Biochemistry1998,37, 5699-5708 5699

Self-Association of Disulfide-Dimerized Melittin Analogues
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ABSTRACT. Two cysteine substitutions of bee venom melittin have been synthesized to investigate the
effects of disulfide cross-linking on the self-association properties of the peptide in solution. K23C melittin
(mltk23C) was designed to link nonpolar surfaces of the amphipathic melittin helix on the basis of the
close juxtaposition of pairs of K23 side chains in the crystal of the native melittin tetramer. K23Q/Q25C
melittin (mItQ25C) was designed to link the polar surfaces of the peptide such that self-association in
membrane bound states might be stabilized. The mItk23C disulfide dimer, (mltk28Gighly structured

at low pH under conditions where native melittin, and the mIitKk23C monomer, are unstructured. High-
resolution NMR, circular dichroism, and fluorescence spectroscopy established that (miik236lical
monomer (pseudodimer) with stable helical segments between resigd&sadd 15-25. Although the
symmetrical nature of the pseudodimer prevented high-resolution structure determination, analysis of
calculated hydrogen bond lengths, chemical shifts, near-UV circular dichroism, and urea denaturation
demonstrated similarities witi-helical coiled coils and with the structure of native melittin in methanol.
Stopped flow fluorescence showed that (mltK23@)derwent pH- and divalent anion-linked dimerization

to a melittin-like pseudotetramer, indicating that a pair of disulfide bonds could be accommodated in a
structure similar to the native melittin crystal structure. Despite incorporation of two disulfide bonds
into the melittin tetramer, the folding free energ&G.,) of [(MItK23C),], was similar to that for the
native melittin tetramer under the condition used. Incorporation of a disulfide bond on the polar helix
face in melittin did not stabilize helical structure in the absence of self-association. Instead, this molecule
underwent pH- and divalent anion-linked self-association to an ill-defined aggregate which precipitated.

Melittin (Figure 1) is a 26-amino acid peptide toxin from  Melittin: GIGAVSLKVLT0TGLPAsLISWIoKRKR Q25 Q-NHy
the venom of the European honey bégpié melliferd which
undergoes reversible self-associations that underlie many o
its properties in solution and in membranes. In aqueous
solution, unstructured melittin monomers are in equilibrium ) ) o i )
with a tetrameric state composed @fhelical monomers. Ficure 1: Amino acid sequences of melittin and its cysteine
At low pH, and in the absence of divalent anions, the analogues.
equilibrium lies well toward the unstructured monomer so or more monomers surrounding an aqueous lumen through
that, at concentrations of a few millimolar or less, tetramers which ions permeate. At higher concentrations, the peptide
cannot be detected spectroscopically. At high pH (above causes membrane destabilization, resulting in hemolysis or
the K, of the N-terminal amino group), at high ionic dye leakage in erythrocytes or bilayer vesicles, respectively.
strength, and particularly in the presence of divalent anions, In saturated phosphatidylcholine membranes, melittin causes
the melittin tetramer predominates. Stable dimers of native reversible bilayer disk micellization which is modulated by
melittin have never been identified)( the lipid phase transitior3( 4).

The toxic properties of melittin result from its interactions ~ The solution and membrane properties of melittin can
with bilayer membranes, which are manifest in several generally be understood in terms of the formation of a
characteristic effects (reviewed in r&f. At low concentra- positively charged amphipathic helical structure (bent due
tions, melittin induces anion-selective, voltage-dependent ionto the structural perturbations induced by the proline 14
conductance in planar bilayers, a phenomenon thought toresidue; Figure 1), upon interaction with a petaonpolar
result from voltage-dependent recruitment of helical mono- interface. The crystal structure of the aqueous tetragjer (
mers into a transmembrane barrel array composed of fourshows a well-packed bundle of helical monomers stabilized
by interhelical side chain interactions along the nonpolar
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fmIlK23C: GIGAVsLKVLToTGLPA1sLISWIl2KRCR Q2 Q-NHg

mitQ25C: GIGAVsLKVLTHoTGLPAsLISWI20KRQR C25 Q-NHg
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FiGure 2: Interface between parallel pairs of monomers near the
C terminus in the melittin tetramer crystal structusy (llustrating

the juxtaposition of pairs of Lys23 side chains (top). The bottom
panel illustrates the same region of the melittin crystal structure
obtained after replacement of Lys23 with Cys and formation of a
disulfide bond, followed by energy minimization. For clarity, only
heavy atoms are shown except for Lys23 (top) or Cys23 (bottom).

Takei et al.

structures and self-association properties of these peptides.
The effects of disulfide cross-links on the membrane proper-
ties of melittin are described elsewhere (J. Takei, A.
Remayi, and C. E. Dempsey, in preparation).

MATERIALS AND METHODS

Peptide SynthesisMelittin and its cysteine-containing
analogues (Figure 1) were synthesized by Fmoc solid phase
synthesis, by G. Bloomberg (Bristol University Molecular
Recognition Centre). Crude peptide obtained after cleavage
from the resin and removal of protecting groups was purified
by HPLC using a Vydac semipreparative C4 reversed phase
column (Hesperia, CA). Peptides were eluted using a linear
gradient from 20 to 70% acetonitrile in water (0.1% TFA)
over 25 min, and the major component in each peptide run
was collected and recovered by freeze-drying. Peptide
identity and purity were assessed by mass spectroscopy.

The analogues were dimerized by air oxidation in water
at pH 8-9 at room temperature in the dark, monitoring the
course of the reaction by HPLC. For each peptide, the
reaction was complete after 24 h. Dimerization of the
mItK23C monomer resulted in one major component which
was slightly more strongly retained on the C4 reversed phase
HPLC column than monomeric mitk23C. The dimerized
peptide was freeze-dried and used without further purification
since it was more than 95% pure on the basis of mass
spectrometry and two-dimensional (2D) NMR spectroscopy
(Figures 4 and 5). Purified peptides were stored-20 °C
before they were used.

Dimerization of purified mitQ25C yielded two components
that could be resolved by HPLC, which had identical masses
equivalent to the expected mass of the disulfide bridged
dimer. Reduction and reoxidation experiments (not shown)

membranes, the ion channel state is stabilized by high ionic ogtaplished that the minor component is probably a het-
strength Wr_nch suppresses C-terminal charge repulsion in Fheerodimer composed of one correct peptide and one with a
parallel helical associates thought to comprise the conducting,;cemized amino acid. The homodimer with the correct

channel, and by the presence of the P14 residue which allowschirality was used in all subsequent experiments.

the C-terminal charged residues to bend away from the

channel axis ).

The introduction of cross-links is expected to alter both
the solution and membrane properties of melittin. Stabiliza-
tion of melittin channels () and other channels8) by

NMR SpectroscopyAll NMR experiments were carried
out using the JEOL alpha 500 spectrometer of the Bristol
University Molecular Recognition Centre, operating at a
proton frequency of 500 MHz. For structural analysis, the

ross-linked mltk23C dimer [hereafter (mItK23L)was

assembly on a template has been shown to be effective, andjissolved in 55QuL of H,0/D,0 (90:10 v/v) at pH 1.7 at a
dimerization of alamethicin has been shown to increase .qncentration of 1.15 mM (Le. 2.3 mM in terms of the

channel lifetimes9). Introduction of cross-links in soluble
proteins has been shown to alter stabilities and functién (
11). The simplest means of cross-linking polypeptides is

melittin monomer). One-dimensional (1D) spectra and 2D
NOESY (12), DQF-COSY (3), and HOHAHA (@4) spectra
were recorded at 25, 33, and 40. The isotropic mixing

through the introduction of disulfide bonds, and inspection time for NOESY was 200 ms. The spectral width was 6000
of the X-ray crystal structure of the aqueous melittin tetramer Hz, centered on the solvent resonance which was suppressed

shows that a disulfide cross-link might be accommodated

by replacing lysine 23 with cysteine (see Figure 2). Simple

using a DANTE pulse sequencedj. For 2D experiments,
typical data sets consist of 2048data points and 356

models of potential ion channel states (parallel melittin j5:4 points acquiring 64 transient data pointsfpircrement.

tetramers) indicate that C-terminal cysteine cross-links are 1,4 f,
potentially accommodated in channel states (unpublished

dimension was zero-filled to 2048 points. 2D data
sets were processed using Felix version 2.30 (MSI, San

results). Inideal channel states, the cross-link should be on

the polar helix surfaces and this is more compatible with
the introduction of cysteine at residue 25. To investigate

1 Abbreviations: 1D, one-dimensional; 2D, two-dimensional; CD,
circular dichroism; DQF-COSY, double-quantum filtered correlation

the effects of these disulfide cross-links on the solution and spectroscopy; DTT, dithiothreitol; HOHAHA, homonuclear Hartmann
membrane properties of melittin, we have synthesized two Hahn spectroscopy; mitk23C, melittin K23C analogue; (mItK23C)

cysteine analogues (MItK23Gand mltK23Q/Q25C) and
prepared cystine dimers by air oxidation. In this paper, we
describe the effects of disulfide cross-linking on the solution

disulfide cross-linked mItK23C; mItQ25C, melittin K23C/Q25C ana-
logue; (MItQ25C), disulfide cross-linked mitQ25C; NMR, nuclear
magnetic resonance; NOE, nuclear Overhauser enhancement; NOESY,
2D NOE spectroscopy.
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Diego, CA) on Silicon Graphics workstations. A°/hifted
squared sinebell window function was applied to the FID in 144
both dimensions. Cross-peak assignment was carried out 12
with the sequential assignment methddb)( 10 -
Self-association of the (mltK23gvas examined by line o 84
broadening in 1D spectra at various pHs or phosphate X 64
concentrations. The peptide concentration of all samples was 3 4
200 uM (as monomer). g
Amide exchange measurements were carried out,{d D ; 27
at 20°C and pH* 1.7, where pH* is the pH directly measured 3 0
using a hydrogen electrode without correction for the 2 24
deuterium isotope effect. A series of 1D data were recorded = 44
after increasing times after dissolving freeze-dried peptide 6 -
in D,O at pH* 1.7, as well as NOESY, DQF-COSY, and 8 -
HOHAHA to assist in the cross-peak assignment. 10
Distance restraints were extracted from NOESY spectra T T T T
of exchanged and nonexchanged samples. The use of 200 220 240 260
partially exchanged data was particularly advantageous for Wavelength (nm)

eliminating spectral ambiguities and identifying inter-residue s 3: Far-UV circular dichroism spectra of (mitk23Cin
cross-peaks that belong to slowly exchanging amides. Nowater at pH 1.7, 3.0, and 7.0 from top to bottom at 222 nm. The
cross-peaks were assigned to interhelical NOEs. NOE crosspeptide concentration was 181 monomer in each case.

peaks were classified into three categories, and inter-proton

distance restraints were set as strong{B® A), medium ~ measured at 360 nm for 30 s. All steady state data were
(1.8-4.0 A), or weak (1.85.0 A) according to NOE  (reated as described in the Appendix. _
intensities. Hydrogen bond distance restraints were incor-  The kinetics of peptide self-association was also studied
porated for slowly exchanging amide hydrogens. Those DY stopped flow fluorescence spectroscopy using a sequential
distances were 1:83.5 A for duy_o (i, i + 4) and 2.3-4.5 stopped flow spectrophotometer (Applied Photophysics).
A for dy_o (i, i + 4). Hydrogen bond restraints were Nmety_mlcroll_ters of 4 or &«M peptide solutions at low pH
included only where secondary structure was sufficiently well Was mixed with an equal volume of the appropriate buffer
defined in the initial calculation to allow unambiguous O generate a jump in pH and/or salt concentration. The
identification of the amide carbonyl hydrogen bonding Sample was excited at 282 nm, and total fluorescence
partners. Dihedral angle restraints were extracted from well- €mission above 320 nm was recorded. Transient decays of
resolved amide peaks in exchanged or nonexchanged 1Dfluorescence emission in stopped flow experiments were
spectra. Because of the symmetrical nature of the dimer,fitted to the standard equation for second-order decay,

no interchain distance information was obtained. Solution

structure calculations were performed using simulated an- A= A1+ Meki) (1)
nealing within X-PLOR v. 3.117) with the SHAKE protocol ) ) ) ) ] ) o

(18). The calculation was carried out using only one set of IN Which Ac is the amplitude at tim&, Ao is the initial
distance and dihedral angle restraints starting from one @mplitude,Mo is the peptide concentration, akds the rate
polypeptide chain template without its disulfide cross-linked constant for self-association.

partner, since no NOEs could be assigned unamb|guoustRESULTS

to interhelical contacts.

Circular Dichroism Spectroscopy Circular dichroism (mltK23C) Is a Structured Monomer at Low pHThe
spectra were recorded on a Jobin-Yvon CD6 spectropho-far-UV CD spectrum of (mltK23G)is illustrated in Figure
tometer, using 2 or 0.1 mm path length quartz cells. 3 as a function of pH. Unlike native melittii9) and the
Dithiothreitol (DTT) was added to solutions of nondimerized mItk23C monomer in the presence of DTT (not shown), the
monomer peptides at equimolar concentrations to preventpeptide is highly helical at low pH. The molecular ellipticity
disulfide bridge formation. Near-UV CD spectra of the at 222 nm is equivalent to a helical content of around 80%,
Trpl9 indole were recorded between 250 and 310 nm in 1 a value similar to the helical content of the melittin tetramer.
cm quartz cuvettes. In far-UV CD measurements, three or The spectrum is essentially independent of pH. For melittin
four spectra sampled at 0.5 nm intervals with an integration (19) and the mitK23C monomer in the presence of DTT,
time of 1-2 s were averaged, and the baseline was zeroedthe low-pH state is unstructured and CD ellipticity charac-
at 260 nm before plotting without smoothing. teristic of a-helical structure is only observed at high ionic

Fluorescence SpectroscopySteady state fluorescence strength.
spectra were recorded on a Perkin-Elmer LS50B spectrom- The downfield regions of the high-resolution NMR spectra
eter to monitor the environmental change of the single containing the nonexchangeable side chain indole resonances
tryptophan residue as an intrinsic fluorophore. For the of W19 of melittin and (mItK23G) at pH* 1.7 and 7.0 in
analysis of pH- or dianion-linked self-association of salt-free DO, and at pH* 7.0 in the presence of 100 mM
(mltK23C),, the sample was excited at 290 nm and the sodium phosphate, are shown in Figure 4a. The pH and
emission was recorded between 300 and 400 nm. For ureghosphate effects on the self-association of melittin are well
denaturation experiments, samples in urea at various con-understood. At low pH, the peptide is an unstructured
centrations were excited at 285 nm and the emission wasmonomer yielding narrow NMR line widths. At pH* 7.0,
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3.4

Ficure 4: (a) Downfield and (b) upfield regions of 1D NMR
spectra of melittin (left series) and (mItK23Cright series). In
each panel, the solution conditions are as follows: bottom, pH*
1.7 in water; middle, pH* 7.0 in water; and top, pH* 7.0 in 100
mM potassium phosphate.

3.6

3.8

F1 (ppm)

T
4.0

line broadening is associated with tetramer formation. Under
the conditions of the experiment, the monomer predominates,
as indicated by the similar chemical shifts of the indole
resonances (Figure 4a) and of resonances in the upfield
region (Figure 4b) of the spectrum. Only in the presence of = = i
phosphate is there a stabilization of the tetrameric state F2 (ppm)
associated with changes in the chemical shifts of the indole fgure 5: Regions of the NOESY spectrum of (mitk23@) water
resonances and an upfield shift of the envelope of H at pH 1.7 at a concentration of 1.15 mM at 25. The mixing

resonances characteristic of helix formation. time was 200 ms. (a) Amideamide region showing inter-residue

. . . . connectivities between adjacent amide hydrogens, annotated with
Atlow pH in salt-free solution, the line widths of the NMR  aming acid residue numbers. (b)3Hf,)—Ha (f,) region. Well-

signals in the (mItk23G)spectrum are intermediate between resolved cross-peaks betweea BHnd H3 (i, i + 3) are boxed with
those of the melittin monomer and tetramer. Consistent with assignments.

the CD data of Figure 3, the envelope oftHesonances is
shifted upfield, consistent witho-helical structure (see
below). At pH* 7.0, the line widths are increased markedly,
indicating self-association of the peptide. Neither the
increase in pH nor the addition of phosphate has marked
effects on the peptide chemical shifts, indicating that the

structure in the low-pH state is not greatly affected by self- between the two helices was poorly defined with no trend

assoua.tlon. . toward a consistent helix bend angle or direction. When
Solution Structure of (mItK23g)at Low pH Figure 5 two identical sets of restraints were used with a dimer

shows the HN-HN and Hx—Hp connectivities in the  template, the calculations gave no consistent structures and

NOESY spectrum of (mItK23G)n water (10% DO) at pH many constraints were violated.

1.7. The 2D NMR spectrum of the peptide was assigned  Apparent hydrogen bond lengths for helical amide hydro-

from NOESY, DQF-COSY, and HOHAHA spectra using gens in (mltk23C) were calculated using the equation of

the sequential assignment methdb)( A single set of Wagner et al. Z0)

resonances was identified for every residue indicating that

the two monomers of the disulfide-linked pair are equivalent. AS =Sy — Opandom= 19.207° — 2.3 2)

In the amide-amide region (panel a), strong sequential inter-

residue connectivities, characteristic of helical structure, were wheredyy anddrangomare the measured and random ct,(

assigned to residues-43 (helix I) and 15-25 (helix II), 21) amide chemical shifts, respectively, athi$ the hydrogen

indicating that the monomers are highly helical, consistent bond distance (HN-carbonyl O). The calculated hydrogen

with the CD data of Figure 3. In panel b of Figure 5, some bond distances are plotted in Figure 6 as a function of the

well resolved cross-peaks betweea Bnd H3 (i, 1 + 3) are amino acid sequence. Although the chemical shifts may have

boxed with assignments. These characteristic cross-peakadditional contributions from electrostatic effects and ring

patterns confirm the helical conformation of the peptide at
low pH.

Solution structures were calculated by imposing distance
and dihedral angle constraints onto a monomeric template
(not shown). Helices | and Il were represented in all low-
energy structures. The structure of the connecting region
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Ficure 6: Apparent (helical) hydrogen bond lengths for (mItK23C)
calculated using eq 20) (solid line). The dotted line is a sine
function defining the radial distribution of amino acid residues
around the axis of a regular-helix.

Wavelength (nm)

Ficure 8: Near-UV CD spectra of (mItk23@)n water at pH 1.7
(solid line) and at pH 7.5 in 50 mM phosphate (dashed line), melittin
in 500 mM phosphate buffer at pH 7.5 (dotted line), and the
mItKk23C monomer (5 mM DTT) in 500 mM phosphate at pH 7.5
(dotted and dashed line). The peptide concentration wal00
0.50 for (mltk23C), and 20QuM for monomeric mitK23C and melittin.

chain indole indicates that the side chain is constrained within
a packed structure2d). The spectrum of ellipticities from
W19 in (mltkK23C} is similar to that observed for the melittin
tetramer, although the intensities are increased by around
4-fold in the former case, probably as a result of constrained
dynamics of the indole side chain since W19 is located on
the helix-helix interface directly adjacent to the disulfide
at residue 23.
Despite the relative pH independence of the far-Uv CD
spectrum of (mltK23G)and the evidence for well-defined
) T T T T packing of the W19 side chain in the low-pH state, the W19
5 10 15 20 25 fluorescence emission spectrum is highly dependent on the
Residue number pH and the presence of divalent anions (Figure 9). At low
FicURe 7: Chemical shift deviation from random coil values for PH in the a_bsence of divalent anions [conditions where
CHa atoms of (mltk23C) in water at pH 1.7 @) and melittin in (mItk23C), is a structured monomer], the fluorescence
methanol ©). The melittin data are from Bazzo et al2j. emission spectrum has a maximum near 365 nm. Increasing
pH leads to a strong fluorescence quenching and a marked
current shifts, they show a marked periodicity with a repeat blue shift with a maximum near 338 nm. These properties
close to that expected for awrhelix. The short hydrogen  are very similar to pH- and divalent anion-induced shifts of
bonds lie along the nonpolar helix face, indicating curvature the native melittin equilibrium from the unstructured mono-
of the helical segments as found in coiled-coil structures. mer to helical tetramer26); in each case, the blue shift and
This periodicity results from folding within the (mltK23¢€)  fluorescence quenching are associated with transfer of the
pseudodimer since the amide chemical shifts in monomeric W19 indole from a highly solvated state to a nonpolar
(c-helical) melittin in methanol have low periodicit2?). environment in which the indole is sequestered from interac-
Differences from random coil chemical shift foroH tion with water. Like those with native melittin, the pH-
resonances are plotted for (mItK23Qlrigure 7). Data for and divalent-anion effects on (mItK23Qre associated with
monomeric ¢-helical) melittin in methanol 22) are also self-association as shown by the increased line widths in the
plotted for comparison. Melittin and (mItK23€3$how an 'H NMR spectra of Figure 4 and the transient kinetics
upfield shift of H atoms in the N- and C-terminal helices, described in the following paragraph. The appard&tfpr
with a break of a few downfield-shifted residues near G12. self-association of (mItK23G)is highly dependent on the
The upfield shift of Hx resonances is further evidence of buffer composition (Table 1) with highly suppressed apparent
a-helical structure in the (mltK23@monomer at low pH. pK.s and non-first-order fits to the Hendersdardasselbalch
The helices are made discontinuous by the presence of P14quation when pH titrations were carried out in dianionic
which disrupts helical hydrogen bonding near the center of buffers. The titration data obtained in bis-tris (zero dianion
the mltK23C helix in a manner apparently similar to that concentration) were fitted to a simple equation (eq 8 in

0.25 —

£

2 0.00 —t
3
T

I:

©

described for the melittin helix2@, 23). Scheme 1 in the Appendix) describing amino deprotonation-
(mItk23C), Undergoes a pH- and Dalent Anion-Linked linked dimerization, yielding alg, (probably the N-terminal
Dimerization to a Melittin-like Pseudotetrameilhe near- amino group) of pH 8.2 under these conditions (Figure 9b

UV CD spectra of (mltK23G) and melittin are shown in  and Table 1), which is similar to the values for melittin
Figure 8. Ellipticity in the absorption bands of the W19 side o-amino titration tabulated in a previous study.
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Table 1: Fitted Parameters for pH- and Ligand-Induced
250 - Self-Association of (mItK23G)

titration pKa pKa
buffer midpoin®  (NH,)® (bufferf nd K

5 mM bis-tris 6.0 8.2 6.0< 10711e
2 mM phosphate 55 7.2 2 3010
150 — 10 mM succinate 4.0 5.6 2 8310°f

apH at which the change in fluorescence intensity is half-maximal
(see Figure 9)° Intrinsic K, of the N-terminal amino group (in bis-
tris) obtained by fitting data to eq 8 (see the Appendix), with the
appropriate constant. See footnote® Buffer pK, used to determine
[L] (eq 14) for fitting fluorescence emission intensities to eq 13 (see
the Appendix). Dianion stoichiometry per pseudotetramer obtained
by fitting to eq 13 (see the AppendixDissociation constant used in
eq 8 (see the Appendix). The constant was independently determined
by measuring the guanidinium HCl-induced dissociation of dimer to
I I | T I I monomer, y_nder these conditions, incorporati_ng a separate d_etermination

of the equilibrium constant for denaturant-induced unfolding of the
800 320 340 360 380 400 (mItK23C), monomer.f Global equilibrium constant in place & Ko/
Emission wavelength (nm) 2P5 in eq 13 (see the Appendix).

200 —

100 —

Fluorescence (arbitary unit)
[62]

)

|

-
1

0.8 0.8

0.6 0.6 -

0.4 -

3 4 5 6 7 8 0 02 04 06 08 1 12 14 16 18 2
time (seconds)

0.4

0.2

Proportion of Dimer
Fiuorescence (arbitrary units)
1

o

Ficure 10: Time-resolved fluorescence decay of (mItK23C)
obtained after a pH and phosphate jump to self-association
conditions (e.g. Figure 9a). The total fluorescence emission above
320 nm after mixing 9QiL of peptide in water at pH 3.7 and 90
uL of 100 mM potassium phosphate buffer at pH 7.0 is shown
between 0 and 2 s. Postmix peptide concentrations wghé @op)

or 4 uM (bottom). The fits of the data using eq 1 are closely
superimposed on the experimental fluorescence decay.

0.8

0.6

04

0.2

Proportion of Dimer

pKss relate to titration of the buffer from monoanionic to
dianionic forms (Figure 9c and Table 1).

The molecularity of the rate-limiting step in the pH- and
3 4 5 6 7 8 divalent anion-linked self-association resulting in sequester-
pH ing of the W19 indole was investigated by stopped flow
FIGURE 9: () Fluorescence spectra ofi®l (mltk23C), in 2 mM fluorescence spectroscopy. Figure 10 illustrates the time
phosphate buffer at pH 3.8, 5.2, 5.6, 5.8, 6.1, and 7.4 (top to dependence of fluorescence quenching resulting from self-
bottom). The sample was excited at 290 nm, and the slit Wid.th association of (mltk23G)after a pH and divalent anion
was 5 nm. (b) The titration data from panel a were treated according cqncentration jump (pH 3.7 with a salt-free solution to pH

to a dianion-binding model for self-association (Scheme 2 in the . h :
Appendix), using eq 11 to determine the proportion of dimerized /-0 with 50 mM sodium phosphate), at postmix concentra-

peptide. The solid line is a fit to eq 13, with fitted parameters listed tions of 2 and 4«M. The fluorescence decays were fitted
in Table 1. (c) pH titration for &M (mItk23C), in 5 mM bis-tris to eq 1, yielding values of 2.5 10° and 1.6x 10 mol?!

buffer from fluorescence data similar to that shown in panel a. The g-1 for 2 and 4 uM, respectively, for the second-order
data were analyzed using a model for pH-induced self-association association rate constants
(Scheme 1 in the Appendix) from which the proportion of dimer ’
from eq 6 was fitted to eq 8 (solid line), with fitted parameters Contribution of Disulfide Linking to Structural Stabiliza-

listed in Table 1. tion in (MItK23C) and Its Noncoalent Dimer The equi-

In dianionic buffers, the titration data were fit to eq 13 librium unfoldings of melittin and the (mitK23@)onco-
describing peptide self-association resulting from multiple valent dimer were followed by the recovery of fluorescence
binding of dianions (Scheme 2 in the Appendix) in which intensity at 363 nm (see Figure 9) with increasing urea
the association can occur under conditions where theconcentration at pH 7.5 in 250 mM sodium phosphate buffer
N-terminal amino group remains protonated and the apparent(Figure 11). Data from the linear portions of the curves were




Self-Association of Melittin Analogues Biochemistry, Vol. 37, No. 16, 199%705

= 700 ' ' ' L,T T 1] Increasing the peptide concentration to a few millimolar
% o *° o o° resulted in precipitation.

3 600 . o -

g . ° DISCUSSION

£ 500 | e ° . . I .
< - L Introduction of a disulfide bond on the hydrophobic
o 400 e . § interface of two melittin monomers promotes the formation
% 300 + o . of secondary structure and tertiary interactions in (mltk23C)
2 000 1 ° i which are stable under conditions where native melittin is
S o © unstructured (low peptide concentration, low pH, and absence
i 100 s . of divalent anions). Like melittin, in which helix formation

L in water is linked to the association of amphipathic helices,
0123 4567839 the stabilization of secondary structure in (mltkK23@sults
[UREA] M from the juxtaposition of melittin monomers that allows
FiGURE 11: Urea-induced increase in fluorescence of (mltk23C) packing along a hydrophobic interface. However, stable
(O) and melittin @) measured at 360 nm, resulting from peptide helical structure cannot be produced by inserting a disulfide
dissociation and unfolding (e.g. see Figure 9a). The linear part of hond at random into the melittin sequence as indicated by

the data was used to determiA&,, (the extrapolated folding free . : .
energy &0 M urea) andm (the number of hydrophobic residues (mitQ25C}, which does not have a defined structure in a

exposed during denaturation) (see Table 2 and the Appendix). ow-pH, salt-free solution. When the melittin sequence is
aligned with the heptad repeat structure of sequences forming

Table 2: Structural Free Energies for Self-Associated Melittin and ~ amphipathic coiled-coil structures, the disulfide bond falls

(MItK23C)? on positiond of the helix heptad in mItk23C, which is the
AGy (kcal mol1) m optimal position for coiled-coil stabilization by cross-linking

melittin 250 56.2 (27). These authors found from kinetic and modeling studies
(MItK23C), 271 52.4 that disulfide bonds at positioth are favored over those at

aData are from fits to eq 18 (see the Appendix) for the melittin position a by fulfilling optimal geometrical criteria. Al-

tetramer and the (mitk23glimer (pseudotetramer) in 250 mM sodium  though it might be prec_jiCted that relatively mihor unfolding
phosphate buffer at pH 7.5. of the extreme C terminus of (mltQ25Chvolving loss of

residues 25 and 26 from helical structure would allow
packing along the hydrophobic interface within a disulfide-
linked structure, this does not occur. Instead, the molecule
undergoes pH-, ionic strength-, and concentration-dependent
self-association similar to that of native melittin. In
(mItQ25C), however, the orientation of amphipathic helices
is apparently fixed by the intermolecular disulfide bond so
that the nonpolar surfaces are directed away from the
intramolecular interface, resulting in nonspecific intermo-
lecular association with other (mltK25¢imers leading to
aggregation and precipitation.

Heterogeneity, either structural or through monomer-
specific labeling, is required for structure determination of
small homodimeric proteins by NMR. O’Donoghue et al.
(28) showed, by examination of all possible NOEs of
homodimeric coiled coils involving HN, &, and H5 atoms,

I T ] T that it is not otherwise possible to distinguish inter- and

200 220 240 260 intrachain NOEs, although these NOEs are most likely to

Wavelength (nm) originate from intrachain interactions. By treating all NOEs
Ficure 12: Far-UV CD spectra of 18M (mltQ25C), in phosphate Obt"’?'”e" frqm (mitk23G)involving HN, Ho., and H5 atoms

buffer at pH 7.4 (solid line) and in water at pH 2.5 (broken line). @s intrahelical NOEs, we calculated structures for the

mitK23C monomer (not shown) which show similarities and

used to determine structural free energi®6&() andmvalues differences compared with the structures of melittin in
for unfolding in denaturant-free solution under these condi- methanol 22) and witha-helical coiled coils. Like melittin,

tions by extrapolation to a urea concentration of zero (seethe peptide has two stabéehelical sections encompassing

the Appendix). Similar values were obtained for each residues 213 and 15-25. The Hx chemical shifts are
peptide (Table 2). similar for melittin and (mItk23G), with upfield shifts

Disulfide Positioning on the Polar Helix Face and Its characteristic ofx-helix in the N- and C-terminal sections.
Effects on Structure and Self-Association [(mItQ2BC) In neither case is structure in the connecting sequence
Unlike (mlItK23C), (mItQ25C) has no stable structure at containing P14 well-defined. The-helical periodicity in
low pH. Like native melittin, the peptide undergoes a pH- estimated hydrogen bond lengths calculated from the amide
and phosphate-induced shift to a helical conformation as HN chemical shifts (Figure 6) indicates that the (mItK23C)
determined by CD (Figure 12). However, at high pH or helices are curved with long and short hydrogen bonds on
phosphate concentrations, NMR line widths were very broad the polar and nonpolar helical surfaces, respectively. Al-
(not shown), suggesting the presence of large aggregatesthough this type of curvature is characteristic of coiled coils,

5
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the fit of the chemical shift periodicity to a sine function of describing dianion binding (Scheme 2 in the Appendix). In
3.52 residues per turn (compared with 3.6 for an ideal helix) succinate, where the apparer pfor self-association (ti-
is lower than the periodicity resulting from classicahelical tration midpoint, Table 1) is suppressed well below that of
coiled-coil supercoiling (e.g. 3.9 residues per tugs), the N-terminal amino group, the data could be fitted to eq
indicating that the (mltk23G)molecule does not pack as 18 with the following values:K Kp/2Po = 8.3 x 10714, n
an ideal coiled coil. Similarly, the structural stabilization = 2, and K, succinate— pPH 5.6. The same treatment for the
of (mItK23C), relative to the urea-denatured state of around phosphate data yields good fits to the model with the
2 kcal moi™ (data not shown) is lower than the values found following values: K Kp/2Po = 3.0 x 10725, n= 2, and (X,
in classical coiled coils. phosphate= pH 7.2. Then value, the number of dianions bound
Since stable melittin (or mIitk23C) noncovalent dimers per pseudotetramer, can be compared to the number of
have not been detected spectroscopically at equilibrium, thedianion binding sites in the melittin tetramer. Eisenberg and
contribution of disulfide cross-linking to structural stabiliza- co-workers located eight bound sulfate ions in the crystal
tion of melittin dimers cannot be determined. Despite the tetramer, four from W19 and K23 of one monomer linking
very low stability of noncovalent melittin dimers relative to R24 of the neighboring (parallel) monomer and four from
monomeric or tetrameric states, 30), it is likely that the R24 to thea-amino group of each antiparallel pa®1jj. The
pH- and divalent anion-linked tetramer formation proceeds loss of K23 in (mltk23C) removes the dianion binding sites
via a transiently stable dimer (A. Rémg, A. R. Clarke, J. linking parallel helices in the pseudotetramer, although this
Takei, and C. E. Dempsey, unpublished). Although the dianion-mediated interaction is replaced by the disulfide
structural relationship between (mItK23Cand such a  cross-link (Figure 2). The retention of dianion sensitivity
folding intermediate is unclear, the peptide is recruited into presumably involves the remaining four dianion binding sites
a melittin-like (pseudo) tetramer under conditions similar to linking antiparallel pairs (R24Gla). The reduction in
those promoting melittin tetramerization, namely, the binding dianion stoichiometry determined from the fits of the pH
of dianions and/or an increase in pH for deprotonation of titration data (two dianions per pseudotetramer rather than
the N-terminal amino group. four) suggests that self-association in solution may not
Previously, self-association of melittin was analyzed require complete occupation of potential binding sites. The
largely in terms ofo-amino group titration which reduces relative affinities of dianions for different binding sites within
charge repulsion between adjacent antiparallel helices in thethe melittin tetramer are not known; in the crystal structure,
melittin tetramer 26). However, pH titration of (mItK23G) complete occupancy of sites is presumably promoted by the

shows a pronounced dependence of the appakgribpself- very high concentrations of sulfate used to crystallize the
association on the nature of the buffer (Table 1), wika p  protein.
values suppressed well below those expectedxtamino Despite the introduction of two disulfide cross-links per

group titration in buffers containing divalent anions. In (pseudo) tetramer in the self-associated (mItK23@ner,
phosphate and succinate, divalent anions apparently inducehe extrapolated free energy of the folded state relative to
self-association under conditions in which the N-terminal the unfolded, dissociated state in waté(,, and the
amino group remains protonated. In bis-tris, in the absencedenaturant sensitivityn, are similar to the values for melittin
of divalent anions, self-association is linked to amino group (Table 2). The similarity irm, a measure of the exposure
titration. In line with previous measurement afamino of buried hydrophobic side chains to water upon denaturation
group titration in melittin 26), this is most likely to be the  (32), supports the expectation that the self-associated
N-terminal a-amino group. (mItk23C), pseudotetramer has a structure similar to that
We have derived equations defining the pH-dependent self-of the melittin tetramer. The large increase in denaturant
association of (mItk23G)in the absence (amino group concentration required to induce a given degree of dissocia-
titration, Scheme 1) or presence of divalent anions (dianion- tion in (mltK23C), compared with that needed for melittin
binding model, Scheme 2), as described in the Appendix. under these conditions (Figure 11) is fully accounted for by
From analysis of fluorescence data obtained in pH titration the conversion of an equilibrium having a fourth-order
in bis-tris according to Scheme 1, the intrinsikmof the dependence on peptide concentration to one having a second-
N-terminal amino group of the (mltK23gmonomer was  order dependence (eq 16 in the Appendix). The absence of
found to be 8.20, which is close to thEgof 8.15 for melittin disulfide-induced stabilization of the pseudotetramer relative
in phosphate determined by Zhu et &6). In bis-tris, the to the melittin tetramer may result from the loss of some
titration midpoint for dimerization is pH 6.0 and self- dianion-binding stabilizing contributions through the loss of

association is complete at pH values well below thg pf the K23 amino groups and possible distortions of the folded
the amino group. This results from the strong tendency for state required to accommodate the disulfide bonds.
self-association of the deprotonated form of (mItK23@®), Depending on the position of insertion of a disulfide bond
= 6.0 x 1071Y), which pulls the equilibrium toward dimer-  on the hydrophobic or polar surface of the melittin amphi-
ization, and indicates that the amino grouga,pin the pathic helix, the cross-linked dimers conform to a well-

associated state under these conditions is suppressed. Thidefined structure or nondiscrete aggregates in solution. At
is consistent with previous studies which showed that the high pH, or in the presence of divalent anions, (mItk23C)
o-amino group B, in the tetrameric state is lower than that adopts the form of a melittin-like pseudotetramer. A
of monomeric melittin 26). description of the solution association properties of these
In phosphate (Figure 9c and Table 1) and succinate (Tabledisulfide-dimerized melittins is important in understanding
1), self-association of (mItK23@)results from the pH-  their effects on membranes since interactions with mem-
dependent increase in concentration of the dianionic form branes involve equilibria between aqueous and membrane
of the buffer, and the titration data can be fitted to an equation phases. The high stability of the self-associated (mItK23C)
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pseudotetramer with respect to dissociation at high ionic By combining egs 3 and 7 to give an expression for [M]
strength, for example, suppresses membrane associatiorand from eq 6, the dissociation constant of the (mItK23C)
limiting the measurement of ion channel activity under these dimer, Kp, can be written as
conditions (G. Boheim, J. Takei, A. Rémg, and C. E. 5
Dempsey, unpublished). We have initiated studies on the K — M?  2[RJ(1 — ayp)
membrane activities of these dimerized melittins which will D™ D] - PKa—PHp2

; op[l+1 |
be described elsewhere.

APPENDIX which yields a quadratic form famnp

[1+ 10P%PH2K
2[R,

Self-Association of (mItK23€)n Solution. Preliminary o2 —
analysis of titration data indicated that dimerization of D
(mItK23C), resulting from amino group titration and from
dianion-induced dimerization can be treated separately; thatThe experimentally determined value@§ can be fitted to
is, titration of an amino group (probably the N-terminal the solution of eq 8 using an independently determined
amino group; see the Discussion) induces self-associationmeasure oKp to give Ka.
in the absence of dianions, and dianions promote dimerization (B) Ligand-Induced Self-AssociationFor the ligand-
under conditions where the N-terminal amino group retains induced self-association, the following scheme is considered,
its positive charge. pH-dependent self-association data werenvolving M (monomer), D (dimer), and L (divalent anion
analyzed by the following treatment according to minimal ligand) (such as succinate).
schemes describing self-association resulting from amino
group titration (Scheme 1) or dianion binding (Scheme 2).

(A) pH-Induced Self-Associatiorin Scheme 1, M, M, 2M=D; D+nL=DL,
and D denote protonated, unprotonated and dimerized ) o
(mItK23C), respectively. The concentration of unprotonated 1he dissociation constants are

op+1=0 (8)

Scheme 2

2 n
Scheme 1 K _ M7 K — DI 9)
N D] by
M"=M; 2M =D
Fluorescence intensities, the total protein concentratigin [P
monomer is dependent on the pH, according to the Hend-and the fraction of material in dimeric form are related in a

erson-Hasselbalch equation: similar manner to that described in egs 5 and 6, giving
M] ' lon, M)
M= g © = lor, [P i
where [My] is the total monomer concentration ari.pefers = 2[DL,] (1)
to the N-terminal amino group. If there is very little D P.]
deprotonated monomer, M, at equilibrium (since it readily
dimerizes), then wherel is the measured fluorescence intenslty,, is the
fully ligand-bound and dimerized state, arg is the
MJ=[P] — 2[D] 4 monomeric state. From egs 9 and 11
2
where [R] is the total protein concentration in terms of o = 2[P](1 — o) " (12)
monomers. When the fluorescence intensities are defined b KoK,

at the low- and high-pH extremes (where either monomer
or dimer predominates) ak, and Ip, respectively, the  which yields a quadratic form fanp
proportion of the protein in the dimeric fornp, is given

KpK
by o’ — |24+ —E o, +1=0 (13)
M 2P[L]"
b
Iy — 1o - P =1l-0p (®) The experimentally obtained value of, can be fitted to
the solution to eq 13, where the concentration of the divalent
o = Tg?]] or D] = aD[Zpo] ©) anion is given by .
[L] = __Ld (14)
10PPH 1

From eq 5

where [Lo] is the total buffer concentration andpis that
Ml = [Pol — ap[Po] = [Pl(1 — ap) (7) of the buffer.
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Equilibrium Unfolding The structural stabilities of mon-

omeric and dimerized peptides, expressed as the extrapolated

free energy in waterAG,, were obtained from intrinsic

(Trpl9) fluorescence intensities at different urea concentra-

tions, according to the analysis of Staniforth et @R)( The

free energy of folding at a given denaturant concentration,

AGy, is given by the following equations.

Kobs the experimentally derived folding equilibrium constant

at given urea concentrations is given by

c.h(l - X)
obs — . h (16)
(cX)
Cy F- Fmin
X=—=— 17
Co Frax — Fmin an

where ¢, and ¢, are concentrations of total and unfolded
protein, respectivelyh is the stoichiometric constant of the

folding—unfolding equilibrium (see belowk is the fraction
of unfolded species, artél Frin, andFyaxare the fluorescence

intensities at a given denaturant concentration and of fully
folded and fully unfolded states, respectively. At high pH
and a high divalent anion concentration, the stoichiometric

value h was 4 for melittin and 2 for (mItK23G) as

determined from analysis of NMR line widths and stopped
flow fluorescence spectroscopy (see Results and Discussion).
AGq and AG,, are related by the solvation free energy of

the hydrophobic amino acid residu&Gs) and m (the

average number of internal amino acid residues exposed to

solution during the unfolding).

AGy = AG,, + MAG, (18)
AG;s values at given denaturant concentrations are obtained
empirically.
AG's,r’nCD
AG, = —Kden sy (29)

wherecp is the concentration of the denaturant (Ur@e(s m

is the maximum solvation free energy at infinite denaturant

concentration, andKgen is “denaturant constant” which

represents the concentration of denaturant required to achieve

AGsf2. We used 1.115 kcal mdland 14.90 M forAGs
and Kqen, respectively, as values for average proteidd).(
Experimental data are fitted to eq 18 to determk@,, and
m.
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