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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 GuHCI 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)Biol. Chem. 27§17), 13563-13572] and the intermediate
states. The second transition between 2.& &M GuHCI involves unfolding of the C-terminal domain
(AG}.,, = 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 and apolar regions of lipid bilayers, albeit with some analogy
proteins is an important prerequisite for functional integrity. to those models developed for soluble protei@, (11).
Therefore, several proteins have been studied after denatur\WWhen compared to small globular proteins, very little
ation, and models of the folding mechanisms are emerging structural and thermodynamic data are available for mem-
(1—4). Protein folding is a directed process, and for proteins brane proteins.

>100 residues proceeds through a definite sequence of Stable folding intermediates have been classified as molten
intermediate states with decreasing Gibbs free enéig)(  globule or pre-molten globule states as well as partially
The inverse process is of equal importance, for example, folded domains or subdomaind, (3, 12—14). Structural
during the insertion and translocation of proteins into and investigations of intermediates show that parts of the
through phospholipid membraneS).(Unfortunately, littte  molecules adopt nativelike secondary structures, but tertiary
is known about the structural mechanisms of the controlled contacts between these elements are poorly defined. Given
unfolding of polypeptides. the wide variety of possible folding intermediates, careful
It has been proposed that the folding of an extended characterization is required for understanding the folding/
polypeptide chain starts with its collapse into a more compact unfolding pathways of multidomain proteins. This, in a first
globule that will acquire the native state in further stePs ( step, requires the identification of conformational states that
Whereas folding intermediates of a few proteins have beenemerge during folding and unfolding.
characterized in considerable detail by structural methods Membrane proteins consist of hydrophobic regions in

(1,3, 6, 7), the transition intermediates are unstable and short- contact with the inner part of lipid bilayers and polar regions
lived and could only be characterized in an indirect manner interacting with solvent or within the ||p|d headgroup region
(2, 8). With the limited database available, considerable (15). It is of special interest to study proteins that occur in
controversy remains as to the unifying properties of folding \vater-soluble as well as membrane-inserted conformations
or transition intermediateﬂ(4, 9) For integral membrane as these proteins have been shown to undergo profound
proteins, the proposed models reflect the separation of polarconformational changes reflecting the different interactions
in aqueous and bilayer environments. The characterization
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with the membrane surface. Therefore, studies of the Thermolysin was procured from Calbiochem (La Jolla, CA).
unfolding intermediates of such amphipathic proteins in All other chemicals were of reagent grade.

agueous solution are a prerequisite to understand later stages Expression and Protein Purificatiohe autotrophic strain

of the membrane protein insertion process. E. coliJM 101 bearing the plasmid pES3 was used to express

Several bacterial toxins, including some colicins, diphtheria colicin B. The C-terminal domain was obtained by digestion
toxin, or proteins controlling cell survival in higher organisms  Of full-length colicin B with thermolysin. The expressed full-
(16), have been shown to adopt water-soluble as well as!ength protein and the C-terminal domain were purified
membrane-inserted conformationg), The bacterial proteins ~ following established procedure 24). After gel filtration
can be prepared in quantitative amounts and are thereforeVith @ SH Sephacryl R100 column (Amersham Pharmacia
amenable to structural studies. Colicins kill sensifeoli ~ Biotech, Freiburg, Germany), the purity of the protein was
cells by different types of lethal action including depolar- checked by SDSpolyacrylamide gel electrophoresis.
ization of cellular membranes and inhibition of DNA and ~ Equilibrium Unfolding ExperimentsAll the equilibrium
of protein synthesisl@). Colicin B is a 55 kDa multidomain ~ unfolding experiments were performed as described by Pace
protein and belongs to the membrane-interacting family of €t al. @0). Protein stocks were prepared in the following
colicins (19). The molecule consists of three domains that Puffers: 20 mM Tris, pH 7.4, or 20 mM acetate, pH 4.0.
correspond to different functions of the protein: outer The final protein solutions in GUHCI were prepared by
membrane receptor recognition, translocatif, 1), and  diluting appropriate volumes of protein and GuHCI stock
voltage-dependent pore-formatiof2( 23). Whereas the ~ Solutions in the respective buffer. The final protein concen-
C-terminal domain of colicin B is closely related to those trations were as indicated in the figure legends. All samples
channel-forming domains of colicins A and N, colicins B Were mixed gently and incubated at 25 for 3 h. To check
and la group together when the usage of the TonB translo-the reversibility of unfolding, a solution of protein in the

cation machinery is considere@Q, 21). Much work on unfolded region was dialyzed in a stepwise manner to remove
colicins has been performed to better understand the mechihe denaturant. o
anism of channel formatior2(, 24—27). It has been shown Fluorescence Emission Measuremeiiimission spectra

that before insertion into the membranes the C-terminal Were monitored using a Perkin-Elmer LS-50 luminescence
domains undergo structural alterations into insertion- SPectrometer equipped with a water-thermostat cell holder.
competent states [e.g.14)]. This raises a number of Emission spectra were anal_yze_d over the wavelength range
gquestions about the structural organization of these proteinsof 300-400 nm with an excitation wavelength of 295 nm.
and, more specifically, their channel-forming domains. Data reported represent the average of two spectra. Spectra
The structural stability and/or domain interactions of were corrected for background signal contributed by buffer

colicin B (28) and of the colicin A pore-forming domain oréi'enalturalgt. r’?‘” 'the s'\[:;lectra were :gé%rdetd c?fQS
(29) have been investigated by thermal unfolding. However, flrcu aorl Ic Jr0|st igsurer?en i stu €S _werg ith
the processes investigated previously are irreversible, angPeriormed on a Jjasco .- Spectropolarimeter equipped wi

therefore equilibrium thermodynamics cannot be applied. To ? thSi/mostgtedbcetll holdezr.OgD Sgeggg were rteczczsrdeAd”m the
understand the mechanism of action of membrane proteins, ar- region between an nm a :
measurements were corrected for buffer and denaturant

it is of utmost importance to understand the general structure o
of membrane proteins, their thermodynamic stability, and contributions. Each of the spectra presented was the average
: ' of four scans.

heir domain organization. X X . . . . .
the d(.) ain organizatio ) ) . Differential Scanning CalorimetryCalorimetric experi-
In this study, we, therefore, extended previous investiga- . ants were performed using a Microcal VP-DSC high-

_tions involving this Iaboratory2(8) and followed de_”f?‘t“fam' sensitivity differential scanning calorimeter. Protein solutions
induced protein folding/unfolding of full-length colicin Band | o dialyzed against buffer/GUHCI for at least 12 h. The
its isolated C-terminal domain by using tryptophan fluores- ina) gialysate was used as a reference. The protein concen-
cence and CD spectroscopy. The data demonstrate thaaiions were as mentioned in the figure legends. All the

unfolding of b?t,h pr;])tefins fO!IOWSf re\I/ersibIe multistate o otein and buffer solutions were degassed with gentle
processes involving the formation of at least one intermedi- iiring ynder vacuum before being loaded into the calorim-

a;[]e. The _intgrlr)nedia'%e: ?]tatgs were id_er:jtifiedd an(;l lfdu_rther eter. Experiments were performed over a temperature range
c araCtﬁf'Ze %’.b'?s |T e .e”.f‘t?r.a”t"” luced unfolding of 30-90 °C at a scan rate of 1C/min. Normalized heat
intermediate exhibits close similarities to the one Which has .54ty data were corrected for the buffer baseline. Raw

been suggested to be involved in membrane insertion. Duepsc data were processed and analyzed using the Origin
to the reversibility of the denaturant-induced folding/unfold- ¢ ¢\ are (Microcal, Northampton, MA) provided with the

ing equilibria, we were able to perform a quantitative jnqryment. Results of DSC experiments are describezj as
thermodynamic analysis of the process. versus temperature profiles.

Analysis of Equilibrium Unfolding DataThe unfolding
transition curves were analyzed by procedures published

Materials. Ultrapure guanidine hydrochloride and all buffer Previously @, 30). In short, the equilibrium unfollding. data
components were purchased from Sigma (St. Louis, MO). &ré described by the following model of unfoldingaj:

Kl KZ
N~—|—U

MATERIALS AND METHODS

1 Abbreviations: DSC, differential scanning calorimetry; GuHCI,

guanidine hydrochloride; UV CD, ultraviolet circular dichroism; SDS, . L . . . .
sodium dodecyl sulfate; R/T, receptor/translocation; molar heat where N is the protein in its native state, | is the intermediate

capacity. form, and U is the unfolded state. For each step in the
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reaction (assignei), the free energy change is assumed to 345
be a linear function of [denaturant]. Thus, changes in the A o o O °
Gibbs free energy at any GuHCI concentration can be
obtained usingAG; = AGhZO + my[denaturant], where
AG‘HZO is defined as the free energy changes in the absence
of denaturant andn are the denaturanti values. The
contributions of all states to the total signal amplitude are
assumed to be additiveYops = Ynfn + Yifi + Yufy, where

Yn, Vi, andYy represent the signals associated with each form
andfx are the corresponding fractional values. The Origin 325 o)

software (versions 5.0 or 6.1, Microcal, Northampton, MA), ] e 0

which applied the Marquaret_evenberg algorithm, was 320 ' . _ '
used to fit the unfolding date3(). 0 1 2 3 4 5 6

GuHCI (M)

3351 o}

(nm)

3301

max

A

RESULTS

The spectral changes associated with the unfolding of full- 1,04
length colicin B and its C-terminal domain were studied by 1 B
intrinsic tryptophan fluorescence and circular dichroism at 0,8+
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
GuHCI 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 36800 nm. The wavelength 0 1 2 3 4 5 6
of maximum emission, the total intensity (36000 nm), GuHCI (M)
and the intensity at 320 nm, a wavelength where pronouncedFlGURE 1: (A) GuHCl-induced reversible unfolding of full-length

changes are observed during unfolding, were analyzed as &olicin B at pH 7.4 monitored by fluorescence emission maxima.
function of GUHCI concentration. Figure 1A shows the Unfolding (@) and refolding curves®) are shown. (B) Calculated

change in the fluorescence emission maxima of full-length fractions of native @), intermediate 4), and unfolded @) forms

colicin B as a function of GUHCI concentration. The emission of full-length colicin B as a function of GUHCI concentration. The
’ fractional values of the conformational states were calculated as

maximum is red-shifted from 323 to 343 nm due 10 the (escribed under Materials and Methods using the thermodynamic
addition of>4 M GuHClI, indicating the increased exposure parameters listed in Table 1.

of tryptophan residues to bulk solvent. Notably, the unfolding

process is reversible, as renaturation by suitable dilution of Table 1: Thermodynamic Parameters Obtained from

fully unfolded protein shows complete recovery of all the GuHCl-Induced Re\_/ersible Ur_1f0|ding Of_Full-Length Colicin B and

spectral features of the native protein (Figure 1A). The results Its Isolated C-Terminal Domain As Monitored by Fluorescence and

obtained from the fluorescence studies were normalized into”-2"YY €D Measuremertts

apparent fractions using standard equati@®. (The unfold- colicin B AGy AG) ., My (kcal my (keal

ing curves obtained from fluorescence spectra either by full Protein _method (kcalfmol) (kcal/mol) mol "M~ mol™M™%)

measuringimax the intensity at 320 nm, or the total intensity PH 7.4 Flu ~32£03 7.0+10 23+02 21+£04

closely parallel each other. Each data set was fitted to a three- cb  46+03 56+04 29£02  1.9+£02

state model as described under Materials and Methods, and’t 4-0 gl';‘ ;gi 8-2 g-gi 8-2 g-gi 8-2 i-ji 8-2

the thermodynamic parameters of the equilibrium unfolding _ i ' T B BN

of full-length colicin B and its C-terminal domain were g;'d;”za'”' CFI'SJ 2308 %731 8'2 1707 ﬂi 8'1

obtained (Table 1). Furthermore, the fractions of native, ' B e

intermediate, and unfolded forms of full-length colicin B PH 4.0 CFIE,J 34505 ,%,'f 02 25t04 ,%,',Si 01

were calculated using the resulting thermodynamic param- = Unfold vzod Usi - at del

eters (Table 1) and are shown in Figure 16 a5 a funcion of gos s T, "4es Were 20abized usng a e site model as

GuHCl concentration. At 2.3 M GuHC¥, 90% of the protein cardinal thermodynamic parameters. Errors are results of the nonlinear

is in its intermediate form (Figure 1B). least-squares analysis (CD) or represent estimates obtained from
The normalized fluorescence emission maxima at pH 7.4 comparing line fits oflmax intensity at 320 nm, and total intensity values

and 4.0 are plotted as a function of GUHCI concentration in (Flu). NA, not analyzed.

Figure 2A,B, respectively. An excellent fit of experimental

data is obtained when using a three-state model. At pH 7.4, the sequential unfolding of the protein at pH 7.4, with a first

the curve obtained by fluorescence spectroscopy is clearlytransition between 0 @2 M GuHCI. The free energy

biphasic, indicating the presence of at least one stablechangeAGY ., and the denaturamn value associated with

intermediate in equilibrium with the native and the unfolded the first transition are 3.2 kcal/mol and 2.3 kcal mid/ 1,

forms of the protein (Figure 2A). The result demonstrates respectively (Table 1). The second transition is observed

0,6
04

0,2

Fraction of form present
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Ficure 2: GuHCI-induced unfolding of full-length colicin B and o o . o v o

noncoincidence of equilibrium unfolding data. The changes in

fluorescence emission maxim®@)(and the alterations of circular

dichroism at 222 nm@) are shown in a normalized fashion. At

pH 7.4 (A) and at pH 4.0 (B). The solid lines are fits obtained by Ficure 3: Fluorescence and circular dichroism spectra of native

the three-state model as described under Materials and Methodsfull-length colicin B, the folding intermediate, and the unfolded
protein. (A) Fluorescence emission spectra were recorded in the

between 2.5 ah6 M GuHCI accompanied with a free energy range 308-400 nm with an excitation wavelength of 295 nm at a

0 protein concentration of 1.6M in 20 mM Tris-HCI, pH 7.4. (B)
change AGy,_) of 7 kcal/mol and a denaturamtvalue of ' Gy s ot 5,M full-length colicin B in 20 mM Tris-HCI, pH

2.1 keal mof* M~ Although at pH 4.0 the biphasic behavior 7 4 "Spectra were recorded at 5 in the absence of denaturant
is less apparent, the sigmoidal transition is characterized by(solid line), as well as in the presence2M (dashed line) or 5 M

a small plateau around 2.5 M GuHCI, indicating the presence GuHCI (dotted line).
of a folding intermediate at these GuHCI concentrations
(Figure 2B). since the calorimetric profile cannot be reproduced during a
To check the effect of [GUHCI] on the secondary structure second heating scan after cooling. Figure 4A shows the DSC
of colicin B, the unfolding transition was also monitored by profile of full-length colicin B at pH 7.4. In agreement with
far-UV CD. The CD spectrum of the protein was measured earlier studiesZ8), the unfolding is characterized by two
in the presence of different concentrations of GUHCI. Figure peaks, a first thermal transition at 54£20.5 and a second
2 shows the changes @, values as a function of GuUHCI smaller thermal transition at 604 0.5 °C (Table 2). The
concentration, along with the unfolding curves obtained by data can be easily fitted to a multistate model. The DSC
fluorescence measurements. In contrast to the fluorescenceinfolding profile of the intermediate form of full-length
data, the unfolding curves obtained by CD spectroscopy colicin B is characterized by a single unresolved peak (Figure
appear monophasic (Figure 2A,B). Although the intermediate 4B). However, the peak observed is broad and, when
state is not easily recognized in CD measurements, thecompared to the native state, characterized by a sharp
noncoincidence of fluorescence and CD spectroscopic datadecrease in the thermal transition temperature. Good fits are
is a safe indicator of its presence. obtained by either a two-state or a multistate analysis of the
Thus, fluorescence and CD spectroscopic studies indicatethermograms with thermal transition temperatures around
that the unfolding of full-length colicin B proceeds through 39 °C.
formation of a stable intermediate. Figure 3A,B shows Unfolding of the isolated C-terminal domain was also
fluorescence and CD spectra of full-length colicin B in its monitored by fluorescence and far-UvV CD measurements.
native condition, in its intermediate form, ancbaM GuHCI. The unfolding curve monitored by changes in the fluores-
Both the fluorescence intensity and the emission maximum cence spectra shows a broad sigmoidal curve for both pH
of the intermediate are different from those of the native or 7.4 and pH 4.0 (Figure 5A,B, respectively). At pH 7.4, a
the unfolded protein (Figure 3A). Also the circular dichroism small plateau is observed around 3.5 M GuHCI. Figure 5A
of the folding intermediate at 222 nm is decreased by aboutalso shows the unfolding of the C-terminal domain as
40%, indicating partial unfolding and disruption of consider- followed by CD spectroscopy. The noncoincidence of the
able secondary structure when compared with the nativetransition curves obtained by fluorescence and CD spectro-
protein (Figure 3B). scopic studies indicates the presence of a folding intermedi-
To further characterize the intermediate conformation, ate. The thermodynamic parameters derived from the three-
DSC studies of full-length colicin B were performed. Under state model at different pHs for both full-length colicin B
the conditions used, the thermal denaturation is irreversibleand its C-terminal domain are summarized in Table 1.

Wavelength (nm)
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o 157 FiGUrRe 5: GuHCl-induced unfolding of the colicin B C-terminal
g domain. The changes in fluorescence emission maxi®jaatd
E 104 the alterations of circular dichroism at 222 nfd)(are shown in a
£ normalized fashion. Protein concentrations of 1.5 apdvdwere
[} used for fluorescence and CD spectroscopic experiments, respec-
=~ 5. 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.
0+ 58.5+ 0.5°C. Although the thermogram could be reasonably
N —— — well fitted with a simple two-state model, the fit improved
20 30 40 50 60 70 80 90 by deconvolution into two transitions (Figure 6B).
Temperature(C)
DISCUSSION

Ficure 4: Differential scanning calorimetric denaturation endot-
herm of full-length colicin B. Here®) represents the experimentally Many membrane proteins and most peptides experience

obtained resolution of data. (A) shows the endotherm in the ak_)sence|arge conformational changes upon interaction with the
g(f)gcegr?ttrue{ggrt{ wads(%:&“}ﬁ pzrgs;nl\slfé_%lsiugdbgh? gro:[rer:r; membrane surface3®). Similarly, posttranslational protein
individual contributions obtained from Gaussian line-fitting are also iNsertion and translocation into and across the membrane
shown (dashed lines). require the refolding of proteins when entering or exiting
the membrane. To understand these processes, it is important

Table 2: Thermodynamic Parameters of Full-Length Colicin B and  to identify and characterize the respective folding intermedi-

Its C-Terminal Domain Obtained from DSC Studies ates. Denaturant-induced unfolding allows one to identify
T AHL, T2 AHZ, those regions that are less stable and therefore best suited to
(°C) (kcal/mol) (°C) (kcal/mol) initiate unfolding. Furthermore, due to the reversibility of

this process, the equilibrium thermodynamics of the folding/

full-length colicin B 54.2 129 60.4 30
(native) unfolding process can be analyzed. In this paper, we have
full-length colicin B (), 38.9 146 characterized the conformational stability of full-length
C_tze:\:'nﬁ]‘;:"(%mam (N) 558 5 66.2 33 colicin B and its isolated C-terminal domain in the presence
C-terminal domain (1), 58.5 15 of GUHCI using fluorescence and far-UV CD spectroscopies
3.2 M GuHCI as well as differential scanning calorimetry.

Identification of Folding Intermediategull-length colicin

DSC was used to further characterize the colicin B B at pH 7.4 exhibits biphasic unfolding curves when
C-terminal domain Z8) and its GuHCI-induced unfolding  monitored by fluorescence spectroscopy (Figure 1A). This
intermediate. Again, the thermal unfolding followed by DSC result indicates the presence of at least one stable intermediate
was irreversible. Interestingly, also for this protein two during its reversible unfolding reaction (Figure 1B). The
distinct peaks are observed in the absence of denaturantthree-state model (N> | < U) is confirmed by nonsuper-
indicating the presence of more than one unfolding entity imposable transitions observed with CD and fluorescence
(Figure 6A). The first minor peak is characterized by a spectroscopyd), thereby reflecting the differential sensitivity
thermal transition temperature of 55:80.5°C, and asecond  of CD and fluorescence spectroscopy for secondary and
major transition occurs at 66.2 0.5 °C (Table 2). In tertiary structural changes, respectively (Figure 2).
contrast, in the presence of 3.5 M GuHCI, the DSC profile  In a related manner, previous studies have demonstrated
of the C-terminal domain of colicin B shows a single peak that the DSC profile of full-length colicin B exhibits two
with a maximum of the excess molar heat capacity at well-separated transitions, suggesting thermal denaturation
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Ficure 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 GuHCI (B). Here) represents the
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Ficure 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 MOLMO&S) and POV-
Ray.

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 denaturant8§).

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, 82 M GuHCI, 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 GUHCI-induced transitio{,, ~ 1.3 M GuHCI)
predominantly affects the R/T domain. Correspondingly, in
the second stepCy; ~ 3.1 M), unfolding of the channel-
forming domain takes place.

Domain—Domain Interactions Decrease the Stability of
Colicin B and Its IntermediateThe higher stability of the
isolated C-domain when compared to domains within full-
length colicin B is reflected in higher midpoint of transition

experimentally observed data. The protein concentration was 21temperatures (Figures 4A and 6A, Table 2). In a similar

uM in 20 mM Tris-HCI, pH 7.4. The individual contributions

obtained from Gaussian line-fitting are also shown (dashed lines).

of two discrete cooperative units2g). The unfolding
characteristics of colicin B thereby correlate with the

structural and functional domain structure of this and other

other membrane-active colicin& 27). Whereas the first

transition was assigned to the colicin B R/T domain, the

C-domain unfolds in the second stef8). The unfolding of
colicin B is thereby in line with that of other large proteins,

manner, at pH 7.4 the thermal transition temperature of the
unfolding intermediate of full-length colicin B is 20C
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 GuHCI 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

whose unfolding involves discrete steps corresponding to thethe C-terminal domain decrease the stability of full-length

folding of individual domains X, 33—35).
Structural Model of the Colicin B Unfolding Intermediate.

colicin B in both its native Z8) and its intermediate states.
The Global Fold of Colicin Pore-Forming Domainghe

The fluorescence emission spectrum of the colicin B cytotoxic functions of membrane-active colicins are attributed

intermediaten 2 M GuHCl is shifted to a longer wavelength

to the C-terminal domain, which is also the site of the pore-

when compared to its native state (Figure 3A). Colicin B forming activity. Lacking a detailed structure of the folding
has eight tryptophan residues, five of which are present in intermediate, or of native colicin B, it is helpful to recall
the R/T domain. The remaining three residues are locatedthe high-resolution structures of other membrane-active

in the channel-forming domain. Comparison with the struc-

ture of the highly homologous colicin A C-domain (cf.

colicins, in particular that of the C-terminal domain of colicin
A. This latter sequence exhibits 71% sequence homology

below) suggests that the tryptophan residues at positions 395with the C-terminus of colicin B, and both proteins are
439, and 449 are buried in the hydrophobic interior also in characterized by a comparable helix contet8)( Further-

the colicin B protein 86, 37). Increased fluorescence

more, high-resolution X-ray structures of full-length colicins

emission maxima (Figure 1A) and the loss of circular N and la as well as those of the C-terminal domains of
dichroism at 222 nm (Figure 3B) indicate that the unfolding colicins A (Figure 7) and E1 all share related global folds
intermediate &2 M GuHCI has partially lost its native (36, 39—41). It is, therefore, reasonable to assume that also
secondary and tertiary structure. Concomitantly, the DSC the C-domain of colicin B adopts very similar secondary and
profile of the colicin B intermediate indicates that the well- tertiary structures. The X-ray structures of the channel-
separated peaks of the native state merge into a single broadorming domains of colicins A (Figure 7), E1, la, and N are
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characterized by 10 helices, where 2 hydrophobic helicesare left intact 46, 47).
are surrounded by 2 layers of hydrophilic and amphipathic  Channel formation by colicin A involves several steps,
helices 86, 39—41). Similar arrangements of helical layers including electrostatic interactions with the membrane sur-
are also found in other proteins such as citrate synthase andace, partial unfolding by molten globule formatiof4j,
ribonuclease reductasag). hydrophobic insertion of the hydrophobic helical hairgBa)(
Identification and Characterization of the Colicin B and voltage-dependent channel openibd, (52). During
C-Domain IntermediateThe equilibrium unfolding studies = membrane insertion, partial unfolding of the protein takes
of the isolated C-terminal domain are sigmoidal in nature place, and helices | and Il extend away from the other helices
and are also characterized by the presence of a small platea(s3).
region around 3.2 M GuHCI (Figure 5). The noncoincidence  The addition 2 M GuHCI results in a profound decrease
of the unfolding curves obtained by different techniques of the thermal unfolding temperatures of full-length colicin
indicates the presence of an intermediate during the unfoldingB (Figure 4, Table 2), whereas that of the isolated C-terminal
process also of this colicin fragment. During the transition domain decreases hy8 °C even in the presence of 3.5 M
from the native to the intermediate state, the three tryptophandenaturant (Figure 6, Table 2). Thereby the calorimetric
residues of the C-terminal domain change their environmentchanges of both proteins after denaturant-induced unfolding
without, on average, becoming completely exposed to bulk exhibit striking parallels to those observed upon acidification
solvent (Figure 5). In addition, the far-UV CD signal is (28). The importance of acidic pH for molten globule
diminished, indicating a partial loss of secondary structure formation, as well as membrane-association and -insertion,
(Figure 5A). Concomitantly, DSC scans of the intermediate has been well documented for several colicins including
form of the isolated C-domain show one broad transition colicin B (23, 54—57). Therefore, the denaturant- and acid-
(Figure 6B). induced unfolding intermediates appear to share important
Structural investigations of protein folding intermediates characteristics with the intermediate conformation adopted
indicate that nativelike local interactions persist, where side- during membrane insertiori4).
chain/side-chain interactions and hydrophobic clusters, also
involving residues distant in sequence, provide the nucleation CONCLUSIONS

sites ). In a similar manner, previous unfolding studies of |, this haper we have identified unfolding intermediates
the colicin E1 C-terminal domain, belonging to a different ¢ ¢qjicin B and of its C-terminal domain. Their structural

group of membrane-active colicins, have shown the presence,y equilibrium thermodynamic properties have been char-
of a partially unfolded intermediate during the unfolding ,cterized. The native folds of colicin B or its C-domain are
process using guanidine hydrochloridg 42) or urea §3). favored by an energy corresponding to abou74RT when

Alterations in the fluorescence maxima of individual tryp-  compared to their folding intermediates (Table 1). These data
tophans indicate that the hydrophobic C-terminal hairpin of suggests that a small fraction of the protein spontaneously

colicin E1 (involving hglices VIII and IX) unfolds at higher occurs as folding intermediates at pH 7.4 or at pH 4.0. In
denaturant concentrations when compared to the N-terminus, yition, these energies are small enough that the distribution

of the C-domain 42). between native and intermediate conformations can be

Subdomain Architecture of the Colicin B C-Domaliie  gjgnificantly shifted by proteirprotein or by electrostatic
present studies of both GuHCl-induced and thermal unfolding ;¢ hydrophobic interactions at the membrane surfage (
show that the C-terminal domain of colicin B, which was

previously thought to be made up by a single domain, in ACKNOWLEDGMENT
fact consists of subdomains (Figures 5A and 6A). The

structure of the colicin E1 C-domain exhibits a large water- _ V& are grateful to Luis Moroder for providing access to
filled cavity between layers B (helices VIII, IX, and V) and €D and fluorescence spectrometers and to Michaetian

C (helices IIl, IV, VI, and VII), which by itself is suggestive ~@nd Prof. Erich Sackmann of the Department of Physics,
of a subdomain architectur@9). On the other hand, the echnische UniversitaMiinchen, Germany, for allowing us
C-domain of colicin A (Figure 7) exhibits a more tightly to use the DSC instrument. Thg contnbgnons of Volkmar
packed conformation where hydrophobic as well as H- Brown, who provided the colicin B stra|_n, and of_ Pieter
bonding interactions between the three helical layers areJasperse and Stephan Lambotte, who first established the
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the hydrophobic helical hairpin formed by helices VIII and
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