro aggregation involves the self-association of the  denatured 
state  rather than a low solubility intermediate. This is because 
populations of denatured molecules can be present even under 
conditions that favor the native state  (De Young et al., 1993). 
However, given that  the inclusion bodies formed in E. coli have 
considerable secondary structure, and because protein aggrega- 
tion in vivo and in vitro appear  to have many similarities, the 
hypothesis that the aggregation of TEM 0-lactamase involves 
an insoluble denatured state does not appear likely. 

Materials and  methods 

0-Lactamase  purification 

0-Lactamase was purified from  the periplasmic fraction of E. 
coli RB791(lacIq8) cells transformed with plasmid pJGlO8 
(Bowden et al., 1991). The cells  were grown at 30 "C in M9 salts 
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supplemented with 0.2% glucose, 0.2% casein, and 100 pg/mL 
of ampicillin. The cultures were induced with M isopropyl- 
@-D-thiogalactoside at  an OD, of about 0.35. Under these 
conditions,  0-lactamase  accumulates in soluble form  at a level 
exceeding 30% of the  total cell protein and  no accumulation of 
unprocessed pre-@-lactamase precursor is observed (Valax & 
Georgiou, 1993). After  overnight  growth, the cells were har- 
vested by centrifugation at 10,000 X g for 10 min, resuspended 
in lOmM Tris acetate buffer, pH 8.0, containing 0.75 M sucrose, 
and then  converted to spheroplasts  according to  the procedure 
described by Osborn and Munson (1976). The spheroplasts were 
centrifuged at 8,000 x g for 15 min and  the  supernatant was 
saved and dialyzed overnight against 4  L of 100  mM sodium ac- 
etate,  pH 7.5, with 400 mM NaCl. The protein was then  puri- 
fied on a  Chelating  Sepharose FF  (Pharmacia, Inc.) column. 
Prior  to loading, the column was  washed  with  300 mL of buffer 
A,  pH 7.5, containing 50 mM EDTA, and equilibrated with  300 
mL of  solution A,  pH 4.0. Zn+' was loaded onto  the packing 
by flowing 300 mL of  buffer  A, pH 4.0, containing 5 g/L of 
ZnC1,. The spheroplast supernatant was loaded directly onto 
the column at a flow rate of  2  mL/min.  After washing with 
60 mL of buffer  A,  pH 7.5, to elute weakly bound  protein, 
the column was eluted with a linear gradient from  pH 7.5 to 
pH 4.0, developed over 80 min,  and was finally washed with 
60 mL of buffer A, pH 4.0. The active fractions were pooled 
and dialyzed against 50 mM potassium phosphate, pH 7.0. Ap- 
proximately 250  mg of 0-lactamase was recovered from a 2-L 
culture.  P-Lactamase was found to be more than 95%  pure as 
determined by densitometry of 15% acrylamide SDS-PAGE 
gels. For long-term storage,  the enzyme was diluted in 50 mM 
KH2P04  buffer,  pH 7.0, at a  concentration of 1 mg/mL,  and 
was rapidly frozen in dry ice and kept at -70 "C.  Under these 
conditions the enzyme remained fully active for several months. 

Unfolding equilibrium measurements 

Protein intrinsic fluorescence spectra were determined in an 
SLM SPF-5OOC spectrofluorometer using an excitation wave- 
length of  280 nm. The emission spectra were scanned from 310 
to 480 nm.  For equilibrium measurements,  TEM P-lactamase 
at a concentration of 60 pg/mL was incubated with varying con- 
centrations of GdmCl for 3  h.  The  temperature was controlled 
at 23 "C using a  thermostated  compartment and  an associated 
water bath.  The maximum difference in the fluorescence inten- 
sity of the native and denatured  protein, in the presence or  ab- 
sence or 6  M GdmCl respectively,  was detected at 345 nm (Valax 
& Georgiou, 1991). 

Hydrophobic surface  exposure to  the solvent was monitored 
using the fluorescent probe Bis-ANS (Horowitz & Butler, 1993). 
TEM 0-lactamase at a  concentration  of 60 pg/mL was equili- 
brated with GdmCl as above, Bis-ANS  was added to a final con- 
centration of 10 pM, and the fluorescence emission spectra were 
scanned from 400 and 600 nm using an excitation wavelength 
of 395 nm. CD spectra were recorded with a Jasco 5500 spec- 
tropolarimeter with a model 5-500 data processing unit.  A  pro- 
tein concentration of 0.3 mg/mL was used for all experiments. 
The protein solution was equilibrated in the  denaturant solution 
for  at least 3  h  prior to spectra collection. 

The folding equilibria for  the reduced TEM @-lactamase were 
monitored as described above except that all buffers were thor- 
oughly degassed and  the protein samples were equilibrated in 

the presence of 5 mM dithiothreitol. Sulfhydryl titration using 
Ellman's reagent  confirmed that  the single disulfide bond in 
@-lactamase is completely reduced under these conditions (Va- 
lax, 1993). 

Folding kinetics 

TEM P-lactamase was incubated for 3  h at room  temperature 
in 50 mM potassium  phosphate  buffer  containing  3  M  GdmCl 
with or without 5 mM DTT. The samples were then diluted to 
various  final  GdmCl  concentrations by the addition of po- 
tassium phosphate buffer,  pH 7.0, with or without DTT  and 
GdmC1. For all experiments, the final protein concentration  af- 
ter dilution was  60 pg/mL. Protein folding was monitored by 
measuring the change in fluorescence at 345 nm using an exci- 
tation wavelength of 280 nm. 

To measure the kinetics of Bis-ANS binding,  unfolded  TEM 
@-lactamase in 3  M  GdmCl was diluted with buffer to different 
final  GdmCl  concentrations as above, and Bis-ANS at a  final 
concentration of 1 pM was added at different times after  the ini- 
tiation of refolding. The intensity of fluorescence emission was 
recorded at 500 nm with an excitation wavelength of 395 nm. 

Protein renaturation 

Known amounts of TEM  0-lactamase were lyophilized and re- 
dissolved in 50  mM potassium phosphate, pH 6.0,  containing 
various  concentrations of GdmCl in the presence or absence of 
5 mM DTT, as required.  The samples were dialyzed against the 
same  solution for 3  h at room  temperature in a Pierce microdi- 
alyzer model 500. Subsequently, the protein was renatured by 
dialyzing against phosphate  buffer without GdmC1. In all ex- 
periments, the final GdmCl concentration was 0.02  M. Follow- 
ing renaturation,  the dialysates were centrifuged at 10,000 rpm 
for 20 min in an Eppendorf microcentrifuge tube  at 4 "C  and 
the activity remaining in the  supernatant was determined.  The 
pellets  were  washed in 50 mM potassium phosphate, pH 6.0, and 
resuspended  in the same buffer by vortexing. For all experiments 
the activity in the wash  was  less than  5% of the activity found 
in the  supernatant immediately after dialysis. No 0-lactamase 
activity was detected after  additional washing of the aggregated 
pellet. 

General methods 

P-Lactamase activities were determined spectrophotometrically 
using  penicillin G as the substrate (Valax,  1993).  All  activity data 
reported are the average of 3 measurements. Protein concentra- 
tions were calculated using an extinction coefficient of eZSl = 
29,400 M"  cm" (Sigal et al., 1984). 

Acknowledgments 

We  are very  grateful  to  Anthony L. Fink,  Anna  Mitraki,  and  Carolyn 
Teschke for careful  reading of the  manuscript and many  valuable sug- 

and NIH GM 57420 to  G.G. 
gestions.  This  work  was  supported  in  part  by  grants  NSF  CBT-875741 

References 

Blum P, Velligan M, Lin N, Matin A. 1992. DnaK-mediated alterations in 
human  growth  hormone protein inclusion bodies. Bio/Technology 
10:301-304. 

 on March 27, 2007 www.proteinscience.orgDownloaded from 

http://www.proteinscience.org


1960 G. Georgiou et ai. 

Bowden GA, Georgiou G. 1990. Folding and aggregation of p-lactamase in 
the periplasmic space of Escherichia coli.  JBiol Chem 265:16760-16766. 

Bowden GA, Paredes AM, Georgiou G. 1991. Structure  and morphology 
of inclusion bodies in Escherichiu coli.  BioiTechnology 9:725-730. 

Calciano LJ, Escobar WA, Millhauser GL, Miick SM, Rubaloff J, Todd PA, 
Fink AL. 1993. Side-chain mobility of P-lactamase A  state  probed by 

Chalmers JJ, Kim E, Telford JN, Wong  EY, Tacon WC, Shuler ML, Wil- 
electron spin resonance spectroscopy. Biochemistry 32:5644-5649. 

son DB.  1990. Effects of temperature  on Escherichia coli overproduc- 
ing P-lactamase or human  epidermal  growth  factor. Appl Environ 
Microbiol56: 104-1 1 1 .  

Chrunyk BA, Evans J, Lillquist J, Young  P,  Wetzel R. 1993. Inclusion body 
formation  and  protein stability in sequence variants of interleukin 10. 
J Biol Chem 268:18053-18061. 

De Bernardez-Clark E, Georgiou G. 1991. Inclusion bodies and recovery of 
proteins from  the aggregated state. In: Georgiou G ,  De Bernardez-Clark 
E, eds. Protein refolding. ACS Symposium Series470. Washington, D.C.: 
American Chemical Society. pp 97-109. 

De Felippis MR, Alter LA,  Pekar  AH, Have1 HA, Brems DN. 1993. Evi- 
dence for  a self-associating equilibrium intermediate during folding of 
human growth hormone. Biochemistry 32:1555-1562. 

De  Young LR, Fink AL, Dill K. 1993. Aggregation of globular proteins. Acc 
Chem  Res 26:614-620. 

Fink AL. 1994. Compact  intermediate  states in protein folding. In: Roy S ,  
ed. Sub-cellular biochemistry: Protein structure, function and enpineer- .~ 

ing. Forthcoming. 
Georgiou G, Telford JN, Shuler ML, Wilson DB.  1986. Localization of in- 

clusion bodies in Escherichia coli overproducing 0-lactamase or alkaline 
phosphatase. Appl Environ Microbio152:1157-1161. 

Goldberg  ME,  Rudolph R, Jaenicke R. 1991. A kinetic study  of  the com- 
petition between renaturation  and aggregation during the refolding of 

Goto Y, Fink AL. 1989. Conformational  states of p-lactamase: Molten 
denatured-reduced egg white lysozyme. Biochemistry 30:2790-2797. 

globule states at acidic and alkaline pH with  high salt. Biochemistry 28: 

Horowitz  PM, Butler M. 1993. Interactive intermediates are formed dur- 
ing the  urea  unfolding  of  rhodanese. J Bioi Chem 268:2500-2504. 

Horowitz  PM, Criscimagna NL. 1986.  Low concentrations of guanidium 
chloride expose apolar surfaces and cause differential perturbation in cat- 

Hurle  MR, Michelotti GA,  Crisanti  MM, Matthews CR. 1987. Character- 
alytic intermediates of rhodanese. J Biol Chem 261:15652-15658. 

ization of a slow folding reaction for  the a subunit of tryptophan syn- 
thase. Proteins Struct Funct Genet 2:54-63. 

Jelsch C, Mourey L, Mason JM, Samana JP. 1992. Crystal structure of Esch- 
erichia coli TEMl (3-lactamase at 1.8 A resolution. Proteins Struct Funct 
Genet 16:364-383. 

Laminet AA, Pliickthun A. 1989. The precursor of 0-lactamase: Purifica- 

London J, Skrzynia C, Goldberg ME. 1974. Renaturation of Escherichia 
tion, properties and folding kinetics. EMBO J 8:1469-1477. 

coli tryptophanase  after exposure to 8 M  urea. Eur J Biochem 47: 

Mitraki  A, Betton JM, Desmadril M, Yon JM. 1987. Quasi-irreversibility 

945-952. 

409-4 1 5. 

in the unfolding-refolding transition of phosphoglycerate kinase induced 
by guanidine hydrochloride. Eur J Biochem 163:29-34. 

Mitraki  A,  Danner  M, King J, Seckler R. 1993. Temperature sensitive mu- 
tations  and second site suppressor substitutions affect the folding of the 
P22 tailspike protein in vitro. J Biol Chem 268:20071-20075. 

Mitraki  A,  Fane B, Haase Pettingell C,  Sturtevant J, King J. 1991. Global 

ence 25354-58. 
suppression of protein folding defects and inclusion body formation. Sci- 

Mitraki  A, King J. 1989. Protein folding intermediates and inclusion body 
formation. Bio/Technology 7:690-697. 

Mitraki  A, King J. 1992. Amino acid substitutions influencing intracellu- 
lar protein folding pathways. FEBS Lett 307:20-25. 

Oberg K,  Chrunyk BA, Wetzel  RB, Fink AL. 1994. Native-like secondary 
structure in interleukin 18 inclusion  bodies by attenuated total reflectance 
FTIR. Biochemistry 33:2628-2634. 

Osborn MJ, Munson R. 1976. Separation of the inner (cytoplasmic) and outer 
membranes of gram-negative bacteria. Methods Enzymol31:642-653. 

Przybycien TM, Dunn JP, Valax  P, Georgiou G. 1994. Secondary structure 

Ptitsyn OB, Pain  RH, Semisotnov GV, Zerovnik E, Razgulyaev 01 .  1990. 
characterization of p-lactamase inclusion bodies. Protein Eng 7:131-136. 

Evidence for  a molten globule state as a general intermediate in protein 
folding. FEBS Lett 262:20-24. 

Rinas U, Tsai LB, Lyons D, Fox GM, Stearns G, Fieschko J, Fenton D,  Bai- 
ley JE. 1992. Cysteine to serine substitutions in basic fibroblast growth 

during in vitro refolding. BioiTechnology 10:435-440. 
factor: Effect on inclusion body formatin  and proteolytic susceptibility 

Robson B, Pain  RH. 1976. The mechanism of folding of globular proteins. 
Biochem J 155:331-344. 

Schein CN, Noteborn MHM. 1988. Formation of soluble recombinant pro- 
teins in Escherichia coli is favored by lower growth temperature. Bioi 

Schultz SC, Dalbadie-McFarland G, Neitzel JJ, Richards JH. 1987. Stabil- 
Technology 6:291-294. 

ity  of  wild type and  mutant RTEM-I P-lactamases: Effect of the disul- 
fide bond. Proteins Struct Funct Genet 2:290-297. 

Sigal IS, DeGrado WF, Thomas BJ, Petteway SR Jr. 1984. Purification and 
properties of thiol  0-lactamase. J Biol Chem 259:5327-5332. 

Strynadka  NC, Adachi H, Jensen SE,  Johns K, Sielecki A, Betzel C,  Sutoh 
K, James NG. 1992. Molecular structure of the acyl enzyme intermedi- 
ate in p-lactam hydrolysis at 1.7 A resolution. Nature 359:700-705. 

Tokatlidis K, Dhurjati P, Millet J, Beguin  P, Aubert  JP. 1991. High activ- 
ity of inclusion bodies formed in Escherichia coli overproducing Clos- 
tridium thermocellum endoglucanase D. FEBS Lett 282:205-208. 

Valax  P.  1993. In vivo and in vitro folding and aggregation of Escherichia 
coli 6-lactamase [thesis]. Austin: University of Texas at  Austin. 

Valax  P, Georgiou G. 1991. Folding and aggregation of  RTEM p-lactamase. 
In: Georgiou G, De Bernardez-Clark E, eds. Protein refolding. ACS Sym- 
posium Series 470. Washington, D.C.: American Chemical Society. 

Valax  P, Georgiou G. 1993. Molecular characterization of protein inclusion 
bodies in Escherichia coli: I .  Composition. Biorechnol Prog 9539-547. 

Wetzel R. 1994. Mutations and off-pathway aggregation of proteins. Trends 
Biotechnol 12:193-198. 

pp 97-109. 

 on March 27, 2007 www.proteinscience.orgDownloaded from 

http://www.proteinscience.org

