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Abstract Alpha-helical coiled coils are proving to be al- .
most ideal systems for the modelling of peptide and pigtroduction

tein self-association processes. Stable oligomeric systems,

in which the stoichiometry is well defined, can be producddhe utility of the coiled coil motif as a model for the ver-
by the careful selection of the appropriate amino acid $#sation of de novo protein design principles and for the
guence, although the principles behind this are still niovestigation of protein-protein recognition functions has
fully understood. Here we report on a 35 residue pepeen well established. Crick suggested that right-handed
tide, FZ, synthesized by the solid phase method, which veasphipathica-helices formed by peptide sequences that
originally designed to form a dimer, but which, in fact, asensisted of a recurrent hepated of amino acids, contain-
sociates to the trimeric state. A detailed characterizatioig two hydrophobic residues at well defined positions,
of the associative properties of the peptide has been p@uld pack efficiently to form left-handed superhelices
formed by circular dichroism spectroscopy and, in partigerick 1953). He also noted that there was no strang
ular, by sedimentation equilibrium in the analytical ultrgriori reason to favour a two-stranded rather than a three-
centrifuge. The presence of the trimeric state, whichsganded structure. Naturally occurring coiled coils include
stable even at low peptide concentrations, has been coembers of both classes (Cohen and Parry 1990) and they
firmed by various, independent methods of analysis falso appear in the familiar 4-helical bundle. In fibrous pro-
molar mass. The effects of both temperature and of gudnmins, and in those regions of globular proteins that adopt
dinium chloride on the peptide have been investigated andimilar configuration, the dimeric form appears to pre-
both found to be peptide-concentration dependent. The daminate. In the latter case the main role of the motif is to
folding induced by the denaturant cannot be adequately desvide an oligomerization and recognition interface.
scribed by a simple, two state monomer-trimer equilib- Model coiled coils, in general, have been designed on

rium. the basis of information gained from the study of large
structural proteins, such as myosin and tropomyosin, or the
Key words a-helical coiled coil - Sedimentation dimerization region of DNA regulatory proteins, often re-
equilibrium - Circular dichroism - Peptide and protein ferred to as a “leucine zipper” (Landschutz et al. 1988),
self-association and that of the yeast transcriptional activator GCN4-p1 in

particular. They have been used to investigate the helical
Abbreviations CD, circular dichroism - GuHCI, guani-potential of individual amino acids (O’Neil et al. 1990;
dinium chloride - HPLC, high performance liquid chromBetz et al. 1995), the nature of the internal hydrophobic
atography - rpm, revolutions per minute packing (Zhu et al. 1993, Harbury et al. 1993; DeLano and
Briinger, 1994) and the role of electrostatic forces in de-
termining the specificity and strength of interhelical inter-
action (Hu etal. 1993; Lovejoy et al. 1993; Zhou et al.
1994; Lumb and Kim 1995; Lavigne et al. 1996; Lumb and
Kim 1996). Studies of coiled coils in which crystal struc-
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ence of an asparagine residue in a hydrophobic positioAmalytical ultracentrifugation
the central heptad (Betz et al. 1995; Harbury et al. 1993;
Thomas et al. 1995), as is found in GCN4-p1. Sedimentation equilibrium experiments were performed in
The progenitor of many of the model sequences tha types of analytical ultracentrifuge with differing opti-
have been employed is the tropomyosin analogue, TM43] systems. (a) The Beckman Optima XL-A ultracentri-
of Hodges and his coworkers (Lau et al. 1984). This dage equipped with scanning absorption optics and full on-
guence was originally believed to form a dimer on the Hate computer data capture and analysis facilities (Beck-
sis of sedimentation equilibrium experiments, but a recenan, Palo Alto, USA; Giebler 1992). Multi-channel cells
reappraisal, in which an accurate measurement of the mdri12 mm optical path length were employed (3 solu-
tial specific volume of the peptide was made, indicates thian/solvent pairs) and the temperatures quoted were those
itis predominantly a trimer in dilute aqueous solution (Beteported by the instrument. Three detection wavelengths
et al. 1995). were used: 220 nm and 230 nm (amide absorbance) and
A peptide with the same sequence as the first 35 rezh7 nm (phenylalanine absorbance). Three independent
dues of TM43 but with one leucine per heptad switchedrethods of (weight average) molar mass analysis were em-
phenylalanine, FZ (“phenylanaline zipper”), is the subjeptoyed: MSTARA (Harding et al. 1992), which uses the
of this study. It was thought that, on the basis of the thigli method (Creeth and Harding 1982) and has recently
currently available data on TM43, it too would form Been computerized (Colfen and Harding 1996), and
dimer, but preliminary hydrodynamic data indicated thxi_Ase, (D. Lechner, personal communication) which is
it was also trimeric (Thomas et al. 1995). FZ was designealsed on the more conventional average determination of
for the investigation of inter-molecular recognition fund In c/dr?, wherec is concentration and the radial dis-
tions and as a candidate for template-directed peptide selfice. Whole cell averages, assuming the presence of a sin-
replication and is fullya-helical, as judged by CD specqle, ideal species, were also calculated, using software sup-
troscopy. It has the simple, repetitive sequence (KFEplied by the instrument manufacturer. (b) A Beckman
LEG)s, synthesized as the N-acetylated C-terminal amidédodel E ultracentrifuge equipped with Rayleigh Interfer-
and has proved to be an ideal model in which to study nemce optics, a laser light source (5 mW, He-NE) and an au-
lecular self-association. This article reports on a detailematic off-line (i.v. via photographic records) data cap-
investigation into the properties of FZ at sedimentatiduare facility (Harding and Rowe, 1989). All measurements
equilibrium (using both absorption and Rayleigh opticalere performed at 20°C and 12 mm optical path length
detection systems) in the analytical ultracentrifuge, aells were used. Equilibrium concentration distributions
which the stable trimeric structure is firmly established ameere recorded using Rayleigh interference optics with a
the strength of the interaction is discussed. The hydro®s2.18 nm, 5 mW He-Ne laser. Optical images were re-
namic data are reinforced by further CD investigations intorded on photographic film and digitalized with a laser
the effect of temperature and chemical denaturation on temsitometer (LKB, Bromma, Sweden). Fringe distribu-
structure of the peptide. tions were converted to a concentration distribution using
the routine ANALYSER (Harding and Rowe 1989) and
whole distribution weight averag#,,, and point average,
M,, (r); molar masses were generated using the routine
Materials and methods MSTARI (Harding et al. 1992; Colfen and Harding 1996).

Peptide synthesis

. ) Circular dichroism
FZ was synthesized both manually and automatically by

the solid phase method on Rink amide resin, using stglp spectra were measured with a Jasco J-600 spectropo-
dard synthesis protocols. The peptide was purified by [grimeter equipped with a thermostatted cell block.
versed phase HPLC and the identity of the product was

confirmed by electrospray mass spectrometry. The peptide
had a monomer molar masd,, of 3933 g - mot* and a
partial specific volumey,g ., of 0.746 cmi g™ calculated Results
from its amino acid composition (Laue et al. 1992).

Analytical ultracentrifugation
Solvent systems ]

The analyses below were based on the assumption that, be-
Two solvents of differing pH and ionic strength were ensause of the low protein concentrations used and the small
ployed. (a) 0.01 M sodium phosphate, 0.09 M sodium flaize of the molecular species involved, thermodynamic
oride, pH 7.0]=0.10 M (“phosphate/fluoride” buffer) andnon-ideality effects were negligible and that the apparent
(b) 4.595 g NgHPO, - 12 H,0, 1.561 g KHPQ,, 2.923 g weight average molar mas4,, ..., approximated the true
NaCl per litre of deionised, distilled water, pH 6.8yeight average molar masd,,.
1=0.10 M (Green 1933). Both buffers were used in the pro- Initial measurements were performed in the XL-A ultra-
duction of guanidinium chloride solutions. centrifuge equipped with uv-absorption optics, in the phos-
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phate-fluoride buffer and at low peptide concentratiofiable2 Effectof increasing [GUHCI] oN,,, investigated u§ingthe
Nine runs were performed at 3 different cell loading coMdel E ultracentrifuge. All measurement made at 20.0°C

centrations: 0.0275, 0.138 and 0.275 mg/mL (0.1 mg/méuHCl] M

=25 uM), to monitor the effect of concentration on sel (gv.”morl)
association, and at 3 rotor speeds (16,000, 21,000, and

30,000 rpm), the lower speeds being used to check for $he 13300+1000
presence of any large molecular weight aggregates tiuat iigggfgggg
might have been missed at higher speed. All methodsgof 5000+1000

M,, analysis gave very similar molar mass values that were
independent of rotor speed and peptide concentration and
were within the range 11,000+800 g - mo(Table 1),
consistent with a trimeric molecule. Two further measur&uHCI appears to promote further association. Possible
ments were performed at 50,000 rpm and a scannu@giation in partial specific volume in the presence of
wavelength of 230 nm; these too gave similar resultSuHCI cannot be the explanation since calculations on the
at 0.05mg/mL M,,=11,400+500 g - mol and at data obtained at 6M GuHCI yield the monomeric mass
0.2 mg/mL,M,,=12,200£500 g - mot. without correction of thevalue.

Having clearly established the stoichiometry of the This observation was confirmed by plotting point
system and shown that the simple mass action effecwaight average molar madd,, (r) as a function of local
lowering the concentration was unable to shift the assoaancentration, expressed in fringe displacement num-
tive equilibrium, the influence of the protein denaturabers,J (r), for each of the 4 values of [GUHCI] in Table 2
6M GuHCI was investigated. Unfortunately the solvel(Fig. 1). These are obtained from local slopes of the con-
was opaque in the far UV so a higher wavelength feentional logJ (r) versusr? plots taken at various radial
detecting the peptide had to be chosen. Higher loadpmgitions (or “points”) along the equilibrium concentration
peptide concentrations (0.5 and 1.0 mg/mL) provideddsstribution. Whereas the OM and 6M GuHCI profiles in
measurable signal at 257 nm, and values Nty of Fig. 1 are as expected, those for the 2M and 4M cases both
(4,600£1,000) g/mol and (3,500+1,000) g/mol were olexhibit a different type of behaviour, the values ofJqg)
tained for the two respective concentrations at 49,000 rpm2M GuHClI reaching a plateausat7,500 g - mol* sug-
and 20.0°C. The material was quite clearly converteddesting the association goes as far as a tetramer or pen-
the monomeric form, although the extraction of more quaaamer.
titative information was not possible because of the limi- The XL-A instrument was also used to investigate the
tations of the absorption optics of the XL-A. More detailegffect of temperature oM, ,,,0ver the 20—-35°C range
analyses (the determination of point average molecuilamphosphate/fluoride buffer, and the results are shown in
weights,M,, (r), (i.e.M,,, as a function of radial positionFig. 2. As expected, thermal dissociation is peptide-con-
r) required the use of less convenient but more precise Resntration dependent and, while the effects at low concen-
leigh interference optics of the Beckman Model E analytation (3 £M) are marked, at high concentration (310 pM)
ical ultracentrifuge.

To this end, measurements were performed at a loading
concentration of 1.5 mg/mL (380 uM) at 30,000 rpmin OM
GuHCI and 48.000 rpm at 2,4 and 6M GuHCI at 20°C. 20000
The results as summarised in Table 2 are somewhat sur- | ’........'....,. .o
prising. Although 6M GuHCI reduces the mass to that of
the monomer, the application of lower concentrations of 15000

—

Table1l Molecular weight experiments on FZ: sedimentationz

o g ; ; ; 10000 |
equilibrium using absorption optics on the XL-A ultracentrifuge.Z

aMonomer molar masdyl,,=3933 g - mot’; ® from MSTAR anal- = 2M GuHClI
ysis; ¢ from XLAse analysis | o AM GUHCI
? ﬁ u

Conc. Rotor Wave- M, My, 50004 o 6M GuHClI

speed length
(mgiml)  @pm) (M) (g-moB)®  (g-morY° = OMGuHCI
0.0275 16000 220 12000+700 12400 0 0 5 4 ) & j 3
0.0275 21000 220 11100+600 11200
0.0275 30000 220 9400+200 9300 ;
0.138 16000 230 111004500 11500 Concentration, J(r)
0.138 21000 230 10700f200 11000 Fig. 1 Effect of increasing [GUHCI] on point weight average mo-
0.138 30000 230 12000+200 12400 lar masses of FZ plotted against fringe displacement, J. A. Beckman
0.275 16000 230 11000+100 11500 Model E ultracentrifuge, equipped with Rayleigh interference op-
0.275 21000 230 10200+200 10300 tics, was used. Rotor speed 48000 rpm, loading peptide concentra-

0.275 30000 230 10700+100 10500 tion =1.5 mg/mL (380 uM). All measurements were made at 20.0°C
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The CD spectrum of FZ is typical of that of a fully helical o oo ¢ P I
coiled coil at all accessible peptide concentrations in phos- GelC (M)
phate/fluoride buffer at 20°G3,,,=—30,000 deg - cAr
d molY). In order to investigate further its stability, and to T [ T T T !
complement the sedimentation data, the spectrum was ’
measured as a function of temperature in phosphate/fluo- GuHCI (M)

ride buffer and in differing GUHCI concentrations in the

same solvent. The reversibility of both processes was Big-4 The GuHCl-induced unfolding of FZ in phosphate/fluoride

tablished by either cooling the sample or by diluting thffer, 20°C; ellipticity at 222 nm as a function of [GuHCI] at
ptide concentrations of 18)(and 270 uM ). The inset shows
the spectrum. The thermal transition measured at a pepli eOlepenCIence of g on [GuHCI]

GuHCI containing solutions with buffer, and remeasuri

concentration of 326 pM had a midpointef5°C and was
fully reversible (Fig. 3). This result was compatible with

the onset of thermal unfolding seen in the sedimentatiof

data at about the same peptide concentration (Fig. 2). Discussion

guanidine-induced denaturation was also peptide-concen-

tration dependent. The complete titration measure at anH# detailed hydrodynamic results presented here confirm
concentration of 13 uM shown in Fig. 4 was fully revethat FZ forms a trimeric coiled coil that is stable even at
sible, and had a midpoint efL.4 M GuHCI. Increasing the low peptide concentration. The orientation of the individ-
peptide concentration to 270 uM has the expected effaat monomers is unknown but is suspected to be parallel,
of shifting the unfolding midpoint to higher GUHCI conby analogy with closely similar systems. The effects of sub-
centration, in this case2 M. stitution at the hydrophobic positions of coiled coils (sites
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a andd in the conventional lettering of the heptad) with count for the deviation in linearity seen in the CD data. The
the larger apolar amino acids are subtle. Double substitwnly plausible explanation of this phenomenon would be
tion with the same amino acid often leads to the trimericdhat partial unfolding or dissociation of the individual
state, while other associative states, as well as the trimeg-helices exposes a further site(s) for self-association,
are formed when the residues at tleeand d sites differ. which is subsequently lost as the peptide chains completely
Even the normally dimeric GCN4-pl1 can be switched tenature. This is relatively simple to model if the peptide,
trimeric and tetrameric configurations by mutations in thee a population thereof, remains fully helical, but is harder
hydrophobic core (Harbury et al. 1993). Analytical ultrade reconcile if the associating species are themselves un-
centrifuge and mass spectrometric studies on the reld@ded. This raises questions as to the precise nature and
peptide LZ, another analogue of TM43 that, unlike Fguantitation of the various species possibly present at equi-
preserved the same pattern of leucine residues as its fflarium and as to mechanistic and kinetic aspects of the
ent, showed that it formed a stable trimer (Wendt et &drmation of the oligomeric state.
19954, b; Thomas etal. 1995) as did the similar coil- Two clear mechanisms leading to the formation of a
La-Ld peptide (Betz et al. 1995). The results reported hérener can be postulated. One involves a simple coopera-
indicate that swapping the first leucine in a heptad fottige transition from the monomer while the second implies
phenylalanine residue has no effect on the formation of the presence of a different oligomeric state either transi-
final oligomeric state. ently or in the population present at equilibrium. It appears
Dissociative phenomena in self-associating systethmsit FZ exhibits the latter type of behaviour and a full de-
are, of course, concentration dependent. While the oligaription of the system will require further kinetic and equi-
meric state is often stable even at very low peptide cdifprium measurements.
centration, amino acid substitution can be used to modulate
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