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In the assembly pathway of the trimeric P22 tailspike
protein, the protein conformation critical for the parti-
tioning between productive folding and off-pathway ag-
gregation is a monomeric folding intermediate. The cen-
tral domain of tailspike, a large right-handed parallel
b-helix, is essentially structured in this species. We used
the isolated b-helix domain (Bhx), expressed with a
hexahistidine tag, to investigate the mechanism of ag-
gregation without the two terminal domains present in
the complete protein. Although Bhx has been shown to
fold reversibly at low ionic strength conditions, in-
creased ionic strength induced aggregation with a max-
imum at urea concentrations corresponding to the mid-
point of urea-induced folding transitions. According to
size exclusion chromatography, aggregation appeared
to proceed via a linear polymerization mechanism. Cir-
cular dichroism indicated a secondary structure con-
tent of the aggregates similar to that of the native state,
but at the same time their tryptophan fluorescence was
largely quenched. Microscopic analysis of the aggre-
gates revealed a variety of morphologies; among others,
fibrils with fine structure were observed that exhibited
bright green birefringence if viewed under cross-polar-
ized light after staining with Congo red. These observa-
tions, together with the effects of folding mutations on
the aggregation process, indicate the involvement of a
partially structured intermediate distinct from both un-
folded and native Bhx.

Whereas some small single-domain proteins have been
shown to fold without detectable intermediates (1–4), many
larger, especially multidomain and oligomeric proteins are
known to populate intermediates during their folding process,
often leading to aggregation as a side reaction (5). Insoluble
aggregates of normally well behaved proteins are characteristic
of a variety of human disease states, including various forms of
amyloidosis (6, 7) and the prion diseases (8). Protein aggrega-
tion is also a common problem encountered during the heter-
ologous expression of proteins or their renaturation in vitro (9).
Processes such as the formation of inclusion bodies or aggre-
gation during refolding in vitro were commonly regarded as
being driven by nonspecific, hydrophobic interactions between

random coil or molten globule-like states of proteins. The for-
mation of extracellular amyloid fibrils, on the other hand, has
frequently been illustrated according to the sickle hemoglobin
model, which invokes the alteration of surface properties of the
native state of proteins as the reason for noncovalent polymer-
ization. A growing body of evidence, however, suggests that
protein aggregation in most cases occurs by mechanisms in-
volving structured folding intermediates. Early studies, e.g. on
tryptophanase (10), lactate dehydrogenase (11), and bovine
growth hormone (12), had suggested a model involving struc-
tured folding intermediates, with domains or subdomains
folded as they are in the native state but which undergo inter-
molecular rather than intramolecular interactions. This con-
cept has meanwhile been well established for a series of other
proteins, especially some of those known to be involved in
human amyloid diseases such as transthyretin (13), immuno-
globulin light chains (14), or lysozyme (15).

An important model protein used to study the kinetic parti-
tioning between folding and aggregation is the tailspike of
bacteriophage P22. Tailspike folding yields decrease dramati-
cally with increasing temperature, with very similar depend-
ences in vivo and in vitro (16–18). The temperature depend-
ence is even more drastic for a type of mutants designated
temperature sensitive for folding or tsf1 (19, 20). These tsf mu-
tations prevent the formation of the native trimer at high
growth temperature, but once assembled at a lower permissive
temperature, the mutant tailspike trimers have full biological
activity at the restrictive temperature (21). Tsf mutations have
been identified at more than 40 independent sites almost ex-
clusively in the central b-helix domain (22–25), the main struc-
tural motif of tailspike (Fig. 1). A second class of mutations,
isolated as global suppressors (su) of the tsf phenotype, have
the opposite effect; they increase the yield of correctly assem-
bled tailspikes at higher temperature, thus compensating for
the effect of tsf mutations (26, 27).

Biophysical studies of tailspike folding in vitro confirmed
that the tsf mutations affect tailspike folding by destabilizing
thermolabile intermediates in the folding and assembly path-
way and suggested that the su mutations stabilize such inter-
mediates (28). A series of observations implied that the b-helix
domain is largely structured in these intermediates (5, 29).
Direct evidence for this hypothesis was obtained by expressing
the central b-helix as an isolated domain (30) and investigating
the effects of the tsf and su mutations on its stability (29). As
opposed to the complete protein, unfolding of the isolated do-
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main is freely reversible in urea at low protein concentrations,
low ionic strength, and low temperature, such that equilibrium
data and thus a quantification of the effects of folding muta-
tions on the thermodynamic stability can be obtained. The
introduction of tsf mutations clearly destabilized, whereas su
mutations stabilized the isolated domain. The differential ef-
fect of the four known su mutations on the stability of the
isolated b-helix on the one hand, and on the native trimeric
protein on the other, further suggested that the conformation of
the isolated b-helix domain is close to that of the thermolabile
intermediate populated during folding of the complete protein
and responsible for kinetic partitioning between productive
folding and aggregation (29).

The off-pathway reaction leading to the incorporation of tail-
spike chains into inclusion bodies has been studied in vitro by
initiating refolding of the complete tailspike protein at inter-
mediate denaturant concentrations at which a large fraction of
the refolding chains can be induced to aggregate at tempera-
tures as low as 20 °C (31, 32). Under these conditions, the
association steps involved are irreversible and slow, allowing
the electrophoretic separation of misassembly intermediates
and their immunochemical analysis (32–34). Sequential mul-
timeric species from dimers up to hexamers or heptamers were
observed as misassembly intermediates, such that the misas-
sembly reaction can be described as a linear polymerization
process. The reaction is specific, in the sense that tailspike
polypeptides do not form mixed aggregates with P22 coat pro-
tein chains or carbonic anhydrase when induced to aggregate
simultaneously (33). This finding suggests that the aggregates,
although reactive with anti-tailspike antibodies that do not
recognize the native trimer, grow by incorporating tailspike
chains in a specific, partly folded conformation rather than
originating from unfolded chains.

Here we report on the investigation of the aggregation proc-
ess of the isolated b-helix domain of tailspike. Reversible un-
folding of the domain could be reached only under the opti-
mized conditions described (30), but a drastic aggregation
tendency had already been obvious from the handling of the
protein during purification and storage, and reversible unfold-
ing could not be attained at temperatures much above 10 °C or
at high protein concentration. At low to medium protein con-
centration and low temperature, the aggregation process is
slow enough to be analyzed by spectroscopic methods or size
exclusion chromatography. The results suggest the involve-
ment of a particularly aggregation-prone, structured equilib-
rium intermediate that can be stabilized by high ionic strength
and that can lead to the formation of fibrous aggregates.

EXPERIMENTAL PROCEDURES

Materials—UV transparent plastic fluorescence cells (Kartell 4.5-ml
PMMA cuvettes) were obtained from Semadeni (Ostermundingen,
Switzerland). Ultrapure urea and guanidinium hydrochloride were pur-
chased from ICN Biomedicals (Aurora, OH), and solutions containing
urea were prepared fresh before use. Congo red was from Merck (Darm-
stadt, Germany). Denaturant concentrations were determined by re-
fractive index measurements (35). The isolated b-helix domain was
purified by immobilized metal ion affinity chromatography via a car-
boxyl-terminal hexahistidyl tag as described and stored at 270 °C (30).

Folding and Unfolding—Folding transitions were measured in a
Perkin-Elmer MPF3 or a Spex FluoroMax spectrofluorometer with
thermostatted cell holder using plastic fluorescence cuvettes or fused
silica semimicro fluorescence cells at an excitation wavelength of 280
nm and an emission wavelength of 337 nm. CD measurements were
made in an AVIV 62A-DS spectropolarimeter using calibrated fused
silica semimicro fluorescence cells (path length, 4.2 mm; Hellma 104F-
QS). For unfolding transitions, cold 50 mM sodium phosphate, pH 7.0,
containing 0.5 M sodium chloride and 1 mM EDTA (Buffer A) was first
added to a small volume of concentrated protein solution; then a cold
concentrated urea solution of known molarity containing 50 mM sodium
phosphate, pH 7.0, 0.5 M sodium chloride, and 1 mM EDTA was added

to give a final volume of 1.2 ml (for measurements in plastic cuvettes)
or 0.6 ml (for measurements in fused silica cuvettes) and an accurately
known concentration of denaturant. For refolding transitions, urea
solution was added first, the samples were incubated for at least 10
min, and refolding was initiated by rapid dilution with cold Buffer A.
Mixing was carried out on ice if not indicated otherwise. For refolding
kinetics, protein was denatured in Buffer A containing 6 M urea for at
least 10 min. Refolding was initiated by rapid dilution to a final urea
concentration of 2 M and a protein concentration of 100 mg/ml. Circular
dichroism was recorded at 10 °C as described above.

Analytical Ultracentrifugation—Sedimentation equilibrium runs
were performed in a Beckman Model E analytical ultracentrifuge using
double-sector cells with a 12-mm optical path length and sample vol-
umes of 360 ml (column height, 1.1 cm) at 18 °C and rotor speed between
3,000 and 12,000 rpm.

Light Scattering—Light scattering was measured in a Spex Fluoro-
Max spectrofluorometer with thermostatted cell holder. Samples were
stirred gently in silica semimicro fluorescence cells at 10 °C (Hellma
119.004F-QS), and the intensity of scattered light was measured using
a wavelength of 360 nm. Protein denatured in Buffer A containing urea
(see above) was rapidly mixed with Buffer A to a final urea concentra-
tion of 2 M, a protein concentration of 100 mg/ml, and a volume of 1.2 ml
on ice, and then it was quickly transferred to a thermostatted cuvette.
Control experiments performed under identical conditions with EDTA
concentrations varying between 1 and 100 mM indicated that the ag-
gregation observed was not the result of interaction of the hexahistidine
tags, which is known to be mediated by divalent cations.2

Analytical Size Exclusion Chromatography—Separation of mono-
meric and aggregated protein was performed on a Superdex 200 HR
10/30 column (Amersham Pharmacia Biotech) at 5 °C and a flow rate of
30 ml/h. The reaction was initiated by rapidly diluting a solution of
b-helix domain denatured in Buffer A containing 6 M urea with Buffer
A to the urea concentration specified and a final protein concentration
of 100 mg/ml on ice and then transferring it to a water bath thermo-
statted at 10 °C. For each chromatographic separation, 10-ml samples
were taken from the thermostatted solutions after a given period of
time, diluted to 100 ml with Buffer A at the respective urea concentra-
tion and 5 °C to attenuate further aggregation, and applied to the
column equilibrated in the same buffer. Eluting protein was detected
using a Merck/Hitachi F-1000 spectrofluorometer with flow cell at an
excitation wavelength of 280 nm and an emission wavelength of 337
nm. Control experiments performed under identical conditions with
solutions containing 1 mM dithioerythritol indicated that the aggrega-
tion observed was not the result of disulfide bond formation.

Microscopy—For light microscopy, an Olympus BX60 was used. Sam-
ples were taken directly from aggregation reactions at 2 M urea and 100
mg/ml protein as described above. For polarization microscopy, the same
solutions were used, Congo red was added to a final concentration of 100
mM, and the samples were viewed in a Leitz Orthoplan polarization
microscope with and without analyzer in search of the green birefrin-
gence known to be exhibited by amyloid-Congo red complexes (36, 37).
For electron microscopy, samples were negatively stained with aqueous
uranyl acetate (38) and analyzed in a Philips CM12 electron microscope
equipped with a Gatan TV system 673 and a Tietz on-line control and
processing unit (39).

RESULTS

Unfolding of the complete trimeric tailspike protein (TSP,
Fig. 1) is known to be irreversible at elevated denaturant
concentrations (40). This fact was evident from the hysteresis
observed in guanidinium hydrochloride-induced folding transi-
tions measured by tryptophan fluorescence (Fig. 2). Denatur-
ation of the trimer takes place above 2 M GdmHCl, whereas
refolding of monomers starting from unfolded chains is ob-
served only at GdmHCl concentrations below about 0.6 M, and
trimer reassembly is not detected above 0.2 M GdmHCl. Re-
moval of the amino- and carboxyl-terminal domains of tailspike
results in a reversibly folding monomeric protein, the isolated
b-helix domain (Bhx), which trimerizes reversibly at high pro-
tein concentration with an association constant of 7z109 M22

(30).
When folding transitions in GdmHCl were performed with

2 A. Skerra, personal communication.
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this fragment at low protein concentration, a striking resem-
blance was observed between the refolding transition of the
complete protein leading to structured monomers and the su-
perimposable unfolding and refolding transitions of the iso-
lated b-helix domain (Fig. 2). Particularly remarkable was the
coincidence of a plateau region at about 1 M GdmHCl that was
found in both cases, identifying a separate state of conforma-
tion or association. Urea-induced folding transitions for Bhx,
however, were observed to obey two-state behavior under oth-
erwise identical conditions (29). Assuming that the decisive
factor leading to this three-state behavior was the ionic char-
acter of GdmHCl, and to be able to directly compare the data to

Bhx folding transitions measured before (29, 30), we attempted
to simulate the conditions found in GdmHCl-induced denatur-
ation by including sodium chloride at a concentration of 0.5 M in
the solutions used for urea-induced unfolding.

To test the suitability of urea plus sodium chloride for gen-
erating three-state folding transitions, unfolding and refolding
transitions were measured at a Bhx concentration of 200 mg/ml,
which is sufficient for determining both tryptophan fluores-
cence and circular dichroism reliably (Fig. 3). The respective
denaturation and renaturation curves were congruent, but a
drastic difference in the relative CD and fluorescence signals
was observed. Whereas the ellipticity at 220 nm showed an
apparent two-state transition with slightly curved pre- and
post-transition base lines, a clear plateau region was observed
between 2 and 3.5 M urea when measuring tryptophan fluores-
cence. At a urea concentration of about 4 M, common transitions
were detected with both signals, which were completely super-
imposable upon appropriate scaling of the data (Fig. 3, inset).
This observation indicated the complete loss of secondary and
tertiary structure at a urea concentration above 4.5 M, but it
suggested that the secondary structure content was fairly con-
stant up to this point. Although the congruence of unfolding
and refolding transitions at first appeared to suggest revers-
ibility of the folding transitions, no displacement of the two
transition midpoints was found upon shifting the samples to
lower temperature, which would be expected for an equilibrium
process with a reaction enthalpy not equal to 0. On the other
hand, a further increase of temperature lead to a broadening of
the plateau, suggesting irreversible endothermic association as
a possible process involved. To clarify the association state,
analytical ultracentrifugation analysis of Bhx was attempted
in Buffer A at a urea concentration of 2 M and 18 °C (data not
shown). But the results unambiguously and repeatedly showed
that a highly polydisperse population of molecules, including
large, irreversibly formed aggregates, was present even at low
protein concentrations, making an equilibrium analysis
impossible.

To slow down the aggregation process and thus be able to
follow its time course by the consecutive measurement of fold-
ing transitions, the protein concentration was lowered to 10

FIG. 2. Folding transitions of TSP (filled symbols) and Bhx
(open symbols) in GdmHCl at 10 mg/ml and 10 °C. Unfolding tran-
sition (●), refolding transition (�), and trimer reassembly (f) of TSP
are taken from Ref. 40. Transitions for TSP were measured using
fluorescence (excitation 280 nm, emission 335 nm) after an incubation
time of 4 days, and trimer formation was analyzed by high pressure
liquid chromatography (HPLC) after an incubation period of 7 days at
10 °C. Folding (ƒ) and unfolding (E) transitions for Bhx were prepared
as described under “Experimental Procedures” using GdmHCl instead
of urea, and tryptophan fluorescence was measured after an incubation
time of 16 h. Note the resemblance of the refolding transition of TSP (�)
and the superimposable transitions of Bhx (ƒ, E). The lines indicated
are the spline curves shown in Ref. 40. The transitions measured by
fluorescence are corrected for their post-transitional base-line slopes.

FIG. 1. Crystal structure of the tri-
meric phage P22 tailspike protein. A
stereo ribbon representation of the com-
plete tailspike protein is shown. The ami-
no-terminal domain, for which the struc-
ture was solved separately (50), is located
to the lower left and was docked manually
to the structure of the amino-terminally
shortened protein (51). The b-helix of one
monomer (consisting of amino acids 108
to 544) corresponds to the region shown in
black and was shown to adopt native-like
structure if expressed as an isolated do-
main (30). This figure was constructed
using the amino-terminal domain of tail-
spike (Protein Data Bank code 1TSP) and
the carboxyl-terminal fragment (Protein
Data Bank code 1LTK). The program
MOLMOL was used (52).
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mg/ml and the temperature to 10 °C. Fluorescence of the sam-
ples was measured after t 5 2, 24, 72, 168, and 264 h (Fig. 4).
Again, unfolding and refolding curves were superimposable at
all times, indicating that the presumptive aggregation process
was slow compared with folding/unfolding under these condi-
tions and, consequently, that the transition reflecting the re-
versible folding of the protein could be obtained from the data
by extrapolation to t 5 0. The apparent denaturation midpoint
c1/2 5 2.5 M of the folding transition resulting from such an
extrapolation, which did not differ significantly from the data
at t 5 2 h, was identical to the value obtained from measure-
ments without sodium chloride (29, 30). But contrary to what
was found under low ionic strength conditions, a slow reduction
of fluorescence intensity over time was observed at urea con-
centrations between about 1 and 3 M, such that a quantitative
analysis of the data according to an equilibrium model for
folding was not possible. Division of the fluorescence values
obtained after an incubation time of 264 h by those obtained

after 2 h yielded a peak of the relative fluorescence change
between 2.0 and 2.4 M (Fig. 4, inset), indicating aggregation to
be strongest at these urea concentrations.

A more detailed analysis of the aggregation process was
performed using size exclusion chromatography (SEC) and flu-
orescence detection. A solution of Bhx in 6 M urea was diluted
to different urea concentrations at t 5 0. Samples were taken at
times between 1 min and 24 h and applied to a SEC column,
and the elution profiles were measured by tryptophan fluores-
cence. Apparently, equilibration of Bhx folding and unfolding
was sufficiently slow relative to the duration of the separation
such that monomeric folded and unfolded protein and aggre-
gates could be clearly separated and resolved as distinct peaks
in the elution profiles. Although a quantification of kinetics
was complicated by the polydispersity of the aggregates and
the decrease in tryptophan fluorescence upon both aggregation
and unfolding (cf. Figs. 3 and 4), aggregation was obviously
fastest at about 2.5 M urea. Representative elution profiles
obtained after incubation of the samples at a protein concen-
tration of 100 mg/ml for 1 h at 10 °C are shown in Fig. 5. Even
at urea concentrations as low as 1 M, aggregation was observed,
albeit at a much lower rate. Data for urea concentrations below
1 M could not be obtained because the interaction of the protein
with the column matrix then drastically changed the elution
profiles (data not shown). Especially at urea concentrations
between 1 and 1.5 M, the formation of small oligomers could be
well resolved. Their formation is irreversible on the time scale
of at least 24 h as shown by reapplication of the corresponding
eluted fractions onto the column (data not shown). The smallest
oligomer observed elutes slightly earlier than amino-termi-
nally shortened trimeric tailspike protein (TSPDN, m 5 180
kDa), which cannot be denatured by urea at pH 7 (17) and
which was used as a reference at all urea concentrations inves-
tigated. But although the smallest oligomer observed almost
co-eluted with trimeric TSPDN, we assumed it to be the dimer
for the following reason: if the logarithm of the degree of asso-
ciation were plotted versus the elution volume, a linear plot was
obtained only under the assumption that the peaks observed
corresponded to monomer, dimer, trimer, etc. or monomer,
trimer, hexamer, etc. Extrapolation of these plots to the void
volume of the column yielded a degree of oligomerization of
about 13 for the first and about 65 for the second model (data
not shown). Taking into account that the extrapolated exclu-
sion limit of the column used was about 1.3z106 Da for globular
proteins, the second model can be excluded, even if one as-
sumes a globular shape of the aggregates formed. Generally, a
migration of the averaged high molecular weight peak toward
the void volume of the column was found during the time
course of the reaction at all urea concentrations, even after
almost all monomeric protein had been taken up, indicating
further association of multimeric species. With increasing urea
concentration, the formation of small oligomers appeared to be
disfavored. Simultaneous with the appearance of multimer
peaks, the area of the peaks corresponding to monomeric pro-
tein decreased with time.

The congruence of denaturation and renaturation transi-
tions (Figs. 3 and 4) had already implied that the folding
equilibrium was reached at all urea concentrations before ag-
gregation started to occur to a detectable degree, i.e. that fold-
ing kinetics were much faster than the kinetics of aggregation.
Folding kinetics under conditions identical to those used for
SEC confirmed structure formation as measured by far-UV CD
to be much faster than aggregation as measured by light scat-
tering (data not shown) and SEC (cf. Fig. 5). Similar to TSP
(40), about 75% of the total CD amplitude could not be resolved
by manual mixing (dead time, 10 s), and even the use of rapid

FIG. 4. Change of fluorescence in Bhx folding transitions at
high ionic strength with time. Tryptophan fluorescence of the sam-
ples containing 10 mg/ml Bhx in Buffer A with varying concentrations of
urea was measured 2 (E), 24, 72 (M), 168, and 264 h (L) after the start
of folding or unfolding at 10 °C (for clarity of presentation, the values for
24 and 168 h are not shown; a two-state fit from equilibrium measure-
ments under identical conditions, but without sodium chloride (taken
from Ref. 30), is shown by the broken line for comparison). The inset
shows the values obtained by division of the fluorescence intensities
measured after 264 h by those measured after 2 h, indicating that the
strongest decrease of fluorescence occurs in the middle of the transition.

FIG. 3. Bhx folding transitions in urea plus 0.5 M sodium chlo-
ride at 18 °C. The protein concentration used was 200 mg/ml. Trypto-
phan fluorescence (●, f) and CD (E, M) of the same samples were
measured for both unfolding (●, E) and refolding (f, M) after an
incubation time of about 16 h. The inset shows a rescaled magnification
of the signal change between 3 and 5 M urea to illustrate the congruence
of the transitions observed in fluorescence and CD.
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mixing methods did not allow us to resolve this phase. The
second phase of folding proceeds with a rate constant of about
1 min21. As the formation of secondary structure and tertiary
structure are nonseparable processes in a parallel b-helix, the
far-UV signal can be taken as indicative of both.

To assess the effect of folding mutations on the aggregation
of Bhx, folding transitions of wild type, su mutant V331G, and
tsf mutant G244R at a protein concentration of 10 mg/ml were
incubated at 18 °C and measured by tryptophan fluorescence

after 16 h (Fig. 6). The deviation from apparent two-state
behavior was weakest for V331G and strongest for G244R,
which exhibited a drastic decrease in fluorescence even at very
low urea concentrations. A comparison with the equilibrium
folding data obtained at low ionic strength (29) thus showed a
clear correlation between the destabilization of the native b-he-
lix domain and the influence on the aggregation tendency of the
respective mutations.

To characterize the morphology of aggregates formed at 2 M

urea, light microscopy, polarization microscopy, and electron
microscopy were used. Even in a light microscope, large, elon-
gated, laterally associated fibrillary aggregates containing fine
structure were clearly detectable, with diameters ranging from
about 0.05 mm for single fibrils to about 50 mm for lateral
assemblies (Fig. 7a), although a large background of appar-
ently amorphous aggregates of varying sizes was present. Ad-
ditionally, flat, sheet-like and partially curled structures were
observed (Fig. 7b). Electron microscopy of the negatively
stained samples confirmed the morphologies found in the light
microscopic analysis, including the presence of fine structure
(Fig. 7c) and the background of irregular aggregates. Viewing
samples stained with Congo red in a polarization microscope
without analyzer showed all aggregates independent of mor-
phology to bind Congo red, leading to an intense red color of the
aggregates (Fig. 7d), which has been interpreted as an indica-
tion of b-structure making up the assemblies (41). Use of an
analyzer with a polarization plane perpendicular to that of the
polarizer revealed bright green birefringence for some of the
aggregates described, especially those of large, fibrous mor-
phology (Fig. 7e). For some of the thin fibrils without detectable
fine structure, a faint birefringence was found, whereas neither
the sheet-like structures nor the curled or amorphous aggre-
gates exhibited detectable birefringence. Reasons for this could
be either nonregular structure or insufficient thickness of the
assemblies to polarize passing light to a detectable degree.

DISCUSSION

TSP and Bhx Aggregation—In the tailspike aggregation
pathway, the critical species is the monomeric folding interme-
diate at the junction between productive folding and aggrega-
tion (16, 17). Several lines of evidence indicate that the b-helix
is largely formed in this intermediate (5, 29). The effects of
folding mutations on the stability of the isolated b-helix domain
have shown that its structure is close to this intermediate, but

FIG. 5. Size exclusion chromatography elution profiles after
1 h of incubation of 100 mg/ml Bhx at 10 °C. Samples were taken
from solutions of Bhx at different urea concentrations that were mixed
starting from unfolded Bhx at t 5 0. The samples were applied to a SEC
column, and the elution profiles were determined by fluorescence de-
tection. Maximum aggregation is observed at urea concentrations (in-
dicated in the top left of each panel) corresponding to the middle of the
folding transition measured by fluorescence at this temperature (cf. Fig.
4). Aggregation proceeds via formation of small oligomers, clearly sep-
arable on the column, yielding association states of higher order, cor-
responding to a migration of the peak arising from aggregates toward
the void volume of the column. The elution times of trimeric tailspike
protein lacking its amino-terminal domain under identical conditions
are indicated by the vertical lines for comparison.

FIG. 6. Aggregation tendency of folding mutants. Samples of 10
mg/ml wild type (●), su mutant V331A (▫), and tsf mutant G244R (‚)
were incubated at 18 °C for 16 h in Buffer A and then measured by
fluorescence spectroscopy. The strongest deviation from apparent two-
state behavior was observed for the tsf mutant, whereas the transition
of the su mutant was virtually identical to the reversible curve found
under low salt conditions.
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it is still native-like according to its spectroscopic and enzy-
matic properties (29, 30). The relevance of the b-helix domain
for the folding of the complete tailspike is further supported by
the similarities between TSP and Bhx in GdmHCl-induced
folding transitions (Fig. 2). Even a similar plateau region was
observed when measuring tryptophan fluorescence, indicating
that a related phenomenon occurs with both proteins at about
1 M GdmHCl. For Bhx, a similar plateau, accompanied by a
slow irreversible aggregation process, was found in urea-in-
duced transitions if 0.5 M sodium chloride were added (Figs.
3–5). Maximum aggregation was observed at urea concentra-
tions close to the folding transition midpoint prior to aggrega-
tion (Fig. 4), similar to what is known as the aggregation
“trough” (10). Obviously, the increase in ionic strength caused
by the additional salt is the reason for the loss of reversibility,
as unfolding of Bhx is completely reversible at lower ionic
strength (29, 30). Such an effect would be expected for meta-
stable intermediates exposing hydrophobic surface that can
give rise to intermolecular interactions (5), and a drastic influ-
ence of salt concentration on the formation of partially struc-
tured intermediates has been shown for transthyretin (13).

Aggregate Structure—A comparison of the data obtained
from fluorescence-monitored folding transitions and SEC indi-
cates that the maximum change in fluorescence intensity ap-
proximately coincides with maximum aggregation. The spec-
troscopic properties of the aggregates formed from Bhx at
intermediate urea concentrations and high ionic strength indi-
cate a secondary structure content similar to that of native
protein but at the same time imply a drastically changed en-
vironment of at least some of the tryptophan residues present.
Similar observations have been made for other proteins (5, 11),
but in the case of a b-helix a drastic change of tertiary structure
without simultaneous disruption of secondary structure is not
plausible. Thus, possible explanations are (a) a rearrangement
of the whole molecule to form a completely different b-structure
in the aggregated state with a similar b-sheet content, (b)
formation of an out-of-register b-helix with unfavorable pack-
ing, or (c) a local denaturation process, involving either the
caudal fin domain, a tryptophan-rich 64 amino acid insertion
between the third and fourth coil of the b-helix, or partial
unfolding of terminal coils of the b-helix. In terms of aggregate
structure, possibility a could be expected to lead to the forma-
tion of aggregates with the established cross-b structure (42),

but possibilities b and c might cause fibril formation according
to the recently proposed model, assuming an assembly of b-hel-
ical protofibrils for the formation of amyloid (43). An amyloid-
like structure might be the basis of Bhx aggregates, at least in
view of some of the morphologies found, their binding to Congo
red, and the bright green birefringence under cross-polarized
light typically used as a diagnostic tool to identify amyloid (36,
37). A significant shift of the point of maximum spectral differ-
ence in the Congo red binding assay in solution (41) was not
observed, probably because of the high proportion of amor-
phous aggregates present. Growth of fibrils under optimized
conditions might yield sufficiently homogeneous material to be
suitable for x-ray diffraction, which could be used for a more
detailed analysis of the Bhx aggregate structure. Remarkably,
many of the fibrous structures observed here are curled or
branched, and their diameters are larger by almost an order of
magnitude than those of the typical amyloid fibrils observed so
far (42).

Mechanism of Aggregation—The formation of aggregates ob-
viously proceeds via a linear polymerization mechanism, be-
cause small oligomeric aggregation intermediates were ob-
served by SEC, which could be assigned to dimers, trimers, and
tetramers. Higher order multimers could not be resolved as
separate peaks because of the decreasing differences in their
elution volumes. This finding was in agreement with the de-
tection of a linear series of oligomers formed from complete TSP
chains under similar conditions by native gel electrophoresis
(32). However, the SEC data not only suggest the formation of
aggregates by a monomer addition pathway but also the asso-
ciation of multimeric species, corresponding to a cluster-cluster
mode of polymerization (44), especially at later stages of the
aggregation reaction. Again, this finding is in agreement with
the observations made by Speed et al. (32). At higher urea
concentration, however, no formation of small Bhx oligomers
could be detected by SEC (Fig. 5), which is in contrast with
observations on firefly luciferase (45) and carbonic anhydrase
(46). For these proteins, the formation of large aggregates was
prevented by high denaturant concentrations, whereas the for-
mation of small multimers was still observed. To account for
the absence of detectable amounts of small oligomers, it would
be sufficient to assume that the rate of polymerization in-
creases more steeply with increasing urea concentration than
the rate of nucleation, which could be rationalized by the

FIG. 7. Microscopic analysis of Bhx
aggregates. Even in a light microscope,
the characteristic features of the struc-
tures could be detected, e.g. multiple lat-
erally aligned fibrils (a) and more ex-
tended, curly structures (b). Electron
microscopy revealed fine structure even
in very large fibrils (c) and confirmed a
high background of smaller, amorphous
aggregates without detectable fine struc-
ture. Addition of a 100 mM solution of
Congo red led to the red color of all aggre-
gates independent of their morphology
(d), but only the fibrous aggregates exhib-
ited bright green birefringence if viewed
under cross-polarized light (e), indicating
a high degree of regularity.
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higher cooperativity of the formation of large multimers com-
pared with small ones. This notion would be equivalent to a
nucleated polymerization mechanism at high urea concentra-
tions, i.e. the rate-limiting formation of a higher order oli-
gomer, which then polymerizes quickly to larger multimers by
the addition of monomers or other small aggregates.

Evidence for an Aggregating Intermediate—Although the iso-
lated b-helix domain of tailspike exhibits properties character-
istic of the crucial folding intermediate at the switch between
productive folding and aggregation of the complete tailspike
(29), it still has to be regarded a native structure, because its
enzymatic and spectroscopic properties are similar to those of
TSP and, most importantly, because it exhibits a cooperative
phase transition upon denaturant-induced unfolding (29, 30).
In agreement with similar observations made for many other
proteins (5, 13, 14), several lines of evidence indicate that an
intermediate distinct from both the native and the unfolded
state of Bhx is the species chiefly responsible for its aggrega-
tion. First, aggregation is fastest at medium concentrations of
denaturant and is favored by high ionic strength, which has
often been interpreted in terms of the presence of intermedi-
ates exposing hydrophobic surface (5, 9). Second, a clear corre-
lation between the effects of folding mutations on the stability
of the native state at low ionic strength (29) and the aggrega-
tion tendency under high salt conditions was observed here.
Both observations exclude native state aggregation as the cen-
tral process, although they do not rule out aggregation of un-
folded protein (47, 48). But the ability of Bhx to associate to
regular fibrillary structures is a persuasive indication of the
regular structure of the monomers involved in this process,
which suggests aggregation starting from the denatured state
to be very improbable and leads us to conclude that a folding
intermediate is the aggregating component. This conclusion is
in agreement with the comparison of folding and aggregation
kinetics. The formation of secondary structure starting from
protein unfolded at high concentration of urea as monitored by
CD is much faster than aggregation, suggesting that a fairly
structured conformation is responsible for association. Finally,
a contribution to the well ordered association process might
arise from the comparatively high dipole moment of Bhx, which
was calculated from the corresponding fragment of the TSP
crystal structure to be about 80 Debye.

Structure of the Folding Intermediate—Nevertheless, the
structure of this intermediate state so far remained elusive.
Complicated by its short lifetime and strong aggregation tend-
ency, clear differences between the native and the intermediate
state could not be identified either by spectroscopy or 1-anilino-
8-naphthalenesulfonate binding. Like the monomer or protri-
mer intermediate found during tailspike folding (17, 49), Bhx is
highly susceptible to proteolysis. But again, preliminary tryp-
sin digestion experiments did not reveal significantly different
fractionation patterns upon analysis by SDS-polyacrylamide
gel electrophoresis. However, in the high molecular weight
range, similar band patterns and digestion kinetics were de-
tected as for aggregates from complete TSP (32). Amino-termi-
nal sequencing and estimation of the fragment size from poly-
acrylamide gels suggested preferred proteolysis at several sites
in the carboxyl-terminal coils of the b-helix domain, particu-
larly arginine residues 497, 502, and 507 (data not shown).
Together with the strong dependence of elution volume of na-
tive Bhx on urea concentration compared with TSPDN in SEC
(Fig. 5), these findings might be taken to indicate a certain
degree of flexibility and possibly partial unfolding of the termi-
nal coils of the helix. Similarly, local unfolding of the caudal fin
domain could lead to partially folded intermediates with in-
creased urea binding tendency. This process does not necessar-

ily have to result in a cooperative conformational transition as
long as a central, cooperatively formed core of the b-helix
domain remains intact. Furthermore, particularly in view of
the different morphologies of aggregates formed, we cannot
exclude the possibility of several conformationally distinct fold-
ing intermediates leading to aggregation of Bhx.

All in all, the isolated b-helix domain of tailspike seems to be
a promising minimized model to investigate both the aggrega-
tion process of tailspike folding intermediates and the struc-
ture of aggregates formed from this large parallel b-helix. X-
ray diffraction analysis of fibrils formed under optimized
conditions might help to clarify structural changes involved in
aggregate formation. In combination with a more detailed anal-
ysis of the monomeric precursor, possibly by site-directed mu-
tagenesis, this analysis might lead to an elucidation of the
conformations involved in tailspike misfolding and aggregation
in general.
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