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ABSTRACT: The conformational stabilities of full-length colicin B and its isolated C-terminal domain were
studied by guanidine hydrochloride induced unfolding. The unfolding/refolding was monitored by far-
UV CD and intrinsic tryptophan fluorescence spectroscopies. At pH 7.4, the disruption of the secondary
structure of full-length colicin B is monophasic, while changes in tertiary structure occur in two separate
transitions. The intermediate species, which is well-populated around 2.2 M guanidine hydrochloride,
exhibits secondary and tertiary structures distinct from both native and unfolded states. Whereas the domain
structure of native full-length colicin B is reflected in its DSC profile, the folding intermediate of the
same protein exhibits a single unresolved peak. These observations have led us to propose an unfolding
model for full-length colicin B where the first transition between 0 and 2.5 M GuHCl with an associated
free energy of 3 kcal/mol correlates with the partial unfolding of the R/T domain. The stability of full-
length colicin B is weakened due to the presence of the R/T domain in both the native [Ortega, A.,
Lambotte, S., and Bechinger, B. (2001)J. Biol. Chem. 276(17), 13563-13572] and the intermediate
states. The second transition between 2.5 and 5 M GuHCl involves unfolding of the C-terminal domain
(∆G IfU

0 ) 7 kcal/mol). The isolated colicin B C-terminal domain consists of two subdomains, and the
two parts of this protein fragment unfold sequentially through the formation of at least one intermediate.
The significance of these results for membrane insertion of colicin B is discussed.

It has been well-recognized that the proper folding of
proteins is an important prerequisite for functional integrity.
Therefore, several proteins have been studied after denatur-
ation, and models of the folding mechanisms are emerging
(1-4). Protein folding is a directed process, and for proteins
>100 residues proceeds through a definite sequence of
intermediate states with decreasing Gibbs free energy (1, 4).
The inverse process is of equal importance, for example,
during the insertion and translocation of proteins into and
through phospholipid membranes (5). Unfortunately, little
is known about the structural mechanisms of the controlled
unfolding of polypeptides.

It has been proposed that the folding of an extended
polypeptide chain starts with its collapse into a more compact
globule that will acquire the native state in further steps (1).
Whereas folding intermediates of a few proteins have been
characterized in considerable detail by structural methods
(1, 3, 6, 7), the transition intermediates are unstable and short-
lived and could only be characterized in an indirect manner
(2, 8). With the limited database available, considerable
controversy remains as to the unifying properties of folding
or transition intermediates (1, 4, 9). For integral membrane
proteins, the proposed models reflect the separation of polar

and apolar regions of lipid bilayers, albeit with some analogy
to those models developed for soluble proteins (10, 11).
When compared to small globular proteins, very little
structural and thermodynamic data are available for mem-
brane proteins.

Stable folding intermediates have been classified as molten
globule or pre-molten globule states as well as partially
folded domains or subdomains (1, 3, 12-14). Structural
investigations of intermediates show that parts of the
molecules adopt nativelike secondary structures, but tertiary
contacts between these elements are poorly defined. Given
the wide variety of possible folding intermediates, careful
characterization is required for understanding the folding/
unfolding pathways of multidomain proteins. This, in a first
step, requires the identification of conformational states that
emerge during folding and unfolding.

Membrane proteins consist of hydrophobic regions in
contact with the inner part of lipid bilayers and polar regions
interacting with solvent or within the lipid headgroup region
(15). It is of special interest to study proteins that occur in
water-soluble as well as membrane-inserted conformations
as these proteins have been shown to undergo profound
conformational changes reflecting the different interactions
in aqueous and bilayer environments. The characterization
of these structural changes, therefore, enables one to better
understand not only the interaction contributions important
for protein conformation but also the proteins’ modes of
functioning including channel formation. A first unfolding
step already occurs in the water phase, or when in contact
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with the membrane surface. Therefore, studies of the
unfolding intermediates of such amphipathic proteins in
aqueous solution are a prerequisite to understand later stages
of the membrane protein insertion process.

Several bacterial toxins, including some colicins, diphtheria
toxin, or proteins controlling cell survival in higher organisms
(16), have been shown to adopt water-soluble as well as
membrane-inserted conformations (17). The bacterial proteins
can be prepared in quantitative amounts and are therefore
amenable to structural studies. Colicins kill sensitiveE. coli
cells by different types of lethal action including depolar-
ization of cellular membranes and inhibition of DNA and
of protein synthesis (18). Colicin B is a 55 kDa multidomain
protein and belongs to the membrane-interacting family of
colicins (19). The molecule consists of three domains that
correspond to different functions of the protein: outer
membrane receptor recognition, translocation (20, 21), and
voltage-dependent pore-formation (22, 23). Whereas the
C-terminal domain of colicin B is closely related to those
channel-forming domains of colicins A and N, colicins B
and Ia group together when the usage of the TonB translo-
cation machinery is considered (20, 21). Much work on
colicins has been performed to better understand the mech-
anism of channel formation (21, 24-27). It has been shown
that before insertion into the membranes the C-terminal
domains undergo structural alterations into insertion-
competent states [e.g., (14)]. This raises a number of
questions about the structural organization of these proteins
and, more specifically, their channel-forming domains.

The structural stability and/or domain interactions of
colicin B (28) and of the colicin A pore-forming domain
(29) have been investigated by thermal unfolding. However,
the processes investigated previously are irreversible, and
therefore equilibrium thermodynamics cannot be applied. To
understand the mechanism of action of membrane proteins,
it is of utmost importance to understand the general structure
of membrane proteins, their thermodynamic stability, and
their domain organization.

In this study, we, therefore, extended previous investiga-
tions involving this laboratory (28) and followed denaturant-
induced protein folding/unfolding of full-length colicin B and
its isolated C-terminal domain by using tryptophan fluores-
cence and CD spectroscopy. The data demonstrate that
unfolding of both proteins follows reversible multistate
processes involving the formation of at least one intermedi-
ate. The intermediate states were identified and further
characterized by DSC.1 The denaturant-induced unfolding
intermediate exhibits close similarities to the one which has
been suggested to be involved in membrane insertion. Due
to the reversibility of the denaturant-induced folding/unfold-
ing equilibria, we were able to perform a quantitative
thermodynamic analysis of the process.

MATERIALS AND METHODS

Materials.Ultrapure guanidine hydrochloride and all buffer
components were purchased from Sigma (St. Louis, MO).

Thermolysin was procured from Calbiochem (La Jolla, CA).
All other chemicals were of reagent grade.

Expression and Protein Purification. The autotrophic strain
E. coli JM 101 bearing the plasmid pES3 was used to express
colicin B. The C-terminal domain was obtained by digestion
of full-length colicin B with thermolysin. The expressed full-
length protein and the C-terminal domain were purified
following established procedures (22, 24). After gel filtration
with a SH Sephacryl R100 column (Amersham Pharmacia
Biotech, Freiburg, Germany), the purity of the protein was
checked by SDS-polyacrylamide gel electrophoresis.

Equilibrium Unfolding Experiments.All the equilibrium
unfolding experiments were performed as described by Pace
et al. (30). Protein stocks were prepared in the following
buffers: 20 mM Tris, pH 7.4, or 20 mM acetate, pH 4.0.
The final protein solutions in GuHCl were prepared by
diluting appropriate volumes of protein and GuHCl stock
solutions in the respective buffer. The final protein concen-
trations were as indicated in the figure legends. All samples
were mixed gently and incubated at 25°C for 3 h. To check
the reversibility of unfolding, a solution of protein in the
unfolded region was dialyzed in a stepwise manner to remove
the denaturant.

Fluorescence Emission Measurements.Emission spectra
were monitored using a Perkin-Elmer LS-50 luminescence
spectrometer equipped with a water-thermostat cell holder.
Emission spectra were analyzed over the wavelength range
of 300-400 nm with an excitation wavelength of 295 nm.
Data reported represent the average of two spectra. Spectra
were corrected for background signal contributed by buffer
or denaturant. All the spectra were recorded at 25°C.

Circular Dichroism Measurements.CD studies were
performed on a Jasco J-715 spectropolarimeter equipped with
a thermostated cell holder. CD spectra were recorded in the
far-UV region between 200 and 250 nm at 25°C. All
measurements were corrected for buffer and denaturant
contributions. Each of the spectra presented was the average
of four scans.

Differential Scanning Calorimetry.Calorimetric experi-
ments were performed using a Microcal VP-DSC high-
sensitivity differential scanning calorimeter. Protein solutions
were dialyzed against buffer/GuHCl for at least 12 h. The
final dialysate was used as a reference. The protein concen-
trations were as mentioned in the figure legends. All the
protein and buffer solutions were degassed with gentle
stirring under vacuum before being loaded into the calorim-
eter. Experiments were performed over a temperature range
of 30-90 °C at a scan rate of 1°C/min. Normalized heat
capacity data were corrected for the buffer baseline. Raw
DSC data were processed and analyzed using the Origin
software (Microcal, Northampton, MA) provided with the
instrument. Results of DSC experiments are described asCp

versus temperature profiles.
Analysis of Equilibrium Unfolding Data.The unfolding

transition curves were analyzed by procedures published
previously (9, 30). In short, the equilibrium unfolding data
are described by the following model of unfolding (31):

where N is the protein in its native state, I is the intermediate
form, and U is the unfolded state. For each step in the

1 Abbreviations: DSC, differential scanning calorimetry; GuHCl,
guanidine hydrochloride; UV CD, ultraviolet circular dichroism; SDS,
sodium dodecyl sulfate; R/T, receptor/translocation;Cp, molar heat
capacity.

N 798
K1

I 798
K2

U
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reaction (assignedi), the free energy change is assumed to
be a linear function of [denaturant]. Thus, changes in the
Gibbs free energy at any GuHCl concentration can be
obtained using∆Gi ) ∆GH2O

i + mi[denaturant], where
∆GH2O

i is defined as the free energy changes in the absence
of denaturant andmi are the denaturantm values. The
contributions of all states to the total signal amplitude are
assumed to be additive:Yobs ) YNfN + YIfI + YUfU, where
YN, YI, andYU represent the signals associated with each form
and fX are the corresponding fractional values. The Origin
software (versions 5.0 or 6.1, Microcal, Northampton, MA),
which applied the Marquardt-Levenberg algorithm, was
used to fit the unfolding data (30).

RESULTS

The spectral changes associated with the unfolding of full-
length colicin B and its C-terminal domain were studied by
intrinsic tryptophan fluorescence and circular dichroism at
222 nm. Experiments were performed at two different pH
values in order to check the effect of proton activity on
structural stability. To attain the unfolding equilibrium at each
GuHCl concentration, the protein was incubated in the
appropriate buffer for 4 h.

The intrinsic tryptophan fluorescence of the colicins was
measured and used to monitor protein unfolding. The protein
molecules were excited at 295 nm, and the emission spectra
were recorded in the range 300-400 nm. The wavelength
of maximum emission, the total intensity (300-400 nm),
and the intensity at 320 nm, a wavelength where pronounced
changes are observed during unfolding, were analyzed as a
function of GuHCl concentration. Figure 1A shows the
change in the fluorescence emission maxima of full-length
colicin B as a function of GuHCl concentration. The emission
maximum is red-shifted from 323 to 343 nm due to the
addition ofg4 M GuHCl, indicating the increased exposure
of tryptophan residues to bulk solvent. Notably, the unfolding
process is reversible, as renaturation by suitable dilution of
fully unfolded protein shows complete recovery of all the
spectral features of the native protein (Figure 1A). The results
obtained from the fluorescence studies were normalized into
apparent fractions using standard equations (30). The unfold-
ing curves obtained from fluorescence spectra either by
measuringλmax, the intensity at 320 nm, or the total intensity
closely parallel each other. Each data set was fitted to a three-
state model as described under Materials and Methods, and
the thermodynamic parameters of the equilibrium unfolding
of full-length colicin B and its C-terminal domain were
obtained (Table 1). Furthermore, the fractions of native,
intermediate, and unfolded forms of full-length colicin B
were calculated using the resulting thermodynamic param-
eters (Table 1) and are shown in Figure 1B as a function of
GuHCl concentration. At 2.3 M GuHCl,>90% of the protein
is in its intermediate form (Figure 1B).

The normalized fluorescence emission maxima at pH 7.4
and 4.0 are plotted as a function of GuHCl concentration in
Figure 2A,B, respectively. An excellent fit of experimental
data is obtained when using a three-state model. At pH 7.4,
the curve obtained by fluorescence spectroscopy is clearly
biphasic, indicating the presence of at least one stable
intermediate in equilibrium with the native and the unfolded
forms of the protein (Figure 2A). The result demonstrates

the sequential unfolding of the protein at pH 7.4, with a first
transition between 0 and 2 M GuHCl. The free energy
change,∆GNfI

0 , and the denaturantm value associated with
the first transition are 3.2 kcal/mol and 2.3 kcal mol-1 M-1,
respectively (Table 1). The second transition is observed

FIGURE 1: (A) GuHCl-induced reversible unfolding of full-length
colicin B at pH 7.4 monitored by fluorescence emission maxima.
Unfolding (b) and refolding curves (O) are shown. (B) Calculated
fractions of native (b), intermediate (2), and unfolded (O) forms
of full-length colicin B as a function of GuHCl concentration. The
fractional values of the conformational states were calculated as
described under Materials and Methods using the thermodynamic
parameters listed in Table 1.

Table 1: Thermodynamic Parameters Obtained from
GuHCl-Induced Reversible Unfolding of Full-Length Colicin B and
Its Isolated C-Terminal Domain As Monitored by Fluorescence and
Far-UV CD Measurementsa

colicin B
full protein method

∆GNfI
0

(kcal/mol)
∆GIfU

0

(kcal/mol)
mNfI (kcal
mol-1 M-1)

mIfU (kcal
mol-1 M-1)

pH 7.4 Flu 3.2( 0.3 7.0( 1.0 2.3( 0.2 2.1( 0.4
CD 4.6( 0.3 5.6( 0.4 2.9( 0.2 1.9( 0.2

pH 4.0 Flu 3.9( 0.2 8.0( 0.3 2.0( 0.2 2.4( 0.3
CD 2.8( 0.6 3.7( 0.5 2.0( 0.4 1.4( 0.2

C-domain, Flu 2.3( 0.8 2.7( 0.3 1.7( 0.7 1.0( 0.1
pH 7.4 CD 3.3( 0.2 1.1( 0.1

pH 4.0 Flu 3.4( 0.5 2.1( 0.2 2.5( 0.4 2.0( 0.1
CD NA NA

a Unfolding curves were analyzed using a three-state model as
described under Materials and Methods to afford measures of the
cardinal thermodynamic parameters. Errors are results of the nonlinear
least-squares analysis (CD) or represent estimates obtained from
comparing line fits ofλmax, intensity at 320 nm, and total intensity values
(Flu). NA, not analyzed.
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between 2.5 and 6 M GuHCl accompanied with a free energy
change (∆GNfI

0 ) of 7 kcal/mol and a denaturantm value of
2.1 kcal mol-1 M-1. Although at pH 4.0 the biphasic behavior
is less apparent, the sigmoidal transition is characterized by
a small plateau around 2.5 M GuHCl, indicating the presence
of a folding intermediate at these GuHCl concentrations
(Figure 2B).

To check the effect of [GuHCl] on the secondary structure
of colicin B, the unfolding transition was also monitored by
far-UV CD. The CD spectrum of the protein was measured
in the presence of different concentrations of GuHCl. Figure
2 shows the changes inθ222 values as a function of GuHCl
concentration, along with the unfolding curves obtained by
fluorescence measurements. In contrast to the fluorescence
data, the unfolding curves obtained by CD spectroscopy
appear monophasic (Figure 2A,B). Although the intermediate
state is not easily recognized in CD measurements, the
noncoincidence of fluorescence and CD spectroscopic data
is a safe indicator of its presence.

Thus, fluorescence and CD spectroscopic studies indicate
that the unfolding of full-length colicin B proceeds through
formation of a stable intermediate. Figure 3A,B shows
fluorescence and CD spectra of full-length colicin B in its
native condition, in its intermediate form, and at 5 M GuHCl.
Both the fluorescence intensity and the emission maximum
of the intermediate are different from those of the native or
the unfolded protein (Figure 3A). Also the circular dichroism
of the folding intermediate at 222 nm is decreased by about
40%, indicating partial unfolding and disruption of consider-
able secondary structure when compared with the native
protein (Figure 3B).

To further characterize the intermediate conformation,
DSC studies of full-length colicin B were performed. Under
the conditions used, the thermal denaturation is irreversible

since the calorimetric profile cannot be reproduced during a
second heating scan after cooling. Figure 4A shows the DSC
profile of full-length colicin B at pH 7.4. In agreement with
earlier studies (28), the unfolding is characterized by two
peaks, a first thermal transition at 54.2( 0.5 and a second
smaller thermal transition at 60.4( 0.5 °C (Table 2). The
data can be easily fitted to a multistate model. The DSC
unfolding profile of the intermediate form of full-length
colicin B is characterized by a single unresolved peak (Figure
4B). However, the peak observed is broad and, when
compared to the native state, characterized by a sharp
decrease in the thermal transition temperature. Good fits are
obtained by either a two-state or a multistate analysis of the
thermograms with thermal transition temperatures around
39 °C.

Unfolding of the isolated C-terminal domain was also
monitored by fluorescence and far-UV CD measurements.
The unfolding curve monitored by changes in the fluores-
cence spectra shows a broad sigmoidal curve for both pH
7.4 and pH 4.0 (Figure 5A,B, respectively). At pH 7.4, a
small plateau is observed around 3.5 M GuHCl. Figure 5A
also shows the unfolding of the C-terminal domain as
followed by CD spectroscopy. The noncoincidence of the
transition curves obtained by fluorescence and CD spectro-
scopic studies indicates the presence of a folding intermedi-
ate. The thermodynamic parameters derived from the three-
state model at different pHs for both full-length colicin B
and its C-terminal domain are summarized in Table 1.

FIGURE 2: GuHCl-induced unfolding of full-length colicin B and
noncoincidence of equilibrium unfolding data. The changes in
fluorescence emission maxima (b) and the alterations of circular
dichroism at 222 nm (O) are shown in a normalized fashion. At
pH 7.4 (A) and at pH 4.0 (B). The solid lines are fits obtained by
the three-state model as described under Materials and Methods.

FIGURE 3: Fluorescence and circular dichroism spectra of native
full-length colicin B, the folding intermediate, and the unfolded
protein. (A) Fluorescence emission spectra were recorded in the
range 300-400 nm with an excitation wavelength of 295 nm at a
protein concentration of 1.6µM in 20 mM Tris-HCl, pH 7.4. (B)
CD spectra of 5µM full-length colicin B in 20 mM Tris-HCl, pH
7.4. Spectra were recorded at 25°C in the absence of denaturant
(solid line), as well as in the presence of 2 M (dashed line) or 5 M
GuHCl (dotted line).
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DSC was used to further characterize the colicin B
C-terminal domain (28) and its GuHCl-induced unfolding
intermediate. Again, the thermal unfolding followed by DSC
was irreversible. Interestingly, also for this protein two
distinct peaks are observed in the absence of denaturant,
indicating the presence of more than one unfolding entity
(Figure 6A). The first minor peak is characterized by a
thermal transition temperature of 55.8( 0.5°C, and a second
major transition occurs at 66.2( 0.5 °C (Table 2). In
contrast, in the presence of 3.5 M GuHCl, the DSC profile
of the C-terminal domain of colicin B shows a single peak
with a maximum of the excess molar heat capacity at

58.5( 0.5°C. Although the thermogram could be reasonably
well fitted with a simple two-state model, the fit improved
by deconvolution into two transitions (Figure 6B).

DISCUSSION

Many membrane proteins and most peptides experience
large conformational changes upon interaction with the
membrane surface (32). Similarly, posttranslational protein
insertion and translocation into and across the membrane
require the refolding of proteins when entering or exiting
the membrane. To understand these processes, it is important
to identify and characterize the respective folding intermedi-
ates. Denaturant-induced unfolding allows one to identify
those regions that are less stable and therefore best suited to
initiate unfolding. Furthermore, due to the reversibility of
this process, the equilibrium thermodynamics of the folding/
unfolding process can be analyzed. In this paper, we have
characterized the conformational stability of full-length
colicin B and its isolated C-terminal domain in the presence
of GuHCl using fluorescence and far-UV CD spectroscopies
as well as differential scanning calorimetry.

Identification of Folding Intermediates.Full-length colicin
B at pH 7.4 exhibits biphasic unfolding curves when
monitored by fluorescence spectroscopy (Figure 1A). This
result indicates the presence of at least one stable intermediate
during its reversible unfolding reaction (Figure 1B). The
three-state model (NT I T U) is confirmed by nonsuper-
imposable transitions observed with CD and fluorescence
spectroscopy (9), thereby reflecting the differential sensitivity
of CD and fluorescence spectroscopy for secondary and
tertiary structural changes, respectively (Figure 2).

In a related manner, previous studies have demonstrated
that the DSC profile of full-length colicin B exhibits two
well-separated transitions, suggesting thermal denaturation

FIGURE 4: Differential scanning calorimetric denaturation endot-
herm of full-length colicin B. Here (O) represents the experimentally
obtained resolution of data. (A) shows the endotherm in the absence
of denaturant, and (B) in the presence of 2 M GuHCl. The protein
concentration was 25µM in 20 mM Tris-HCl, pH 7.4. The
individual contributions obtained from Gaussian line-fitting are also
shown (dashed lines).

Table 2: Thermodynamic Parameters of Full-Length Colicin B and
Its C-Terminal Domain Obtained from DSC Studies

Tm
1

(°C)
∆Hcal

1

(kcal/mol)
Tm

2

(°C)
∆Hcal

2

(kcal/mol)

full-length colicin B
(native)

54.2 129 60.4 30

full-length colicin B (I),
2 M GuHCl

38.9 146

C-terminal domain (N) 55.8 5 66.2 33
C-terminal domain (I),

3.2 M GuHCl
58.5 15

FIGURE 5: GuHCl-induced unfolding of the colicin B C-terminal
domain. The changes in fluorescence emission maxima (b) and
the alterations of circular dichroism at 222 nm (O) are shown in a
normalized fashion. Protein concentrations of 1.5 and 4µM were
used for fluorescence and CD spectroscopic experiments, respec-
tively. (A) At pH 7.4 and (B) at pH 4.0. The data were fitted to a
three-state model as described under Materials and Methods.
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of two discrete cooperative units (28). The unfolding
characteristics of colicin B thereby correlate with the
structural and functional domain structure of this and other
other membrane-active colicins (18, 27). Whereas the first
transition was assigned to the colicin B R/T domain, the
C-domain unfolds in the second step (28). The unfolding of
colicin B is thereby in line with that of other large proteins,
whose unfolding involves discrete steps corresponding to the
folding of individual domains (1, 33-35).

Structural Model of the Colicin B Unfolding Intermediate.
The fluorescence emission spectrum of the colicin B
intermediate in 2 M GuHCl is shifted to a longer wavelength
when compared to its native state (Figure 3A). Colicin B
has eight tryptophan residues, five of which are present in
the R/T domain. The remaining three residues are located
in the channel-forming domain. Comparison with the struc-
ture of the highly homologous colicin A C-domain (cf.
below) suggests that the tryptophan residues at positions 395,
439, and 449 are buried in the hydrophobic interior also in
the colicin B protein (36, 37). Increased fluorescence
emission maxima (Figure 1A) and the loss of circular
dichroism at 222 nm (Figure 3B) indicate that the unfolding
intermediate at 2 M GuHCl has partially lost its native
secondary and tertiary structure. Concomitantly, the DSC
profile of the colicin B intermediate indicates that the well-
separated peaks of the native state merge into a single broad

transition (Figure 4). In addition, the much decreased
transition temperatures indicate that the thermal stability of
the intermediate is considerably reduced when compared to
individual domains of native full-length colicin B (Figure
4A), a well-known effect of denaturants (38).

It has been shown previously that the C-terminal domain
of full-length colicin B is significantly more stable in thermal
unfolding experiments when compared to the R/T domain
(28). Furthermore, at 2 M GuHCl, most of the secondary
and tertiary structure of the isolated C-terminal fragment of
colicin B is preserved (Figure 5A). We, therefore, suggest
that the first GuHCl-induced transition (C1/2 ≈ 1.3 M GuHCl)
predominantly affects the R/T domain. Correspondingly, in
the second step (C1/2 ≈ 3.1 M), unfolding of the channel-
forming domain takes place.

Domain-Domain Interactions Decrease the Stability of
Colicin B and Its Intermediate.The higher stability of the
isolated C-domain when compared to domains within full-
length colicin B is reflected in higher midpoint of transition
temperatures (Figures 4A and 6A, Table 2). In a similar
manner, at pH 7.4 the thermal transition temperature of the
unfolding intermediate of full-length colicin B is 20°C
reduced when compared to that of its isolated C-terminal
domain (Figures 4B and 6B, Table 2). Furthermore, to
completely unfold the protein, or to obtain the maximal ratio
of intermediate state, higher GuHCl concentrations are
required for the isolated C-terminal fragment when compared
to the full-length protein (Figures 2 and 5). These observa-
tions indicate that interactions between the R/T domain and
the C-terminal domain decrease the stability of full-length
colicin B in both its native (28) and its intermediate states.

The Global Fold of Colicin Pore-Forming Domains.The
cytotoxic functions of membrane-active colicins are attributed
to the C-terminal domain, which is also the site of the pore-
forming activity. Lacking a detailed structure of the folding
intermediate, or of native colicin B, it is helpful to recall
the high-resolution structures of other membrane-active
colicins, in particular that of the C-terminal domain of colicin
A. This latter sequence exhibits 71% sequence homology
with the C-terminus of colicin B, and both proteins are
characterized by a comparable helix content (28). Further-
more, high-resolution X-ray structures of full-length colicins
N and Ia as well as those of the C-terminal domains of
colicins A (Figure 7) and E1 all share related global folds
(36, 39-41). It is, therefore, reasonable to assume that also
the C-domain of colicin B adopts very similar secondary and
tertiary structures. The X-ray structures of the channel-
forming domains of colicins A (Figure 7), E1, Ia, and N are

FIGURE 6: Differential scanning calorimetric denaturation endot-
herm of the colicin B C-terminal domain in the absence (A) and in
the presence of 3.5 M GuHCl (B). Here (O) represents the
experimentally observed data. The protein concentration was 21
µM in 20 mM Tris-HCl, pH 7.4. The individual contributions
obtained from Gaussian line-fitting are also shown (dashed lines).

FIGURE 7: Structural model of the X-ray structure of the C-domain
of colicin A (36). The hydrophobic helical hairpin of helices 8 and
9, which is sandwiched between two layers of helices, is shown in
dark gray. The figure was prepared with MOLMOL (59) and POV-
Ray.
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characterized by 10 helices, where 2 hydrophobic helices
are surrounded by 2 layers of hydrophilic and amphipathic
helices (36, 39-41). Similar arrangements of helical layers
are also found in other proteins such as citrate synthase and
ribonuclease reductase (36).

Identification and Characterization of the Colicin B
C-Domain Intermediate.The equilibrium unfolding studies
of the isolated C-terminal domain are sigmoidal in nature
and are also characterized by the presence of a small plateau
region around 3.2 M GuHCl (Figure 5). The noncoincidence
of the unfolding curves obtained by different techniques
indicates the presence of an intermediate during the unfolding
process also of this colicin fragment. During the transition
from the native to the intermediate state, the three tryptophan
residues of the C-terminal domain change their environment
without, on average, becoming completely exposed to bulk
solvent (Figure 5). In addition, the far-UV CD signal is
diminished, indicating a partial loss of secondary structure
(Figure 5A). Concomitantly, DSC scans of the intermediate
form of the isolated C-domain show one broad transition
(Figure 6B).

Structural investigations of protein folding intermediates
indicate that nativelike local interactions persist, where side-
chain/side-chain interactions and hydrophobic clusters, also
involving residues distant in sequence, provide the nucleation
sites (4). In a similar manner, previous unfolding studies of
the colicin E1 C-terminal domain, belonging to a different
group of membrane-active colicins, have shown the presence
of a partially unfolded intermediate during the unfolding
process using guanidine hydrochloride (5, 42) or urea (43).
Alterations in the fluorescence maxima of individual tryp-
tophans indicate that the hydrophobic C-terminal hairpin of
colicin E1 (involving helices VIII and IX) unfolds at higher
denaturant concentrations when compared to the N-terminus
of the C-domain (42).

Subdomain Architecture of the Colicin B C-Domain.The
present studies of both GuHCl-induced and thermal unfolding
show that the C-terminal domain of colicin B, which was
previously thought to be made up by a single domain, in
fact consists of subdomains (Figures 5A and 6A). The
structure of the colicin E1 C-domain exhibits a large water-
filled cavity between layers B (helices VIII, IX, and V) and
C (helices III, IV, VI, and VII), which by itself is suggestive
of a subdomain architecture (39). On the other hand, the
C-domain of colicin A (Figure 7) exhibits a more tightly
packed conformation where hydrophobic as well as H-
bonding interactions between the three helical layers are
observed (36). The subdomain architecture of this protein
is, therefore, less obvious. It should be noted, however, that
the hydrophobic helical hairpin formed by helices VIII and
IX exhibits the lowest temperature factor within the colicin
A C-domain, suggesting that this part of the protein is most
stable.

Functional Significance of the GuHCl Unfolding Inter-
mediate.The hydrophobic helical hairpins of several colicin
C-domains are the most important parts of the channel-
forming units. The importance of the hydrophobic helical
hairpin for channel formation has been demonstrated for
colicins A, E1, and Ia and the diphtheria toxin T-domain
(44-49). In a related manner, protein translocase activities
have been demonstrated for these proteins as long as short
C-terminal domains involving the hydrophobic helical hairpin

are left intact (46, 47).
Channel formation by colicin A involves several steps,

including electrostatic interactions with the membrane sur-
face, partial unfolding by molten globule formation (14),
hydrophobic insertion of the hydrophobic helical hairpin (50),
and voltage-dependent channel opening (51, 52). During
membrane insertion, partial unfolding of the protein takes
place, and helices I and II extend away from the other helices
(53).

The addition of 2 M GuHCl results in a profound decrease
of the thermal unfolding temperatures of full-length colicin
B (Figure 4, Table 2), whereas that of the isolated C-terminal
domain decreases bye8 °C even in the presence of 3.5 M
denaturant (Figure 6, Table 2). Thereby the calorimetric
changes of both proteins after denaturant-induced unfolding
exhibit striking parallels to those observed upon acidification
(28). The importance of acidic pH for molten globule
formation, as well as membrane-association and -insertion,
has been well documented for several colicins including
colicin B (23, 54-57). Therefore, the denaturant- and acid-
induced unfolding intermediates appear to share important
characteristics with the intermediate conformation adopted
during membrane insertion (14).

CONCLUSIONS

In this paper we have identified unfolding intermediates
of colicin B and of its C-terminal domain. Their structural
and equilibrium thermodynamic properties have been char-
acterized. The native folds of colicin B or its C-domain are
favored by an energy corresponding to about 4-7 RT when
compared to their folding intermediates (Table 1). These data
suggests that a small fraction of the protein spontaneously
occurs as folding intermediates at pH 7.4 or at pH 4.0. In
addition, these energies are small enough that the distribution
between native and intermediate conformations can be
significantly shifted by protein-protein or by electrostatic
and hydrophobic interactions at the membrane surface (58).
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