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Abstract 

The  failure of newly synthesized polypeptide  chains  to  reach  the  native  conformation  due  to  their  accumulation 
as  inclusion  bodies is a  serious  problem in biotechnology.  The critical intermediate  at  the  junction between the 
productive  folding  and  the inclusion body  pathway  has been previously identified  for  the P22 tailspike  endorham- 
nosidase. We have been able  to  trap  subsequent  intermediates  in  the in vitro  pathway  to  the  aggregated  inclusion 
body  state.  Nondenaturing gel electrophoresis  identified  a  sequential series of multimeric  intermediates in the  ag- 
gregation  pathway.  These  represent  discrete species formed  from  noncovalent  association of partially  folded  in- 
termediates  rather  than  aggregation of  native-like trimeric species. Monomer,  dimer,  trimer,  tetramer,  pentamer, 
and  hexamer  states  of  the  partially  folded species  were populated  in  the  initial  stages  of  the  aggregation 
reaction.  This  methodology  of  isolating  early  multimers  along  the  aggregation  pathway was applicable to  other 
proteins,  such  as  the P22 coat  protein  and  carbonic  anhydrase 11. 
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A  major  problem in biotechnology is the  incorrect  folding  of 
newly synthesized  polypeptide  chains  and  formation  of  insolu- 
ble aggregates  that  are biologically inactive  (Marston, 1986; 
Mitraki & King, 1989; DeBernardez-Clark & Georgiou, 1991; 
Wetzel, 1994). In vivo,  this folding  problem  frequently  arises 
with  heterologous  proteins  overexpressed in Escherichia coli, 
which form inclusion bodies or amorphous aggregates within the 
cell. The  analogous  aggregation  problem  occurs in vitro via a 
similar  association  mechanism (Zettlmeissl  et al., 1979; Colon 
& Kelly, 1992; Mitraki et al., 1993). Non-native  multimerization 
subsequently leads  irreversibly to  the  formation of large aggre- 
gates or inclusion bodies.  A  frequently  employed  strategy  for 
minimizing  in vitro  aggregation is to refold protein  under  dilute 
conditions.  The  drawback  of  this  practice is that it dilutes  the 
final product,  and the  strategy  does not work for oligomeric pro- 
teins  that  cannot  assemble  efficiently  under  dilute  conditions 
(Jaenicke & Rudolph, 1986; Teschke & King, 1993). Therefore, 
further  study  of  the  aggregation  reaction is essential  in  design- 
ing effective  refolding  strategies. 

Analysis of the  aggregation  phenomenon  has been limited by 
the available methodologies  to  study  protein  folding  intermedi- 
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ates.  Most  analytical  bioseparation  techniques were designed to 
isolate  stable  native  protein  rather  than  metastable,  hydropho- 
bic species. Early aggregation  studies used centrifugation  to sep- 
arate  the  aggregates in the pellet from  the  soluble  protein.  Due 
to  the  limitations in the  analytical  techniques, all multimers  on 
the  aggregation  pathway  have been grouped  into  one  category, 
namely  “aggregates.”  Understanding  the  mechanisms  underly- 
ing the  off-pathway  aggregation  reaction  requires a description 
of the  chain  association  pathway  and  multimeric  intermediates. 

In the cases  where the  competition between the  refolding  and 
aggregation  reactions  has been directly  studied,  the  precursor 
to  aggregation is a  defined  intermediate in the  refolding  path- 
way  (Zettlmeissl et  al., 1979; Brems, 1988; Hendrick & Hartl, 
1993). Brems  used a two-step dilution  method  to investigate the 
folding  intermediates  and  aggregation process during refolding 
of bovine growth  hormone  (bGH).  Turbidity  data (450 nm) in- 
dicated  that  during  refolding,  the  initial  unfolding  conditions 
affected  the  extent  of  aggregation  and  that  only  partially  un- 
folded  bGH led to  aggregation. For numerous  proteins,  this 
class of folding  intermediates is the species that is recognized by 
the GroE chaperonin, which  assists  in protein  folding by bind- 
ing to folding  intermediates  and  preventing  improper  associa- 
tion of the  polypeptide  chains  (Goloubinoff et al., 1989). 
Cleland  and  Wang (1991) have used quasi-elastic light scatter- 
ing to  determine  the aggregation  mechanism  of  bovine carbonic 
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anhydrase I I  (CAB), a monomeric  protein. In vitro  refolding 
studies  showed  that a monomeric  folding  intermediate ( I I )  is in 
equilibrium with  a dimer with a Kc,(/ of 1.3 mM-l  and  associa- 
tion  rate of 5.16 x IO-' min". After  dimerization,  trimeriza- 
tion  proceeds  rapidly (Kt.(/ of 0.42 M" and  association  rate of 
0.133 min"),  which directly  leads to irreversible  aggregation 
(Cleland & Wang, 1991). 

The in vivo intermediates in inclusion  body  formation  have 
been characterized  for  the  P22  tailspike  endorhamnosidase 
(Haase-Pettingell&  King, 1988). The  tailspike is an  oligomeric 
protein  that  binds  phage P22 to  the Salmonella cell by hydrolyz- 
ing the rhamnosylgalactose  linkage in the Sa/monel/a 0-antigen. 
Analysis  of  the  folding  and  aggregation  mechanism of the tail- 
spike  protein  have  shown  that  aggregation  occurs by the  asso- 
ciation of a  partially  folded monomeric intermediate rather  than 
the native species. This  thermolabile  intermediate preferentially 
partitions  onto  the  aggregation  pathway  as  the  temperature in- 
creases  (Haase-Pettingell & King, 1988). 

The in  vivo folding  and  aggregation  pathway  of  the  P22 tail- 
spike  protein involves an  unfolded  nascent  polypeptide  chain 
coming  off  the  ribosome  and  forming a  partially  folded  species 
with significant secondary  structure (Fig. IA).  This single-chain 
intermediate (I)  can  associate to form a protrimer  (pt) of par- 
tially folded  chains  (Goldenberg et al., 1982; Haase-Pettingell 
& King, 1988). Although  the  protrimer is a transient  species, it 
is metastable  enough to be  trapped  on  an  acrylamide gel at low 
temperatures. The final  folding step is the conversion of the pro- 
trimer  to  the  stable native tailspike by a  first order  reaction. Be- 
cause  the single-chain folding  intermediates  are  only  partially 
folded species, there is no  native  monomer species. 

Temperature-sensitive  folding  mutations  further  destabilize 
the  early  folding  intermediate to shift  from  the  productive  fold- 
ing pathway  onto  the aggregation pathway  at restrictive temper- 
atures  of 38-42 "C  (Goldenberg & King, 1981). Mutations  at  two 
sites suppress the aggregation reaction of the tailspike  intermedi- 
ates  both in vivo and in vitro  (Mitraki  et  al., 1991, 1993). The 
existence of single amino  acid  substitutions  that  suppress inclu- 
sion  body  formation suggested that  the  reaction was  specific. 

Recently, the  structure of the  tailspike  has been solved by 
X-ray crystallography  (Steinbacher et al., 1994). Figure 1 is a 
ribbon  diagram  depicting  the  structure  of  the  tailspike  mono- 
mer  (Fig. 1B) and  native  trimer (Fig. IC).  The  central region of 
each  72-kDa  subunit  of  the  native  trimer  has a  &spiral confor- 
mation  similar to  pectate lyase C (Yoder et al., 1994). The 
C-terminal  regions  interdigitate  and  form  further 0-sheet struc- 
tures.  The  conformation  of  the  partially  folded  intermediates 
is not  known,  but is likely to have  substantial &sheet content. 

Tailspike  refolding  studies  have  directly  compared in vitro 
folding  and  the  aggregation  reaction to the in vivo mechanism. 
The in vitro  folding  pathway  of the tailspike  protein corresponds 
to the in vivo folding reaction, having  similar  folding  intermedi- 
ates  and  folding kinetics (Fuchs et  al., 1991; Danner & Seckler, 
1993). 

For most  small monomeric proteins, hydrophobic collapse  oc- 
curs  on a timescale less than 1 ms, and  the transition from a  mol- 
ten globule  folding  intermediate to  the native state requires  times 
on  the  order  of seconds (Kim & Baldwin, 1990). For  the tailspike 
protein,  the  transition of protrimer  to  native  trimer is the  rate- 
limiting step in the  folding  reaction.  The half-times of  tailspike 
refolding  for  both  the in vivo and in vitro  reactions  are  on  the 
order of minutes  rather  than  seconds  (Danner & Seckler, 1993), 
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Fig. 1. A: Folding  and  aggregation  pathway of the  P22  tailspike  pro- 
tein. U ,  unfolded species: I ,  folding  intcrmcdiatc;  pt,  protrimer: N. na- 
tive  trimer; I,,, aggregation  intermediates.  Ribbon  diagram of P22 
tailspike  monomer (R) and  native  trimer (C) .  Structure  drawn by Per 
Kraulis with the  MOLSCRIPT  program  using  coordinates  of  Steinbacher 
et al. (1994) and  reprinted with permission oiGoldenberg  and  Creighton 
(1994). 

and  metastable  intermediates  can  be  trapped in the cold (Gol- 
denberg & King, 1982). Half-times  for  the  off-pathway aggre- 
gation  reactions  are similar to those for  the  productive pathway. 
This suggested that it might be possible to directly identify in- 
termediates  along  the  aggregation  pathway. 

Results 

The in vitro  partitioning of refolding  intermediates between the 
productive  and  aggregation  pathways  had been established ini- 
tially for  denatured  polypeptide  chains  diluted  from  concen- 
trated  solutions  of  guanidinium  hydrochloride  (Mitraki et al., 
1993). To avoid  problems  associated  with  the presence of a 
charged  denaturant,  acid-urea ( 5  M urea,  pH 3) was used as  the 
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initial denaturant  as  described by Seckler et al. (1989). Dena- 
tured  protein was diluted  into  buffer  at  pH 7.6 to a final  con- 
centration of 100pg/mL.  Under these conditions, approximately 
10% of  the  chains  refolded to the  native  trimer, which is SDS 
resistant,  and  the  remainder  of  the  chains  associated to form 
small  aggregates as detected by quasi-elastic light scattering. At 
the early stages  of  the  multimerization  reaction,  the extent of 
aggregation  under these conditions was too low to measure  ac- 
curately by classical light scattering  at 500 nm. 

In the  original  studies  of  the in vivo folding  pathway,  non- 
denaturing  polyacrylamide gel electrophoresis  (PAGE) in the 
cold  was used to identify  the  metastable  protrimer  intermediate 
(Goldenberg & King, 1982). It seemed reasonable  that  nonde- 
naturing gel electrophoresis in the cold  might also  be useful in 
separating  putative  multimeric  intermediates  along  the  aggre- 
gation  pathway. 

For in vitro refolding  studies,  native P22 tailspike  protein was 
denatured in 5  M urea  at  pH 3 for  approximately 45 min.  The 
refolding  and  aggregation  reaction was initiated by rapid  dilu- 
tion (20-fold) with phosphate  buffer  containing 0.58  M urea, 
1 mM EDTA, 1 mM P-mercaptoethanol,  pH 7.6. The final ag- 
gregation  conditions were 100 pg/mL protein at 20 "C and 0.8 M 
urea in sodium  phosphate  buffer. In following  the  aggregation 
kinetics,  samples were taken  at  various times and rapidly trans- 
ferred to  preincubated  tubes  containing cold 3 x  sample  buffer 
in an ice-water bath.  Nondenaturing  PAGE was performed using 
a discontinuous  buffer system (Davis, 1964; Ornstein, 1964). 
The  standard  acrylamide  concentration was 9-10% acrylamide 
to isolate  tailspike  multimers and proteolytic fragments,  and  the 
range of acrylamide  concentration was 6.5-10% for  the  Fergu- 
son  plots. Gels  were run at constant  current ( I O  mA/gel) for 
3-4 h at 4 "C and  then silver stained  (Sather & King, 1994). 

Identification of aggregation intermediates 

Figure 2  shows the  pattern of protein bands  as a  function  of  time 
after initiation of the reaction. The  starting native protein,  prior 
to denaturation,  migrated  about 115 of the way down  the gel 
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as shown in the final lane.  The lanes with samples  renatured for 
various times after initiation  showed  multiple bands, represent- 
ing multimers of tailspike chains.  At  the early time  points (0.3- 
1 .O min),  the  distribution  centered  around species with higher 
electrophoretic mobility and presumably lower molecular weight 
than  the  native  tailspike.  The species with the highest  mobility 
migrated approximately twice the  distance  as  the native trimer. 
As  the  reaction  proceeded,  the  multimer  distribution  shifted to 
species of decreasing  mobility,  consistent with increasing sub- 
unit composition. Polypeptide  chains  accumulated  at the  top of 
gel as  the  reaction proceeded,  representing  aggregates too large 
to enter  the gel matrix. 

The native  tailspike that  formed in the refolding  reaction  can 
be seen on  the nondenaturing gels directly above  the second band 
of multimers.  Its  time  course of appearance was about 7  min 
with  a  final yield of less than  10%.  The values for  refolding ki- 
netics reported in the  literature  (Danner & Seckler, 1993) were 
based on significantly different refolding conditions (30 pg/mL, 
0.1 M urea, 25 "C, 20-h reconstitution).  The  native  trimer is 
clearly  a sharper  band  than  that of the  multimers.  The fastest 
migrating  band is presumably a conformer of the  monomeric 
tailspike  polypeptide chain.  The relatively broad  band may rep- 
resent several species of folding or aggregation intermediates in 
different  conformations.  Comparison of the  data to the native 
gels of Goldenberg  and King (1982) suggests  a  possible candi- 
date  for  the protrimer. The species migrating slightly slower than 
the  trimer  aggregate  appears  approximately  on  the  same  time 
scale as native trimer  formation.  This species is distinct but not 
predominant,  and  further  analysis is necessary to  confirm its 
identity. 

Electrophoretic  separation required 3-4 h in the cold. Because 
discrete species were observed,  these species must  have half-lives 
in the cold of hours  rather  than minutes. The isolation of a  dis- 
tinct  ladder of multimer  bands  rather  than a smear of protein 
indicated  that  aggregation  reaction was retarded within the gel 
matrix  during  electrophoresis. 

The earliest time  point (0.3 min)  already  shows  the presence 
of a distribution of multimers.  One possibility  was that  the ag- 

TIME OF AGGREGATION  (min)  Native 
10.3 1 .O 5.0 10 15 20 30 451 Tailspike 

Fig. 2. In vitro  aggregation kinetics of P22 
tailspike  protein.  Denatured tailspike chains 

Native in 5 M urea, pH 3 were  diluted  20-fold to 
-4- 100 pg/mL protein  at 20 "C and 0.8 M urea trimer in 40 mM sodium  phosphate  buffer. p~ 7.6. 

Samples were placed on ice and then electro- 
phoresed  through  a 9% acrylamide  native 
gel run  for 4 h  at 4 "C. The  amount of sam- 
ple loaded was I .3  pg protein  for  the  aggre- 
gation  timepoints  and 0.2 pg for  the  native 
tailspike  control.  The  protein  band  were 
visualized by silver staining. 
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gregation reaction was not efficiently quenched by dilution and 
chilling. To examine this, an in vitro aggregation reaction was 
done  at  standard conditions of  100 pg/mL protein at 20 "C and 
0.8" urea in sodium phosphate  buffer. The reaction mixture 
was placed on ice after 0.3 min, and samples from this mixture 
were electrophoresed at 1 ,  15, 30, and 60 min. Samples incu- 
bated on ice showed a distribution of multimers indistinguish- 
able  from  that of the  sample, which was electrophoresed 
immediately (data  not shown). Although  the aggregation reac- 
tion  cannot be stopped completely, these controls suggest that 
the quenching conditions were adequate for experiments for 
which the samples incubate on ice for less than an hour. 

In the productive refolding pathway, tryptophan fluorescence 
was quenched within milliseconds, even though  the overall re- 
folding reaction required  much  longer  times  (Fuchs  et al., 1991). 
The presence of a distribution of multimers at early time points 
(0.3 min) suggested that these species formed from a very early 
kinetic intermediate. The multimers appeared to be stabilized 
within the gel matrix and were  less susceptible to further aggre- 
gation in the gel than in solution. 

In the initial development of this protocol to isolate aggrega- 
tion intermediates, we  were concerned that  the polypeptide 
chains would aggregate further  during  the stacking step.  The 
purpose of the upper gel  is to concentrate  the macromolecules 
into a narrow band,  and this process could lead to aggregation, 
which could be occurring within the upper gel. In preliminary 
experiments, the upper gel  was omitted to avoid any stacking 
effect.  Comparison of  the distribution of multimers obtained 
in gels  with and without  the  upper gel indicated that the  stack- 
ing effect in  the upper gel as  the dye became concentrated into 
a narrow band did not cause further aggregation. Additional 
controls indicated that  the amount of protein  loaded onto the 
gel and the extent of stacking did not affect  the  distribution of 
multimers. 

Chain composition of the aggregation intermediates 

Electrophoretic mobility in a  nondenaturing gel depends on 
both size and charge (Chrambach & Rodbard, 1971). Unlike 
SDS gel electrophoresis, one cannot directly determine molec- 
ular weights from mobilities. In order to determine the number 
of chains in the various species, samples were electrophoresed 
through  a set of nondenaturing gels at different percentages of 
acrylamide (Ferguson, 1964). The mobility of each multimeric 
species  was then analyzed by the Ferguson method of plotting 
relative mobility versus the percent acrylamide. 

The electrophoretic mobility of each multimer was measured 
in  nondenaturing gels ranging from 6.5 to 10% acrylamide 
(Fig.  3A). To determine the molecular weight and size  of multi- 
mers on a  nondenaturing gel, the slope of the Ferguson plot 
[ K,[ (the retardation coefficient) was calculated. Assigning as- 
sumed molecular weights to the series of multimers and plotting 
this versus I K,I produced  a linear correlation with R = 0.994 
(Fig. 3B). Other nonsequential distributions (e.g., monomer, di- 
mer,  tetramer,  octamer,  etc.) did not produce a linear correla- 
tion with the slopes of the Ferguson plots. The results were 
consistent with the model that the ladder of distinct species sep- 
arated on the  nondenaturing gels  was a sequential set of multi- 
mers of tailspike polypeptide chains. 

The tailspike polypeptide chains have no disulfide bonds but 
contain eight cysteine residues. To avoid the formation of di- 
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Fig. 3. A: Ferguson plot of P22 tailspike multimers. 0, monomer; 
a, dimer; x ,  native trimer; +, trimer aggregate; v, tetramer; A, Pen- 
tamer. B: Molecular weight analysis of data  from Ferguson Plot. Lin- 
ear regression determined to be the  following: -K, = 0.122 + 
0.00110(MW), R = 0.994. 

sulfide bonds, 1 mM dithiothreitol (DTT)  was added to the stan- 
dard nondenaturing sample buffer.  To confirm that the species 
isolated on  the nondenaturing gels  were not  a ladder of multi- 
mers having disulfide bonds,  a  lane was cut out of the nonde- 
naturing gel and run in a second dimension on an SDS gel under 
nonreducing conditions. A sample of IgG (biotinylated poly- 
clonal antibodies against the P22 coat protein) was  used as  a 
control to confirm that a disulfide-bonded species  was reduced 
in an SDS gel in the presence of P-mercaptoethanol @ME) but 
remained intact when no @ME was present. The multimers dis- 
sociated in the presence of SDS and comigrated with the mo- 
nomeric tailspike control in the absence of PME (Fig. 4). This 
result proved that no disulfide bonds were present in the tail- 
spike multimers, and the forces holding together the multimers 
could be disrupted by a  strong detergent. 

Kinetics of the aggregation reaction 

To assess more accurately the kinetic mechanism of the aggre- 
gation reaction, quantitative densitometry was  used to determine 
the  concentration profiles of tailspike multimers during the 
course of the aggregation reaction. Densitometry of the  bands 
of multimers was quantified by recording the intensity of trans- 
mittance for the distribution of  species and integrating the peaks. 
Because  silver staining intensity is often not linearly related to 
the amount of protein,  a set of dilutions of the multimers over 
a 5x range was  used to confirm that the intensity of the silver 
staining was approximately linear  within a limited range. TO  de- 
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Fig. 4. Two-dimensional gel electrophoresis.  Tailspike  multimers  isolated  by  nondenaturing gel electrophoresis  and  run in a 
second  dimension  on  an SDS gel under  nonreducing  conditions. IgG + PME,  polyclonal IgG against P22 coat  protein + (3- 
nicrcaproethanol (BXtE). Native,  native  tailrpike  protein.  Monomers,  thermally  denatured  monomeric  tailspike. IgG - SME,  
polyclonal  lgG  against P22 coat protein  (no PME). 

termine  the relative amounts of protein in each band,  the inten- 
sity  of the silver stain  was  assumed to be proportional to the 
amount of polypeptide  chain  present.  Therefore,  a  dimer was 
assumed to stain twice as much as  a  monomer,  and  the silver 
stain intensity of each n-mer was approximately n times that of 
the  monomer.  The resulting kinetic profile  (Fig. 5) shows the rel- 
ative  amounts of monomers  and  dimers  rapidly  decreasing  as 
the higher order  aggregates increase as  aggregation  proceeded. 
This  method of quantitative  analysis may be used to determine 
the kinetic rate  constants of each multimerization  step along  the 
aggregation  pathway. 

Extension of the methodology to other proteins 

To determine i f  intermediates in other  aggregation  reactions 
could be trapped  and  fractionated by native gel electrophoresis, 
we examined  the  aggregation of CAB (Cleland & Wang, 1990) 
and  the P22 coat  protein (Teschke & King, 1993). Both proteins 
are  monomeric  and  can be efficiently  refolded in vitro  from  the 
fully denatured  state.  Off-pathway  aggregation  reactions  com- 
pete with productive  refolding by the  association of a  folding 
intermediate  for  both  proteins.  Native  protein was denatured 
and  refolding  initiated by dilution following the  protocol de- 
scribed in the  Materials  and  methods. Multimers of CAB could 
be isolated by running  a 10% acrylamide gel (Fig. 6A). Distinct 
multimers  of  the P22 coat  protein were  clearly separated by gel 
electrophoresis  also  (Fig. 6B).  Both of these proteins have a  na- 
tive state  that is monomeric,  and  the gels showed  the presence 
of a  strong  monomeric  band of native  protein  as well as  a se- 
ries of distinct  multimers.  The  technique of nondenaturing 
PAGE to isolate early multimeric species during  the initial stages 
of aggregation is clearly applicable to other  protein systems. 

The conformation of the aggregalion intermediates 

The  native  tailspike  trimer is resistant to proteolysis, but both 
the  monomer  and protrimer  intermediates are susceptible to pro- 
teolysis. I f  the multimeric species represent associated intermedi- 
ates, they should be susceptible to proteolysis. To  character- 
ize the conformation of the multimers, a proteolysis experiment 
was performed on a solution of aggregating tailspike polypeptide 
chains. An in vitro  refolding  and  aggregation  study was done 
at the  standard  conditions of 1 0 0  pg/mL, 20 "C,  and 0.8 M urea 
in 40 mM sodium  phosphate  buffer (pH 7.6). Samples were 
taken at 0.5 min and 30 min and  treated with trypsin (4 pg/mL) 
for  incubation  periods of 0, 0.6, 1.3, 2.1, 5 ,  and 15 min.  After 
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Fig. 5. Quantitative  densitometry  showing the time  course  of  refold- 
in8  and  aggregation of P22 tailspike  protein. 0,  monomer; ., dimer; 
x ,  native  trimer; e, [rimer  aggregate; V, tetramer; A, pentamer. Ag- 
gregation  conditions  were 100 &mL  protein  at 20 OC and 0.8 M urea 
in 40 m u  sodium  phosphate  buffer, pH 7.6. Lines  were  hand  drawn. 
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Fig. 6. Nondenaturing gel electrophoresis used to isolate  multimers  dur- 
ins  in  vitro  aggregation. A: Carbonic  anhydrase 11 (CAB)  multimers 
formed by refolding  at 1 .O mg/mL, 20 "C, 0.4 M urea in 40 mM sodium 
phosphate  buffer, pH 7.6. for 0.3 min.  Denaturation  conditions  were 
5 M urea, pH 3, for 2 4 5  min  at  room  temperature. B: P22 coat  pro- 
lcin  multimers  aggregating at 100 &mL, 30 "C, 0.4 M urea  in 40 mM 
sodium  phosphate  buffer, pH 7.6, for 0.3 min.  Denaturation  conditions 
were 6.75 M urea, pH 7.6, for ? I  h  at  room  temperature. 

partial  proteolysis  for  the given time  interval,  the  trypsin was 
deactivated by combining  the  sample with bovine  pancreatic 
trypsin  inhibitor (200 pg/mL)  for 0.5-1.0 min.  Samples were 
then  transferred  to  tubes  on ice with aliquots of 3x sample 
buffer  for  nondenaturing  and  SDS gel electrophoresis.  Non- 
denaturing gel electrophoresis was used to isolate tailspike multi- 
mers and  the proteolytic fragments;  SDS gel electrophoresis  was 
used to  determine  the  molecular weight distribution  of  the  pro- 
teolytic fragments. 

Although the multimers  dissociated to form  monomers in the 
presence of  SDS,  the  SDS gel showed the  pattern of proteolytic 
fragments  clearer  than  the  nondenaturing gel. Nondenaturing 
and SDS gel electrophoresis  provided  complementary  data  for 
the physical characterization  of  the multimers. Treatment of the 
reaction  mixture with trypsin resulted in the  appearance  of 
shorter  chain  fragments  under  conditions in which native  tail- 
spike was not  cleaved. All of the  multimers were susceptible to  
trypsin digestion  (Fig. 7). At high concentrations of trypsin, na- 
tive tailspike that  had  the N-terminal  end slightly unfolded  (Chen 
& King, 1991) could be proteolytically  clipped but not fully di- 
gested. The susceptibility of the multimers to protease digestion 
confirmed  that these  species had a non-native  conformation. 
Note that large aggregates that were formed 30 min after  the ini- 
tial dilution were proteolyzed slower than  the  small  multimeric 
species  present early in the  aggregation  reaction. 

Discussion 

Despite the widespread occurrence of aggregation  reactions  com- 
peting effectively  with the  folding of pharmaceutically  impor- 
tant  proteins,  there  has  been  very  limited  analysis of the 
mechanisms of these  association  reactions. Part  of  the difficulty 

reflects the limited methodologies  available to characterize  the 
aggregated state; neither  X-ray crystallography  nor  2D-NMR is 
capable of providing structural  information  on  the aggregation 
intermediates.  The still soluble  but  larger  aggregates  presumed 
to be  intermediates in such reactions have also been difficult 
to trap  and  characterize.  However,  the initial  species in multi- 
merization are likely to be critical in determining  the yield  in such 
pathways  and in controlling  the  balance between productive 
folding  and  aggregation. 

Nondenaturing  PAGE effectively resolved multimeric species 
up to hexamers or heptamers of the  tailspike partially  folded 
chains.  The results reported  above  identify  discrete  metastable 
polypeptide  chain species that  have  the  characteristics of early 
intermediates in the aggregation  reaction.  These species were not 
conformers  of  the  native  trimeric  tailspike  nor were  they  oligo- 
mers of the  native  state.  The  protease sensitivity  indicates that 
these species were related to  the folding intermediates  along  the 
productive  pathway, which are  also  trypsin sensitive (Haase- 
Pettingell & King, 1988). 

Characrerization of aggregation intermediates 

Under reducing conditions, in vitro tailspike  aggregation  occurs 
without  the  formation of intermolecular  disulfide  bonds. Dis- 
sociation  of  the  multimers  into  monomers in the presence of 
SDS  without  reducing  agents is consistent with hydrophobic 
forces  as  the  underlying  driving  force of aggregation, but  this 
does  not  exclude  the  importance of electrostatic  interactions. 

Proteolysis  confirmed  that  the  multimers  on  the  aggregation 
pathway  are  non-native.  Unlike  small  aggregates,  the ful ly  
folded  native  tailspike  protein is resistant to protease, SDS,  and 
thermal  denaturation (TI,  = 88 "C). The species produced by 
partial proteolysis of  the  aggregates  are a  distinct distribution 
of small fragments. I t  is possible that  the  multimers  have a de- 
fined structure  and distinct  exposed  sites that  are susceptible to 
proteolysis in a nonrandom manner. Aggregates may be less sus- 
ceptible to proteolysis  at  later  times in the  aggregation  reaction 
because  large  aggregates have  a  lower fraction of surface  area 
exposed to  the  solvent.  Protease molecules are  prevented  from 
reaching  the  inner  core of the  aggregate,  and a significant frac- 
tion  of  the  proteolytic cleavage  sites may  be  buried. 

Although  aggregates  form  from  folding  intermediates  and 
have  non-native  properties,  there is evidence for  various  proteins 
that  the  folding  intermediate involved  in the  association reac- 
tion has  significant native-like secondary  structure (Oberg et al., 
1994). Raman  spectroscopy  data of 0-lactamase inclusion bod- 
ies (Przybycien  et al., 1994) and in vitro  aggregates  of  P22 tail- 
spike  polypeptide  chains  (A.  Mitraki & G.J.  Thomas,  unpubl. 
results) show  the presence  of a significant  amount of  0-sheet 
structure.  Therefore, it is reasonable  to hypothesize that  the 
monomeric  tailspike  folding  intermediate may have  secondary 
structure  similar to the  subunit within the  native  trimer. I f  the 
folding  intermediate  has a  &spiral motif,  the  aggregation  pro- 
cess may be analogous  to  the  folding  reaction. In tailspike  fold- 
ing,  each  monomeric  subunit  forms a  @-spiral structure with 
significant  hydrophobic  interactions  and  intrasubunit P-sheet 
contacts between rungs  of  the helix. The  complex is stabilized 
by hydrophilic contacts between the  three &spirals.  A late fold- 
ing step involves intersubunit winding of the  C-terminal  ends. 
By analogy, possible models  for  chain  aggregation  include  the 
following: (1) inappropriate  intersubunit P-sheet formation; 



906 M .  A .  Speed el al. 

A 
L 
Q) 

& a E  PROTEOLYSIS  TIME (min) 
.- 5 5 g  .d 
Y U  OSmin  aggregation 30 min aggregation 
g 2 5 ' 0  0.6 1.3  2.1 5 15 ' ' 0 0.6 1.3  2.1 5 15 ' 

4- 
Native 
trimer 

+Monomer 
1 

Proteolytic 
fragments 

- 

B PROTEOLYSIS  TIME  (min) 
OSmin  aggregation 30 min  aggregation 

' 0  0.6  1.3  2.1 5 15' ' 0 0.6 1.3  2.1 5 15' 

4- 
Native 
trimer 

Fig. 7. Trypsin  digestion of tailspike  aggregates.  During in vitro  refolding  and  aggregation  (100pg/mL, 20 "C, and 0.8 M urea 
in 40 mM sodium  phosphate  buffer,  pH 7.6). samples  were  taken  at 0.5 min  and 30 min and  treated with trypsin (4 pg/mL) 
for 0,0.6, I . 3 ,2 . I ,  5 ,  and 15 min.  After  partial  proteolysis,  the  trypsin  was  deactivated by combining  each  sample  with  bovine 
pancreatic  trypsin  inhibitor (200 &mL)  for 0.5-1 .O min.  Tailspike  polypeptide  chains  and  proteolytic  fragments were isolated 
by (A) SDS gel electrophoresis  and (B) nondenaturing  PAGE.  To  conserve  space,  certain  control  lanes of MW  markers,  bovine 
pancreatic  trypsin  inhibitor,  trypsin,  and  native  controls  are  not  shown. 
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(2) misalignment  of hydrophilic P-spiral contacts;  and (3) incor- 
rect intersubunit  contacts  at  the  C-terminus.  Although  all of 
these models  are  consistent with the  Raman  spectroscopy  data, 
evidence  that  the  folding  intermediate  responsible  for  aggrega- 
tion is monomeric rules out  the  third  model, which involves  as- 
sociation of the  protrimer species. 

Determination of the aggregation pathway 

In  the  tailspike  aggregation  pathway,  the  critical species is the 
monomeric folding intermediate (I) at  the  junction between pro- 
ductive  folding  and  aggregation.  It is unknown whether the first 
species along  the  aggregation  pathway is monomeric (I*, in the 
model  of  Haase-Pettingell & King [1988]) or  dimeric, similar to 
CAB  (Cleland & Wang, 1991). The  monomeric species isolated 
by nondenaturing gel electrophoresis  may  be I,  I*, or a mixture 
of both species. Close  inspection of the gels reveals that  the 
broad  monomer  band  contains several  distinct monomeric spe- 
cies,  which may  correspond  to I and  I*.  Although  the gel elec- 
trophoresis  data  provide  no evidence for  the reversibility of the 
aggregation  reaction, we cannot  rule  out  the possibility  of an 
equilibrium existing between the first two aggregation  intermedi- 
ates or even with  higher  order  multimeric species. 

The presence of the  dimer  aggregate  under  nonproductive re- 
folding  conditions  provides evidence that  aggregation involves 
the association  of  a monomeric folding  intermediate to  form dis- 
crete  populations of multimers.  During  productive  folding, no 
stable  dimer  folding  intermediate is detectable in the  folding 
pathway between the  monomeric  intermediate  and  the  protri- 
mer (Goldenberg & King, 1982). Therefore,  the dimer  identified 
in these  experiments is one  of  the  early species along  the aggre- 
gation  pathway. 

The mechanism of polymerization 

Interaction  of  monomeric  polypeptide  chains is required for  the 
formation of a dimer  and  subsequent  addition  of a monomer 
to  generate a trimer.  Within  the sensitivity of silver staining, it 
appears  that  the  aggregation  reaction  continues  after  the  mo- 
nomeric species  have  been depleted.  This  makes it unlikely that 
sequential  addition  of  monomers  continues  to be the  major  as- 
sociation  pathway.  Aggregation  can  proceed  without a pool  of 
monomers  presumably by the  association of multimers  of  var- 
ious sizes by the “cluster-cluster” mechanism (Hemker & Frank, 
1990). The  polymerization process is not restricted to  a sequen- 
tial  addition of monomeric  units  to  the  growing  aggregate, or 
“particle-cluster”  aggregation.  These  data suggest that  multi- 
meric  polymerization rather  than sequential  polymerization  can 
occur  at  later  stages  of  aggregation. 

The  question of whether  aggregation is a reaction  under ki- 
netic or  thermodynamic  control has been difficult to resolve. Be- 
cause  aggregation  occurs by the  association  of a folding 
intermediate,  the  extent  of  aggregation is not a function of the 
thermodynamic  stability  of  the  native  state.  The kinetic com- 
petition between folding  and  aggregation  may  be predicted and 
controlled by focusing on  the  critical  folding  intermediate  and 
the relative  rates  of the  folding  and aggregation  reactions at  that 
junction.  Although it is evident  that  the  aggregation  process is 
essentially irreversible  once  large  aggregates  have  formed,  the 
early  steps of multimerization  may  be reversible. For  example, 
CAB  forms a dimeric species that is in thermodynamic  equilib- 

rium with the  monomeric folding  intermediate  (Cleland & Wang, 
1991). For  the  tailspike  protein, it is possible that  early  multi- 
mers  along  the  aggregation  pathway  may  be in  equilibrium with 
each  other.  Controlling  the  early  steps  of  multimerization is es- 
sential  in  pursuit  of  an  effective  strategy  to  balance  the relative 
rates  of  folding versus aggregation.  Application  of  this  meth- 
odology of nondenaturing gel electrophoresis to  study aggrega- 
tion  intermediates is feasible for  other  proteins  of  potential 
pharmaceutical  interest. 

Materials and methods 

Materials 

P22  tailspike  protein  was  produced by infecting Salmonella ty- 
phimurium with  P22  phage  as  described (King & Yu, 1986; 
Fuchs  et  al., 1991). The  tailspike was then  purified to  approxi- 
mately 95% purity,  and its purity  was verified by silver-stained 
SDS gels. The  protein was stored  as  an  ammonium  sulfate  pre- 
cipitate  and  then dialyzed against Tris  buffer when required. All 
experiments with the  P22  tailspike used protein  from  the  same 
preparation.  The  P22  coat  protein was produced  and  purified 
as  described (Teschke & King, 1993). Carbonic  anhydrase I1 
(CAB)  from  bovine  erythrocytes was purchased  from  Sigma 
(product C2522). 

In vitro aggregation kinetics 

Native  P22  tailspike  protein  was  denatured  for  approximately 
45 min in 5 M urea  at  pH 3. The  refolding  and  aggregation re- 
action was initiated by rapid  dilution  (20-fold)  with 40 mM so- 
dium  phosphate  buffer  and 0.58 M urea (1 mM  EDTA, l mM 
PME,  pH 7.6). To ensure  rapid mixing for  the  aggregation ki- 
netics experiment, 342 pL  of  the  dilution  buffer  was  added  to 
a tube  containing 18 pL of denatured  protein,  and  the  mixture 
was pipetted vigorously  several  times. The  aggregation  condi- 
tions were 100 pg/mL  protein  at 20 “C  and 0.8 M urea in 40 mM 
sodium  phosphate  buffer  (pH 7.6). In  following  the  aggrega- 
tion kinetics, aliquots  of  sample were taken  at  various  time 
points  and  rapidly  transferred  to  preincubated  tubes  containing 
cold 3x sample  buffer (0.015 M Tris,  0.12 M  glycine, 3 mM 
DTT, 30% glycerol, bromophenol  blue) in an ice-water bath. 

Gel electrophoresis 

Nondenaturing  PAGE was performed using  a discontinuous 
buffer system (Davis, 1964; Ornstein, 1964). The resolving gel 
contained 0.37 M Tris  buffer,  pH 8.9, with 3.8 mM  TEMED, 
3.0 mM  ammonium  persulfate,  and a  specified percent acryl- 
amide. A stacking gel was  used  initially, but  omitting  the  stack- 
ing gel gave the  same  distribution  of species. The  upper gel 
contained 0.07 M Tris  buffer,  pH 6.7, with 4.3% acrylamide, 
7.5 mM  TEMED,  and 2.5 mM  ammonium persulfate. The  stan- 
dard acrylamide concentration was 9-10% acrylamide to isolate 
multimers  and  proteolytic  fragments,  and  the  range of acryl- 
amide  concentration was 6.5-10% for  the  Ferguson  plots  (Fer- 
guson, 1964). A reducing  agent (1 mM  DTT) was added  to  the 
sample  buffer  to  ensure  that  disulfide  bonds  did  not  form.  An 
aliquot of 20 pL of protein  solution in sample buffer (1.3 pg pro- 
tein) was loaded  onto  the gel for each  sample. The gels were run 
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at  constant  current (10 mA/gel)  for 3-4 h at 4 "C and  then sil- 
ver stained  as  described by Sather  and King (1994). 

Two-dimensional SDS gel electrophoresis was performed by 
cutting a lane of multimers isolated on a nondenaturing gel (9% 
acrylamide)  and  soaking  the  lane in SDS sample  buffer  without 
any reducing  agent. The lane was then placed horizontally  across 
the  top  of a 1.5-mm-thick SDS gel (7.5% acrylamide)  and  run 
in a second  dimension. SDS gel electrophoresis  was  done in a 
discontinuous  buffer system  with 7.5% acrylamide gels. 

Densitometry was performed using a Hoefer densitometry and 
recording the intensity  of transmittance.  Integration of the  den- 
sitometry peaks for each  multimer was done by fitting the peaks 
using Hoefer  software. 

Proteolysis 

Proteolysis  experiments were performed using trypsin.  Tailspike 
polypeptide  chains and proteolytic  fragments were isolated using 
both  nondenaturing  and SDS gel electrophoresis (10% acryl- 
amide gel). A sample of  refolding and aggregating  tailspike was 
taken 0.5 min and  30 min after dilution (100pg/mL, 0.8 M urea, 
20 "C) and was proteolyzed  using  trypsin (4 pg/rnL) for given 
incubation times (0,0.6, 1.3,2. I ,  5 ,  15 rnin). Samples were taken 
at  these  designated  times  and  combined with bovine  pancreatic 
trypsin  inhibitor (200 pg/mL)  for 0.5-1 .O min to  quench  the  pro- 
teolysis reaction.  Aliquots  of the proteolytic  fragments were then 
combined with 3x sample  buffer  on ice for  both SDS and  non- 
denaturing gel electrophoresis.  The  nondenaturing gel was run 
at  constant  current (10 mA)  and  the SDS gel at  constant volt- 
age (150 V) until  the  dye  front reached the  end of the gel. 
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