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ABSTRACT. The equilibrium unfolding pathway of the colicin E1 channel peptide was shown in a previous
study to involve an unfolding intermediate, stable in approxinyade\l guanidine hydrochloride, which
comprised primarily the C-terminal hydropholiichelical hairpin segment of the peptide [Steer, B. A,,

& Merrill, A. R. (1995) Biochemistry 347225-7233]. In this study, the structural nature of this unfolding
intermediate was investigated further, and it was found that the intermediate primarily consists of a dimer
species and is comprised of two partially denatured monomeric peptides, which appear to be associated
by hydrophobic interactions. The dimerized structure was detected by size-exclusion high-performance
liquid chromatography, sodium dodecy! sulfafmlyacrylamide gel electrophoresis, chemical cross-linking,

and intermolecular fluorescence energy transfer. Using stopped-flow fluorescence spectroscopy, the kinetics
of the denaturation and dimerization of the colicin E1 channel peptideM guanidine hydrochloride

were examined. Denaturation kinetics were also investigated by wild-type peptide Trp fluorescence and
1-anilinonaphthalene-8-sulfonic acid binding. The kinetics of dimer formation were examined by
monitoring the time dependence of intermolecular Trp to 5-[[2-[(iodoacetyl)amino]ethylJamino]naphthalene-
1-sulfonic acid fluorescence resonance energy transfer upon denatunatidvh guanidine hydrochloride.

In addition, single Trp mutant peptides were employed as site-specific fluorescent probes of unfolding
kinetics and reported diverse and characteristic unfolding kinetics. However, it was shown that following

a rapid and major unfolding transition the peptide’s core residues cluster slowly, by hydrophobic association,
forming an intermediate species which is a prerequisite to dimerization. These equilibrium and kinetic
unfolding data describe a unique unfolding mechanism where the channel peptide forms a partially unfolded
dimerized structureni 4 M guanidine hydrochloride.

The toxin-like colicin E1 protein is a channel-forming cannot penetrate the outer membrane of target bacterial cells.
bacteriocin secreted bischerichia coliwhich carry the However, the channel peptide forms active channels in
naturally occurringolE1plasmid. It exerts its toxic effects ~ osmotically shocked whole cells (Cranmegral., 1983) and,
by forming a lethal ion channel in the target bacterium which upon low pH-inducedn vitro activation, forms ion-conduct-
depolarizes the membrane sufficiently to cause cell deathing pores in membrane vesicles (Peterson & Cramer, 1987;
(Gould & Cramer, 1977; Clevelanet al, 1983; Bullock, Schendel & Cramer, 1994) and in planar bilayers (Bullock
1992; Crameet al.,1995). The 522 amino acid colicin E1 et al, 1983).
primary structure can be divided into 3 functional domains.  The preliminary crystal structure of the soluble colicin E1
The receptor binding domain of colicin E1 binds to the channel peptide has been elucidated (Ellkenhsl, 1995).
vitamin By, receptor in the outer membrane of the target The highlyo-helical colicin E1 channel peptide has 10 helical
bacterium. The N-terminal translocation domain is involved segments arranged in 3 layers with 2 distinctively hydro-
in translocating the protein across the outer membrane, andohobic antiparallel helices (helices 8 and 9) buried within
the C-terminal channel-forming domain forms a dissipative the core of the structure. Amphipathic surface helices
ion channel in the cytoplasmic membrane. The channel- surround the peptide’s particularly hydrophobic core, shield-
forming domain of colicin E1 is compact and protease ing it from agueous solvent giving rise to a soluble peptide.
resistant and can be conveniently isolated from the trans- Unfolding of the colicin E1 channel peptide in guanidine
location and receptor binding domains of colicin E1 by hydrochloride (Gn-HCH has been shown to involve a
treatment of whole colicin E1 with protease (Crareeal., partially denatured equilibrium unfolding intermediate which
199Q 1995). Lacking its receptor binding and translocation
domains, the channel-forming peptide (channel peptide) 1 appreviations: AEDANS, 5-[[2-[(acetyl)amino]ethyl]lamino]-
naphthalene-1-sulfonic acid; ANS, 1-anilinonaphthalene-8-sulfonic acid;
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is stable in approximatgld M guanidine hydrochloride (Gn-
HCI; Steer & Merrill, 1995). Site-specific examination of

Steer and Merrill

with the appropriate concentration of denaturant prior to
injection of the sample. Sample elution was detected by the

the peptide’s unfolding using the fluorescence of single Trp absorbance at 280 nm.
mutant peptides demonstrated that the intermediate primarily SDS-PAGE and Chemical Cross-Linkingrhe denatured
involved the peptide’s hydrophobig-helical hairpin core peptide was also subject to SBBAGE. The peptide (0.5
segment. The intermediate was also shown to bind themg/mL) was denatured in various concentrations of Gn-HCI
hydrophobic fluorescent probe 1-anilinonaphthalene-8-sul- and incubated as described above. Following incubation,
fonic acid (ANS) maximally over the native and unfolded the peptide samples were diluted 10-fold with 100 mM NacCl
states and to possess little secondary structure as determineieh 10 mM DMG buffer, pH 6.0 (a high concentration of Gn-
by circular dichroism spectroscopy. These data described aHCI interferes with the electrophoresis process), and-SDS
partially denatured intermediate species consisting of a clusterPAGE was immediately performed (samples were loaded and
of hydrophobic core residues with little secondary structure running in less than 5 min after dilution) according to
(Steer &Merrill, 1995, 1996). Laemmli (1970). For cross-linking experiments, the peptide
This study further characterizes the structural nature of (tested in a range from 1 to 6 mg/mL, final concentration)
this equilibrium unfolding intermediate and describes a Was denatured in various concentrations of Gn-HCI contain-
hydrophobically associated dimerized intermediate structure.ing 50 mM MES buffer at pH 6, 100 mM NaCl, and 10
Since the peptide’s dimerization appears to involve hydro- MM of the water-soluble carbodiimide 1-ethyl-3-[3-(di-
phobic core association of partially denatured monomeric methylamino)propyljcarbodiimide hydrochloride (EDC) as
peptides, dimerization may occur after a major unfolding suggested by Buisson and Reboud (1982), and the reaction
transition which would expose the peptide’s nonpolar core was allowed to proceed fd h at 20°C. The reaction was
residues. Thus, the kinetics of the peptide’s denaturation toquenched by the addition of sodium acetate and,®lHt
this intermediate structure and its dimerizatiordi M Gn- 20 and 100 mM, respectively. The samples were then diluted
HCI were examined. 5-fold with distilled water prior to SDSPAGE analysis.
Stopped-flow spectroscopic techniques allow the monitor- ~ Stéady-State Spectroscopic Measuremehisorescence
ing of fast unfolding events on the millisecond time scale. €Mission spectra were recorded on a PTI Alphascan-2
Kinetic analysis can often detect the presence of unfolding SPectrofluorometer (PTI, South Brunswick, NJ) equipped
intermediates and structural rearrangements not observed ifVith & jacketed cell holder set at 20. For all fluorescence
equilibrium studies. Through the use of single Trp mutant Measurements, a wedge depolarizer (Oriel Corp., Stratford,
proteins and stopped-flow fluorescence spectroscopy, theCT: 95% transmittance) was placed on the exit side of the
kinetics of denaturation of specific peptide segments can pe€Xxcitation mor_nochromator, and fluorescence emission was
investigated. The kinetic data presented in this study detected at right angles. Steady-state Trp fluorescence
describe a possible kinetic route for the peptide’s unfolding €Mission was scanned from 303 to 450 nm (4 nm slit) upon

and dimerizationn 4 M Gn-HCI.

MATERIALS AND METHODS

Preparation of Mutants and Isolation of Colicin E1 and
Its Thermolytic Channel PeptideSingle Trp mutants of

295 nm excitation (2 nm slit). Corrections were made for
the appropriate blanks and for the wavelength-dependent bias
of the optical and detection systems. In FHAEDANS
fluorescence resonance energy transfer (FRET) experiments,
the sample was excited at 295 nm and the emission scanned
from 303 to 575 nm wh a 3 nmexcitation band-pass and

colicin E1 were constructed by site-directed mutagenesis asa 6 nm emission band-pass. Intermolecular-INEDANS

already described (Merrilet al., 1993). Colicin E1 was
purified from a lex A" E. colistrain (IT3661, kindly provided
by Irwin Tessman) harboring the plasmid pSKE&hich

FRET was measured with Trpeptide-AEDANS adduct
at a fixed concentration of 0.1 mg/mL and denatured in 4 M
Gn-HCI. The denatured adduct was titrated with wild-type

encoded the appropriate mutant as detailed previously (WT) peptide in 0.015 mg/mL increments.

(Merrill etal, 1993). Trp peptide-AEDANS adduct was

prepared exactly as described earlier (Steer & Merrill, 1994).

Size-Exclusion Chromatographyize-exclusion chroma-

Model for Peptide Association upon Denaturatioiihe
degree of association of colicin E1 channel peptides upon
denaturationn 4 M GnHCI was investigated using FRET

tography was performed using a Superose 6 column (1.25from a donor population (three Trp residues in the WT

cm in diameter by 40 cm in length) attached to a Bio-Rad
(Mississauga, ON) Model 2700 HPLC solvent delivery
system equipped with a Model 1706 UV/VIS detector. For
Stokes’ radius Rs) estimation, the column was calibrated
according to Beattie and Merrill (1996) using the standard
proteins, ribonuclease AR, 16.4 A), chymotrypsinogerR§,
20.9 A), ovalbumin Rs, 30.5 A), albumin Rs, 35.5 A),
alcohol dehydrogenasBd 45.5 A), apoferritin R, 61.0 A),
and thyroglobulin Rs, 85.0 A). In order to examine the
effects of Gn-HCI on the channel peptiddis, the colicin

E1 C-terminal thermolytic channel peptide, in 1700 mM NaCl/
10 mM dimethylglutaric acid (DMG) buffer, pH 6.0, was
mixed with the appropriate amount 8 M sequenal grade
Gn-HCI purchased from Pierce (Rockford, IL) to provide
solutions from 0@ 7 M Gn-HCI and 0.25 mg/mL channel
peptide, final concentration. The column was equilibrated

peptide) to an acceptor population (AEDANSrp~ channel
peptide, no Trp donor). Derived from Forster theory, the
model is as follows: Supposing that the colicin E1 channel
is dimeric, let [DD]= the concentration of pure WT (donor)
channel peptide dimers; let [AAF the concentration of pure
AEDANS—Trp~ (acceptor) channel peptide dimers; and let
[AD] = the concentration of hybrid channel peptide dimers.
The efficiency of energy transfer between a donor and
acceptor pairE, is defined by eq 1 (Lakowicz, 1983) in
which Q/Q, is the relative quantum yield of the donor
species.

E=1+0Q/Q, Q)
For energy transfer occurring within a hybrid dimer (where
the acceptor fluorescence is measured), the total dimer
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quantum yield Qo, is given by (Merrill et al, 1993). For fast ANS binding, the peptide
was denatured as described above except that the 4.44 M
Q, = 2[AA] +[AD] (2) Gn-HCl solution was made 0.11 mM in ANS concentration

. . ] __ toprovide a final ANS concentration of 0.1 mM. The sample
This relationship accounts for all acceptor molecules within a5 excited at 372 nm and emission monitored at 480 nm.
the system. The quantum yield of the acceptor species ingjow ANS binding was monitored as described above with
the presence of the donor speci€¥,is given by eq 3: manual mixing using a PTI Alphascan-2 spectrofluorometer

- (PTI, South Brunswick, NJ) with the excitation slit width at
Q=1+ E[AD] + 2[AA] ®) 3 nm and the emission slit width at 6 nm. The time
Here, the acceptor quantum yield of the heterodimer (AD) dependence of intermolecular FFAEDANS FRET upon
is proportional to the efficiency of energy transfer. Taking dénaturation was monitored by manual mixing using the PTI
the ratio of egs 2 and 3, the relative acceptor quantum yield configuration as described above. A solution of equal

is obtained (eq 4). amounts of Trp peptide-AEDANS adduct and WT peptide
was mixed as described above to obtain a final Gn-HCI
Q/Q, =1+ E[ADJ/(2[AA] + [AD]) 4) concentration ©4 M and a peptide concentration of 0.1 mg/

mL. AEDANS fluorescence intensity (480 nm) was moni-
To convert the concentrations in eq 4 to a measurabletored as a function of time upon Trp excitation (295 nm).
quantity, the probabilities of forming each type of dimer must The “pulse method” as described by Engelhard and Evans
be considered. Le®, Pp, andPy represent the probabilities  (1995) was also used to determine whether ANS had any
of forming pure acceptor dimer, pure donor dimer, and pure direct effect on the unfolding of the channel peptide. The

hybrid dimer, respectively. Then, results were identical regardless of the method employed for
ANS binding.
P,=a = {[Al/([A] + [D])}? 5) Data Analysis Rate constants were calculated by fitting
kinetic data by nonlinear least-squares analysis (MicroCal
Py = d? = {[D)/([A] + [D])}? (6) Origin; MicroCal Software Inc., Northhampton, MA). A fit
was deemed acceptable if it exhibited random residuals and
P, = 2ad = 2{[A][DI/(A] + [D])2} @ had reached minimum error in all fitting parameters (standard

errors were typically between 5 and 10%). Kinetic traces
which showed single exponential kinetics were fit with the

wherea is the acceptor mole fraction ardlis the donor S
equation:

mole fraction. Substituting the following relationship is
obtained: F=F,+ F[1 — exp(—kt)]

— 2
QIQ, =1+ E(2ad)/(2[A]” + 2ad) (8) where F is the fluorescence at time F, is the initial

_ fluorescence at time zerds; is the fluorescence change
QQ,=1+dE/(a+d) ©) during the unfolding reaction, ankl is the rate constant.
Kinetic traces which showed double exponential kinetics

sincea +d = 1 then were fit with the equation:

QQ,=1+dE (10) F=F,+ F,[1 — exp(kpt)] + F,[1 — exp(—kjt)]

The more general form of eq 10 is o
whereF andF, have the same definitions as above &nd

QQ,=1+E—-EQ1—d)"* (11) and F; are the fluorescence changes for the double expo-
° nential unfolding reaction with rate constarits and k,
wheren is the number of monomers in the aggregate. respectively. S _
Kinetic Data Collection. All kinetic data were obtained Since peptide dimerization would be second order in

at 20°C and with the exception of slow ANS binding and Peptide concentration, the kinetic trace for the peptide’s
intermolecular FRET measurements (discussed below) weredimerization was fit using a hyperbolic equation:

collected using an Applied Photophysics stopped-flow _

fluorescence spectrometer equipped with both excitation and F=F,+Fd l9-1ppt/ 1+ kappt)}

emission monochromators (Applied Photophysics, Leather- e
head, UK). Excitation slit widths were 4 nm and emission The termsF, F,, t, andF, have the same definitions as above,

slit widths 6 nm for all measurements. The kinetic traces aNd kapp is the apparent rate constant for the dimerization

shown are an average of three or more experiments. ChangeBrocess wheréa,, = k[P], andk is the second-order rate
in Trp fluorescence upon denaturation were monitored by constant of dimerization which is dependent on the concen-

10:1 mixing of 4.44 M sequanal grade Gn-HCl with colicin _ tration of the monomeric protein species P.
E1 C-terminal thermolytic channel peptide (1 mg/mL) in 100

mM NaCl/10 mM dimethylglutaric acid (DMG) buffer, pH RESULTS
6.0, to provide a final Gn-HCI concentratiofi4 M and a Size-Exclusion Chromatographyhe peptide’s denatur-
peptide concentration of 0.1 mg/mL. ation in Gn-HCI was monitored by size-exclusion HPLC

Tryptophan fluorescence was monitored by 295 nm (Figure 1). From 0d 2 M Gn-HCI, the channel peptide
excitation, and emission was detected at right angles at theeluted as a single peak with a calculatgbetween 21 and
characteristic native Tremmax of the peptide examined 24 A. At 4 M Gn-HCI, the presence of aggregated protein,
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FiIGURe 1. Size-exclusion HPLC elution chromatograms of colicin 450 — 0D
E1l channel peptide in Gn-HCI. The peptide’s elution (elution 3.0
volume, V) was detected by the UV absorbance at 280 nm. The 25
column was equilibrated to the appropriate Gn-HCI concentration ’ —— — M
(M) as indicated in the figure and calibrated with protein standards 14.4
(r = 0.997 for least-squares linear regression analysis) as described
under Materials and Methods. The calculated Stokes’ radii (A) are
shown for each peak.

likely a mixture of higher order aggregates (dimer, trimer,
and tetramer), was evident by a shift to a smaller elution FIGURE 2: (A) Dimerization of Gn-HCl-denatured WT channel
volume corresponding to a Stokes’ radius of 77 A (with the Peptide detected by SDJAGE. The channel peptide was

incubated in the denaturant concentrations as indicated in the figure

expected peak broadening for a heterogeneous dLQ’mbunon(see unfolding conditions under Materials and Methods) and 10

of peptide aggegrate states). With increasing concentration, q of protein was loaded per gel lane. Band D shows dimerized
of Gn-HCI, above 56 M, a second peak appeared, with a channel peptideM, 36 000) and M monomeric channel peptide

Stokes’ radius of about half that of the earlier peakt( (M, 18 000). Molecular weight standards (top to bottom): phos-

A). In7M Gn-HCI. onlv on K w rved with phorylase B, 97.4 kDa; bovine serum albumin, 66.2 kDa; oval-
) G Cl, only one peak was observed with a 39 bumin, 45.0 kDa; carbonic anhydrase, 31.0 kDa; soybean trypsin

A Stokes radlu_s, suggesting either complete dissociation of inhibitor, 21.5 kDa; lysozyme, 14.4 kDa. (B) SD®AGE analysis

the aggregate into monomers or a large shape change of th@f EDC-cross-linked channel peptide. Channel peptide was incu-
associated complex from the species obsermedl M Gn- bated with various concentrations of denaturant as indicated, and
HCI. the conditions for chemical crosslinking were as described under

: inki : Materials and Methods and #g of protein was loaded per gel
Chemical Cross-Linking and SB®AGE Analysis. In lane. T, D, and M correspond to trimer, dimer, and monomer forms

order to examine the nature of the aggregated speciesyf the channel peptide, respectively. The control contains channel
detected by chromatography, Gn-HCl-denatured peptide waspeptide with no denaturant or EDC cross-linker reagent. The zero

subjected to SDSPAGE. Using freshly prepare@t-mer- denaturant contains 10 mM EDC but no denaturant. Molecular
captoethanol sample buffer, great care was taken to ensurg/eight standards were as in (A) above.
sufficient reduction of any intermolecular disulfide bonds EDC that had been allowed to react with the protein for 1 h
which may have formed. Electrophoresis demonstrated theat 20°C. The sample containing no denaturant (with EDC)
presence of a prominent band (band M, Figure 2A) corre- remained predominantly in the monomer form with faint
sponding to the monomer and a less prevalent band (bandbands corresponding to the dimer and trimer forms. Upon
D, Figure 2A) corresponding to the dimer species of the increasing denaturant concentration, the monomer band
channel peptide. It was also noticed that a faint band steadily decreased in intensity while the dimer and trimer
corresponding to the presence of the trimer species wasbands increased with the dominant band4i M Gn-HCI
visible from 4 b 6 M GnHCI. corresponding to the dimer form of the channel peptide.
In a second experiment, the peptide was subjected toHowever, & 7 M Gn-HCI, the dimer and trimer band
various denaturant concentrations in the presence of a waterintensities decreased with considerably higher molecular
soluble carbodiimide, EDC, which couples carboxyl groups weight aggregates becoming visible near the interface
to primary amines resulting in the formation of amide bonds. between the stacking and resolving gels.
Following the cross-linking reaction, the protein samples Intermolecular Fluorescence Resonance Energy Transfer.
were analyzed by SDSPAGE, and the results are shown To confirm peptide aggregation in solution upon denaturation
in Figure 2B. The control lane shows untreated channel (4 M Gn-HCI), Trp (donor) to AEDANS (acceptor) inter-
peptide (no EDC treatment). The other samples containedmolecular fluorescence resonance energy transfer (FRET)
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FIGURE 3: (A) Dimerization of Gn-HCl-denatured channel peptide monitored by WT Trp fluorescence. WT Trp fluorescence was
detected by intermolecular THAEDANS FRET. Trp-AEDANS- monitored at 321 nm with 295 nm excitation. The fast denaturation
labeled peptide (0.1 mg/mL) was titrated with WT peptide (excited Of the peptide is shown in (A), and the much slower fluorescence
at 295 nm), and the increase in AEDANS acceplgpifiax= 480 rise is shown in (B). Fluorescence data were collected as described

nm) fluorescence was measuredtiM Gn-HCl (see Materials and ~ under Materials and Methods, and the fast unfolding component
Methods). The increasing intensity in the spectra shown correspondswas removed from the slow kinetic trace. The data were fit with a
to the addition of WT channel peptide in 0.015 mg/mL increments Single exponential function (see Materials and Methods) with fast
(initial and final spectra at 0 and 0.105 mg/mL, respectively). The (A) and slow (B) rate constants of 2.5 and 0.082 sespectively.
excitation and the emission band-passes were 3 and 6 nm,

respectively. (B) Fluorescence data frah) were fit by least  provided nonrandom residuals and abnormally large standard
squares linear regression analysis according to the model describeyyors in fitting parameters. However, a good fit was

under Materials and Methods< 0.998). (C) Dimerization kinetics . L . .
of the colicin E1 channel peptide monitored by intermolecular OPtained when the data were fit with the hyperbolic equation

FRET. Data corresponding to the AEDANS fluorescence intensity (See Materials and Methods) providing an apparent rate
(480 nm) from the labeled Trppeptide upon WT Trp excitation ~ constant of 0.006673 (Table 1). The apparent association
(295 nm) are plotted. Fluorescence data were collected as describedate constant was not, however, dependent on peptide
under Materials and Methods and were fit with a hyperbolic function ., ~antration. No change in the apparent dimerization rate
(see Materials and Methods) with an apparent rate constant of - -
0.0066 st constant was observed when the total peptide concentration
was varied over a large range (0.08h1 mg/mL; data not
was measured between WT channel peptide (no AEDANS shown). Furthermore, the rate of the reverse reaction (folding
label) and AEDANS-labeled mutant channel peptide devoid reaction) fran 7 M to 4 M Gn-HCI could not be measured
of Trp (Trp7). Acceptor fluorescence was measured in the since the refolding must be conducted in discrete steps of
presence of varying amounts of donor species (Figure 3A). 0.25 M denaturant.
Intermolecular Trp-AEDANS FRET was not detected in WT Trp Fluorescence and ANS BindingvVT peptide Trp
the native state (0 M Gn-HCI; data not shown). However, fluorescence described a fast (fast rate constant 6.2
intermolecular Trp-AEDANS FRET was observed in 4 M s1, Table 1) major unfolding transition which fit to a single
Gn-HCI and was shown to increase upon titration of acceptor exponential decay (Figure 4A). A second much slower
(Trp~ peptide-AEDANS adduct) with donor (WT peptide; fluorescence rise (slow rate constaat= 0.082, Table 1)
Figure 3A). Modeling the results using the theoretical model was also observed (Figure 4B). The binding of the fluores-
described under Materials and Methods, it was determinedcent probe ANS to the peptide upon denaturation was also
that the best fit corresponded to the presence of dimericrapid (¢ = 2.5 s, Table 1), and the data fit single
peptide (dimer model)ta4 M Gn-HCI (Figure 3B,r = exponential kinetics (Figure 5A). However, a subsequent
0.998). slower increase in ANS binding was also detected (Figure
Peptide Association KineticsThe kinetics for the as-  5B; ks = 0.012 s?, Table 1).
sociation of the channel peptide upon denaturation in 4 M Mutant Peptide Trp Fluorescencélhe kinetics reported
Gn-HCl were investigated by observing the time dependenceby Trp fluorescence of the individual single Trp mutant
of intermolecular Trp-AEDANS FRET between WT peptide  peptides were diverse. With the exception of W-367, all of
and AEDANS-labeled Trp channel peptide. The kinetic the single Trp mutant peptides reported both a fast unfolding
trace obtained (Figure 4A) could not be fit by a single transition followed by a much slower fluorescence change
exponential equation, or a double exponential equation (see(rate constantk: andks, respectively, Table 1). The kinetic
Materials and Methods), as fits using these equations parameters obtained for unfolding of each of the 11 mutant
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Table 1: Rate Constants and Half-Lives for the Denaturation and 1.04
Dimerization of the Colicin E1 Channel Peptide4 M Gn-HCP >
peptide ki (s} tuz(y () k(5% tuzgs) (5) g _
WT FRET 0.0066 0.0001 110t 10 E 2 os
WT ANS® 25+0.1 0.28+0.01 0.012+ 0.001 58+ 5 3 ;
WT Trpd 6.2+0.1 0.11+0.01 0.082+ 0.002 8.5+ 0.2 § g 041
W-355 0.62+ 0.05 1.1+0.1 0.069+0.004 10+ 0.6 23
W-367 1241 0.058+ 0.005 g & 02
W-404 20+ 2 0.035+ 0.003 0.3Ct 0.04 2.3+0.3 i
W-413 1143 0.063+0.017 0.1k 0.02 6.3+ 1.1 007
21+£02 033+0.03 0.0 05 10 15 20
W-424 57+ 9 0.0124+0.001 0.114+0.02 6.3+ 1.1
40401 0.17+0.01 Time (s)
W-431 1643 0.043+ 0.001 0.12+ 0.01 5.8+ 0.5 12 , , ,
454+0.7 0.15+0.02
W-443 0.66+ 0.03 1.1+0.1 0.026+ 0.002 27+ 2 -y 1
W-460 3.0£0.1 0.23+£0.01 0.057+ 0.003 12+ 0.6 é’ N
W-484 18+ 1 0.039+ 0.002 0.38+ 0.01 1.8+ 0.1 e g 7
0.029+ 0.001 24+ 1 8 > |
W-495 14+ 1 0.050+ 0.004 0.39£0.10 1.8+ 0.5 s E
0.049:+0.004  14+1 2 8 ]
W-507 58+ 0.2 0.12+0.01 0.0058t 0.0005 120G+ 10 ‘g 2
a Dimerization detected by THpRAEDANS intermolecular FRET was w
fit with the hyperbolic function, and all other data were fit with the 1

single or double exponential functions as outlined under Materials and
Methodsk is the rate constant for the fast major unfolding transition, )
and ks is the rate constant for the slower structural rearrangement Time (s)

following the initial denaturation transition. The error shown is the Fgure 5: Unfolding kinetics of the colicin E1 channel peptide
standard error obtained from fitting. Reaction half-lives [= In(2)/ monitored by ANS hinding. ANS fluorescence was monitored at
rate constant] were calculated from corresponding rate constants.480 nm with 372 nm excitation. ANS binding upon fast denaturation

® Apparent rate constant determined from TAEDANS intermolecular  of the peptide is shown in (A), and the slower phase of ANS binding
FRET. Rate constants determined from the binding of the ANS to s shown in (B). Fluorescence data were collected as described under
the peptide upon denaturatidhRate constants determined from WT  \aterials and Methods, and the fast unfolding component was
Trp fluorescence. removed from the slow kinetic trace. The data were fit with the
single exponential function (see Materials and Methods) with fast
(A) and slow (B) rate constants of 6.2 and 0.012, sespectively.

T T
0 500 1000 1500

peptides are reported in Table 1. However, only a few
selected representative kinetic traces are shown for mutanttighﬂy associated, but partially unfolded peptides. Size-
peptides W-355, W-431, W-484, and W-507 (Figure6A  gycjusion HPLC demonstrated that the structure which
D). In the fast transition, most single Trp fluorescence persists i 4 M Gn-HCI has an elution volume of 23 mL

kinc_etic traces fit single exponential kir_1etics. Interestingly, corresponding to a Stokes’ radius of about 80 A (Figure 1).
residues W-413, W-424, and W-431 fit double exponential powever, a random coil of ca. 180 amino acid residues

kinetics, each providing two fast denaturation rate constants,,oid be expected to possess a radius of gyration of about
(Tak_JIe 1). A repr_esentative_kinetic trace for denaturation 4q A and for a dimeric species near 56 A (Creighton, 1993).
of single Trp peptide W-431 is shown (Figure 6A, WA31-1 1,5 the 178 residue channel peptide, only partially
and W431-2). Likewise, in the slow unfolding phase the genaturedri 4 M Gn-HCI, would be expected to have a
fluorescence kinetics of all single Trp residues but W-484 giokes’ radius of near 56 A as opposed to the observed radius
and W-495 fit single exponential kinetics (Table 1). The 477 A. This can likely be explained on the basis of the
large but slow fluore_scence rise reporte_d by mutant p\_eptidespresence of some higher aggregate species (trimer, tetramer,
W-484 and W-495 fit double exponential decay kinetics. A gtc ) which gives rise to the broader than expected peaks.
representative kinetic trace for denaturation of single Trp Fyrthermore, the accuracy of Stoke radii determinations is
peptide W-484 is shown (Figure 6B, W484-1 and W484-2). 4564 on identical solvent systems (viscosity, ion strength,
Three of the single Trp mutant peptides, W-355, W-443, and (¢ ) and does not account for shape changes within the
W-507, underwent fluorescence increases in the fast phasebrotein (polymer) being sieved. These factors may clearly

of the peptide’s denaturatiom i4 M Gn-HCI. Following e interacting and are not controlled for the HPLC analysis
the fast unfolding transition, residues W-355 and W-443 each ¢ peptide association in these experiments. Indeed, the

rgported a slower fluorescence rise (d.ata shown for W'355vexperimental Stokes’ radius of the denatured peptide in 7
Figure 6C, W355-1 and W355-2). Residue W-507, however, \ gn-HCl is 39 A (Figure 1). Furthermore, the chemical

reported a very slowk{ = 0.0058 s*; Table 1) fluorescence  ¢yoss.linking results indicate that the peptide is not mono-
decay following the rapid unfolding transition (Figure 6D, meric at high denaturant but is largely aggregated. The most

W507-2). probable explanation of the combined observations is that
DISCUSSION meéimtéslt be a shape change of the aggregate from 5to 7

Although Gn-HCl is expected to increase protein solubility, = The presence of the dimerized species was confirmed by
it was determined through size-exclusion HPLC, SDS SDS-PAGE (Figure 2). Although much of the dimer
PAGE, and intermolecular FRET that the intermediate dissociated upon dilution of the samples prior to gel loading
structure which existsni 4 M Gn-HCI consists of a  (see Materials and Methods), a small amount of dimerized
distribution with the major component consisting of two species was detected with the dimer most prevalent at
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Ficure 6: Unfolding kinetics of the colicin E1 channel peptides monitored by Trp fluorescence. (A) Unfolding kinetics of W-431 by Trp
fluorescence. W-431 Trp fluorescence was monitored at 330 nm with 295 nm excitation. Trace 431-1 shows the fast denaturation of the
peptide, and trace 431-2 shows the slower fluorescence rise. Fluorescence data were collected as described under Materials and Methods,
and the fast unfolding component was removed from the slow kinetic trace. The fast unfolding trace (W431-1) was fit with the double
exponential function with rate constants 16 and 4.5 and the slow unfolding component (W431-2) was fit with the single exponential
function (see Materials and Methods) with a rate constant of 0:12B) Unfolding kinetics of W-484 by Trp fluorescence. W-484 Trp
fluorescence was monitored at 322 nm with 295 nm excitation. Trace 484-1 shows fast denaturation of the peptide, and trace 484-2 shows
the slower fluorescence rise. Fluorescence data were collected as described under Materials and Methods, and the fast unfolding component
was removed from the slow kinetic trace. The fast unfolding trace (W484-1) was fit with the single exponential function with a rate
constant of 188!, and the slower unfolding component (W482) was fit with the double exponential function (see Materials and Methods)

with rate constants 0.38 and 0.02%.s(C) Unfolding kinetics of W-355 by Trp fluorescence. W-355 Trp fluorescence was monitored at

329 nm with 295 nm excitation. Trace W355-1 shows the fast denaturation of the peptide, and trace W355-2 shows the slower fluorescence
rise. Fluorescence data were collected as described under Materials and Methods, and the fast unfolding component was removed from the
slow kinetic trace. The data were fit with the single exponential function (see Materials and Methods) with fast (W355-1) and slow (W355-

2) rate constants of 0.62 and 0.069,gespectively. (D) Unfolding kinetics of W-507 by Trp fluorescence. W-507 Trp fluorescence was
monitored at 322 nm with 295 nm excitation. Trace W507-1 shows the fast denaturation of the peptide, and trace W507-2 shows the slower
fluorescence decay characteristic of W-507. Fluorescence data were collected as described under Materials and Methods, and the fast
unfolding component was removed from the slow kinetic trace. The data were fit with the single exponential function (see Materials and
Methods) with fast (W507-1) and slow (W507-2) rate constants of 5.8 and 0.0058:spectively.

intermediate Gn-HCI concentrations around 4 M. The by FRET measurements. Intermolecular FAEDANS
channel peptide contains a single buried cysteine residueFRET (Figure 3A) was observed 4 M Gn-HCI and was
(amino acid position 505), and it is plausible that dimerization shown to increase upon titration of acceptor with donor,
results from the formation of an intermolecular disulfide bond demonstrating the presence of heterodimers consisting of WT
between two unfolded monomeric peptides. However, the peptide and AEDANS-labeled Trpmutant peptide. The
dimerized peptide was detected by SBEFAGE in the fluorescence data data fit the dimeric model and clearly did
presence off-mercaptoethanol or dithiothreitol despite not fit trimeric, tetrameric, or higher aggregate models (data
numerous experiments and controls to ensure that nonot shown).

disulfide bonds were present. SBBAGE analysis follow- The apparent rate constant of dimer formation was
ing chemical cross-linking with EDC provided the definitive measured by monitoring the time dependence of-Trp
answer to the aggregate state of the channel peptide. TheAEDANS intermolecular FRET between WT peptide and
predominant species present at intermediate denaturanAEDANS-labeled Trp peptide (Figure 3C). Dimerization
concentration is the dimer but other aggregate states are als&inetic data could not be fit with an exponential but were
present, although in lower amounts. To complement HPLC readily fit by the hyperbolic equation. The apparent dimer-
and SDS-PAGE data, dimerization was detected in solution ization rate constantk{,, = 0.0066 s!, t;, = 105 s),
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however, could not be shown to be dependent on overall mutant proteins were all comparable to the WT, and
peptide concentration within the limits of detection (0.605  purification appeared to proceed normally in all cases.

0.1 mg/mL, data not shown). Since peptide dimerization is  Single Trp residues W-355, W-443, and W-507 underwent
believed to involve hydrophobic association between the increases in fluorescence intensity upon denaturation (Figure
nonpolar cores of partially unfolded peptide monomers, the 6C,D, W355-1 and W507-1; W-443 data not shown). It is
process of peptide dimerization would likely occur after a possibility that these fluorescence increases result from
significant peptide unfolding. Thus, the apparent dimeriza- peptide dimerization, which might shield these residues from
tion rate constant would be dependent on the concentrationsolvent, thus increasing their fluorescence intensity. How-
of a partially unfolded intermediate structure which is a ever, the larger rate constants of unfolding reported by
prerequisite for dimerization rather than on the initial native residues W-355, W-443, and W-507 (0.62, 0.66, and 5'8 s
peptide concentration. In this mechanism, the appearanceespectively) suggest that these fluorescence changes precede
of this partially unfolded intermediate species, first order in dimerization. The increase in the fluorescence intensity of
peptide concentration, would be the rate-limiting step of residue W-507 most likely results from the alleviation of
denaturation which gives rise to the apparent slow formation intrinsic quenching by the nearby cysteine residue at position
of the dimer kapp, = 0.0066 S1). 505. It has also been suggested previously that the fluores-

Although peptide unfolding detected by WT Trp fluores- cence of residues W-355 and W-443 is intrinsically quenched
cence was fastk{ = 6.2 s, t;, = 112 ms) and the in the native peptide (Steer & Merrill, 1995). Similar
fluorescence change was large (Figure 4A), indicating a fluorescence intensity changes of single Trp mutant peptides
significant degree of unfolding in the millisecond time range, upon protein denaturation have been observed elsewhere
a much slower Trp fluorescence increase, fit to single (Beechemet al, 1995).
exponential kineticsk = 0.082 s, t;, = 8.5 s), was also The N-terminal residues W-367 and W-404 are located
observed. Similarly, although the binding of ANS to the in peptide segments which unfold relatively early in the
peptide upon denaturation (Figure 5A) detected the exposureunfolding process (Steer & Merrill, 1994; rate constants 12
of nonpolar surface area (fluorescence increase) in theand 20 s?, respectively; Table 1, kinetic traces not shown).
millisecond time rangek{ = 2.5 s, ty, = 277 ms) Interestingly, the unfolding rate constant reported by W-355,
concomitant with peptide denaturation detected by WT Trp also located in this N-terminal segment, is much slower at
fluorescence, a second slow phase of ANS binding, fit to a 0.62 s~1. It was recently suggested that helix 1 of the
single exponential, was also detected (Figurel&B; 0.012 thermolytic colicin E1 channel peptide is not really part of
s1 typ = 58 s). These data are suggestive of a “structural the peptide but rather it constitutes a portion of a long helix
re-coil* effect where the peptide’s core residues reassemblewhich links the colicin E1 channel-forming domain to the
somewhat following a rapid and large initial unfolding receptor binding domain (Stauffacher, 1996). This idea is
transition. The channel peptide is unusually hydrophobic, supported by the recently solved crystal structure of the pore-
and the region of the peptide which retains structure in the forming colicin la, a close relative of colicin E1 (Weiner
dimerized intermediate contains only hydrophobic residues al., 1996). The colicin la structure revealed that the first
(Steer & Merrill, 1995). ltis likely that dimerization of the  helix of its channel-forming domain is actually a long helix
channel peptide upon Gn-HCI -induced unfolding results linker which connects the channel domain to the receptor
from strong hydrophobic interaction between partially de- binding domain. Thus, if helix 1 of the colicin E1 channel
natured monomers. Assembly and packing of the peptide’s peptide is actually a linker, rather than a helix associated
core residues, following initial denaturation, may result in with the peptide, it might not unfold concomitantly with the
the formation of a structural prerequisite to dimerization N-terminal peptide segment housing residues W-367 and
consisting of a nonpolar scaffold of hydrophobic residues. W-404.

The local unfolding rate constants provided by the various  Peptide unfolding detected by Trp residues W-413, W-424,
single Trp mutant peptides are shown in Table 1. It should and W-431 was also fast but did not fit single exponential
be noted that although changes in the Trp fluorescence ofkinetics. The data could only be fit by a double exponential
the single Trp mutant peptides upon denaturation will provide equation (see Materials and Methods) which assigned two
local kinetic unfolding information it is possible that local fast unfolding rate constants to the kinetic denaturation traces
structural perturbations, attributed to aromatic substitutions (Table 1). A representative trace is shown for W-431 mutant
within these mutant peptides, do have an effect on the local peptide denaturation (Figure 6A, W431-1; W-413 and W-424
unfolding rate constants of the single Trp mutant peptides. traces not shown). Clearly the structural rearrangements
Although it was shown that the introduction of single Trp occurring in this region upon peptide denaturation are
residue peptides does not significantly alter the peptide’s complex. A significant portion of this region of the peptide
native structure or unfolding equilibria (Steer & Merrill, is nonhelical and forms a large extended loop in the native
1995), the rate of the peptide’s unfolding may be sensitive structure. Certainly, upon denaturation, this loop would be
to the Trp substitutions. The evidence for the suitability of expected to behave differently than the more structurally
the single Trp mutant peptides for study can be summarizedordered helical segments of the peptide. Although Gn-HCI-
as follows: (1) All of the single Trp mutants have bath induced unfolding does not activate the peptide, it is
vivo andin vitro channel-forming activity similar to the WT  interesting that these three residues are located in the
peptide (Steer & Merrill, 1995). (2) Protein secondary peptide’s gating segment which has been shown to be
structure of the mutant peptides was analogous to that ofinvolved in a significant structural rearrangement upon low
the WT peptide (ca. 47%-helix) as determined by CD  pH-induced activation (Steeat al., 1996).
spectroscopy. (3) The unfolding profiles of the mutant  Residues in the peptide’'s C-terminal region fit single
peptides were analogous to the WT unfolding profiles as exponential unfolding kinetics and reported fast unfolding
monitored by ANS binding. (4) Expression levels of the with rate constants ranging from 3.0'qW-460) to 18 s*
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(W-484). The unfolding rate constants of the peptide
segment containing residues W-484 and W-495 (18 and 14
s™1, respectively) were similar to the rate constants reported
by residues W-367 and W-404 (12 and 20, sespectively).

Residues W-484 and W-495 are located in a buried and B P 7
hydrophobic region of the peptide beneath the peptide’s - ra,,:" e (s
N-terminal helices 1 and 2 (Elkiret al.,1995). Unfolding NATIVE ) denaturation (=)

of the peptide’s N-terminal segment would likely expose the N

slow
core residues W-484 and W-495. Thus, it is probable that e
the unfolding rate constants observed for Trp residues W-484
and W-495 primarily reflect the rapid denaturation of the
peptide’s N-terminal localeni4 M Gn-HCI.

With the exception of W-367, each single Trp residue
detected a slower structural rearrangement (Figure BA
W431-2, W484-2, W355-2, and W507-2; Table 1) following

the more rapid initial unfolding event with rate constants

ranging from 0.0058 ¥ (W-507) to 0.39 s* (W-495). ., ,FIGURE 7: Proposed model to illustrate the kinetic unfolding and
These slower fluorescence changes occur after the peptide’gjimerization mechanism of the colicin E1 channel peptide upon
major unfolding transition, and all of the single Trp residues denaturationri 4 M Gn-HCI. The model is based on the preliminary
involved in the slower phase reported a fluorescence increasesrystal structure of the channel peptide (Elketsal., 1995), and
with the exception of W-507, which reported a fluorescence only the general topology of the helices is implied. The native

. . eptide is unfolded rapidly (rate constégjtto a partially denatured
decrease. As discussed above for the WT peptide, theseg’[ructure. The peptide’s core residues then assemble slowly by

fluorescence changes most likely represent a slow rate-pydrophobic association (rate constak) forming structures
limiting step which precedes dimerization. The largest and prerequisite to dimerization. Dimerization occurs quickly (rate

most significant fluorescence increases were provided by coreconstantkp) following the rate-limiting step of hydrophobic
Trp residues W-484 and W-495, and the traces fit double aSS€mbIy.

exponential kinetics (Figure 6B, W484-2, trace shown for . )
W-484 only). The large increase in fluorescence reported Nydrophobic assembly with rate constaais observed. It
should be noted that refolding ofétd M Gn-HCI denatured

by these residues is consistent with the finding that the X ; X L :
intermediate structure primarily encompasses the peptidesCha””el peptide necessitates stepwise dilution and requires

C-terminal hydrophobic core (Steer & Merrill, 1995). several hou_rs to completg (S_teer& Merrill, 1995). This slow
The slow fluorescence decrease reported by residue W-5072Nd Stepwise refolding indicates that at least one of the
is interesting. As discussed earlier, the association and'®VErse rate constants. k*S.’ ork-p) is quite small an_d
packing of hydrophobic residues likely occur during dimer- mak_e_s _d'ﬁ'CUIt the calculation Of. the foldl_ng/unfoldlng
ization. Therefore, during the unfolding process, dimeriza- €auilibrium constant from the folding/unfolding rate con-
tion could result in alleviation of some internal quenching stants. quth_er experiments including the analysis of the
of W-507 caused by the adjacent residue C-505. It is also eﬁects_of lonic str.eng.th, temperature, and denaturant con-
possible that the peptide segment in the region of W-507 centratlon on the kinetics of the peptlde's'unfqldmg may help
unfolds very slowly and that the fluorescence decrease isProvide a better understanding of the significance of these

the result of further exposure of W-507 to solvent following Sité-SPecific unfolding data.

the initial major unfolding transition. Indeed it was previ-
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