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ABSTRACT: The surface plasmon resonance (SPR) technique was used to study the formation kinetics of
ade nao designed coiled-coil (E/K coil). The E/K coil is made up of two distinct peptides (E and K)
each with five heptadg-a-b-c-d-e-f repeats. The E peptide’s heptad sequence is E-V-S-A-L-E-K, and
the K peptide’s heptad sequence is K-V-S-A-L-K-E. A linker C-nL-G-G-G flnorleucine) is present

at the C-terminus of the E peptide and at the N-terminus of the K peptide for the SPR studies. Heterodimer
formation involves both electrostatic and hydrophobic interactions at the dimer interface. Under conditions
that favor the heterodimer formation, the CD sign®]({]»,) varied as a function of peptide concentration.

The estimated dissociation constaldg)(was 2.45+ 0.71 nM. Denaturation studies with guanidine-HCI
(GdnHCL, = 3.9 M) suggested a value of 3.330.48 nM. For the SPR investigation, the peptides were
biotinylated and linked to streptavidin in order to increase their effective molecular weight and consequently
enhance the signal intensity. Biotinylation in itself did not impede coiled-coil formation based on CD
measurements. The biosensor study revealed a slow dissociation rate constant for the hetd¢pgimer (

2 x 1074 s1) and a moderately fast association rate constay[(4.27-4.53) x 1° M~* s71). This

gives a calculateiy of 0.47-0.50 nM, which agrees reasonably well with the equilibrium CD studies.
Therefore, based on the SPR data, the preference for heterodimer formation is due to a combination of
moderately fast association and slow dissociation rates.

The existence of an-helical coiled-coil protein structure  polypeptide chain of tropomyosin (Stone et al., 1975). The
was first proposed by Crick (1953) based on the X-ray a andd positions of the heptad were occupied mostly by
diffraction pattern ofr-keratin. He suggested that the coiled- hydrophobic amino acids while many charged amino acids
coil is made up of twax-helices which wrap around each were found in thee andg locations (Hodges et al., 1972;
other similar to a two-stranded rope. He also pointed out McLachlan & Stewart 1975; Stone et al., 1975; Cohen &
that nonpolar residues are more likely to be found in the Parry 1990). Model building showed that the repeating
interface of the two helices and the side chains of these hydropobes at tha andd positions could form a continuous
residues would be packed in cavities formed by spacesnonpolar dimer interface (Hodges et al., 1972; Sodek et al.,
between side chains of the opposite helix (“knobs-into-holes” 1972; Stone et al., 1975) which provides the driving force
packing). for dimerization.

One of the first supporting experimental data for this ~ The importance of the hydrophobic interactions for coiled-
proposa| came when the primary sequence of the C-termina|-C0i| stability has been studied extensively through the use
half of tropomyosin was uncovered (Hodges et al., 1972; of de nao designed synthetic peptide models [Hodges et
Sodek et al., 1972). The protein sequence revealed a regula@l-, 1981, 1990; Lau et al., 1984; Zhou et al., 1992a,b; Zhu
heptad repeat (designatedb-c-d-e-fg) which later was et al.,, 1992, 1993; for reviews, please see Hodges (1992,
shown to be transmitted throughout the entire 284-residue 1996) and Adamson et al. (1993)]. It was found that the

type of residues and the placement of these residues at either
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In addition to the core hydrophobic interactions, it is
apparent that electrostatic interactions also played a signifi-
cant role in coiled-coil formation and stability. Studies have
shown that the interhelical ionic interactions of @ and
g —e can influence the orientation of the peptide strands with
respect to each other and provide for dimerization specificity
(Schuermann et al.,, 1991; O'Shea et al.,, 1991 - 1993;
Baxevanis & Vinson, 1993; Monera et al., 1993, 1994;
Krylov et al., 1994; Zhou et al., 1994a,b; Kohn et al., 1995;
Lavigne et al., 1996). Furthermore, formation of these salt
bridges can reduce the solvent accessibility of the hydro-
phobic core, and the aliphatic side chains of the ion-paired
amino acids can contribute to the core hydrophobicity, thus
providing the additional stability to the coiled-coil structure
(O’'Shea et al., 1991).

Recently, the coiled-coil structural motif has been found
in a number of DNA binding proteins (Hurst 1994). The
high-resolution X-ray structures of the yeast transcription
activator GCN4 leucine zipper (O’Shea et al., 1991; Ellen-
berger et al.,, 1992; Kdg & Richmond 1993) and the
heterodimeric transcription factor c-Fos-c-Jun (Glover &
Harrison 1995) confirmed the “knobs-into-holes” packing
arrangement of the coiled-coil. They also showed that a
number ofe andg charged amino acids can participate in
interhelical electrostatic interactions.

Experiments with synthetic analogs of GCN4 (Harbury
et al., 1993, 1994) ande nao designed peptides (Lovejoy
etal., 1993; Betz et al., 1995; Lumb & Kim, 1995a) showed
that the types of residue in the hydrophobic core could
influence the oligomeric states of coiled-coils. In GCN4, it
was shown that a homogeneous isoleucine interfaand
d) resulted in a trimeric coiled-coil (Harbury et al., 1994),
and substitution of leucine into tlapositions in this trimeric
helix can favor tetramer formation (Harbury et al., 1993). It
is apparent that, in the case of wild-type GCN4, the presence
of a pair of Asn residues in tha position of the central
heptad provides sufficient destabilization energy to disfavor
the formation of oligomers while permitting the formation
of a homodimer.

Although many investigations have studied the parameters
that govern the stability of the coiled-coil structure, the
dynamics or the kinetics of the association and dissociation
processes are poorly understood. There have been only
few reports which related directly to the kinetics of coiled-
coil formation or dissociation (Mo et al., 1991; Pernelle et
al., 1993; Patel et al., 1994; Wendt et al., 1995; Zitzewitz et
al., 1995). The knowledge of the formation kinetics is not
only of theoretical interest, but it is actually of practical
concern. In the case of transcription factors, the rate of
formation into a functional dimer or the rate of dissociation
from such a state could affect gene regulation directly.
Furthermore, the coiled-coil domain has been used increas
ingly for novel applications. For example, the generation
of miniantibodies by the fusion of a coiled-coil domain to
the F, subunits (Pack & Pluckthun 1992; Pack et al., 1995),
assembly of soluble T-cell receptor (Chang et al., 1994) and
IL-2 receptor (Wu et al., 1994, 1995), and the construction
of chimeric proteins including transcription factors by the
fusion of a coiled-coil dimerization domain to the functional
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the coiled-coil domain as a dimerization motif. Therefore,
the understanding of coiled-coil formation from a kinetic
viewpoint becomes more important.

The goal of this investigation is two-fold. Firstd@ nao
designed heterodimeric coiled-coil (E/K coil) that is suitable
as a general dimerization domain is described; and second,
this designed protein is used to test the applicability of the
surface plasmon resonance (SPREhnique (Josson et al.,
1991; Karlsson et al., 1991) to study the coiled-coil formation
kinetics. The SPR technique has been used successfully to
study the kinetics of a number of bimolecular interactions
including that of antigerrantibody [Green et al., 1993;
Lonberg et al., 1994; please s@éelmmunol. Methodsvol.

183 (1), for a special issue on the uses of biosensors in
immunology], proteinr-DNA (Bondeson et al., 1993; Fisher

et al., 1994), and receptoligand interactions (Bartley et
al., 1994; Seth & Stern, 1994; Wu et al., 1995). Experi-
mentally, it involves the immobilization of one of two
interacting species to a dextran-coated gold surface and
monitoring the binding of its partner presented in the solution
phase. The instrument (BlIAcore, Pharmacia) monitors the
changes in the refractive index as a result of binding and
reports the interaction in real time. The entire cycle of
surface preparation, sample injection, surface regeneration,
and data collection is completely automated. Thus it is
possible to design and execute a large set of kinetic
experiments rapidly and conveniently. To our knowledge,
this is the first report that describes the use of the biosensor
technology to study coiled-coil formation.

MATERIALS AND METHODS

Peptide Synthesis and PurificationThe peptides were
synthesized by solid-phase peptide synthesis methodology
using a benzhydrylamine hydrochloride resin with conven-
tional N-tert-butyloxycarbonyl {-Boc) chemistry on an
Applied Biosystems Model 430A peptide synthesizer (Foster
City, CA) as described previously (Hodges et al., 1988). The
peptides were cleaved by a mixture of hydrogen fluoride (20
mL/g resin), anisole (10%), and 1,2-ethanedithiol (2%) for
1.5 hat—5°C. Crude peptides were extracted with glacial
acetic acid and lyophilized. Freeze-dried material was

éjissolved in 10% acetic acid, and the solubilized peptides

were purified by reversed-phase high-performance liquid
chromatography (HPLC) on a Beckman System Gold HPLC
system (San Ramon, California) using a Synchropak RP-4
preparative C8 column (250 21.1 mm i.d., 6.5tm particle
size, 300 A pore size) (Synchrom, Lafayette, IN). A linear

AB gradient of 0.2% B/min, where solvent A was 0.05%

trifluoroacetic acid (TFA) in water and solvent B is 0.05%
TFA in acetonitrile, and a flow rate of 5 mL/min were used
to elute the peptide. Purity of the peptide was confirmed
by reversed-phase analytical HPLC using a Zorbax SB 300
C8 column (250x 4.6 mm i.d., 5um particle size, 300 A
pore size) (Rockland Technologies, Wilmington, DE) on a
Hewlett Packard 1090 chromatography with a linear AB
gradient of 2% B/min and a flow rate of 1 mL/min with
solvents A and B the same as described above. The

domain of interest (Schmidt-Dorr et al., 1991; Taylor et al.,
1991; Granger-Schnarr et al., 1992; Francis et al., 1995;
Ottermann & Mekalanos, 1995; Sollerbrant et al., 1995).

1 Abbreviations: TFA, trifluoroacetic acid; GdnHCI, guanidine
hydrochloride; EDCN-ethyl-N'-(3-diethylaminopropyl)carbodiimide;
NHS, N-hydroxysuccinimide; PDEA, 2-(2-pyridinyldithio)ethaneamine;
CD, circular dichroism; SPR, surface plasmon resonance; RU, resonance

These few examples reveal the increased interest in usingunit.
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homogeneity and identity of the peptide were verified by The program allows for the simultaneous fitting of up to 15
amino acid analysis and mass spectrometry. For amino aciddata sets or 8000 data points. Equilibrium data are analyzed
analysis, peptides were hydrolyzed in 6 N HCI at 160 °C by

for 1.5 h in sealed evacuated tubes. Hydrolysed material

was analyzed in a Beckman Model 6300 amino acid analyzer n n o)

(San Ramon, CA). Electrospray mass spectrometry was Ciotat = OC + ZCi(r) =oc+ ZKl,icl(r) (2)
performed using a Fisons VG Quattro mass spectrometer = =
(VG Biotech, Cheshire, England). The concentrations of the
peptide solutions used in this study are obtained by amino
acid analysis.

Circular Dichroism Spectroscopy.CD spectra were
recorded on a Jasco J-500C spectropolarimeter (Jasco
Easton, MD) equipped with a Jasco IF500 Il interface linked
to an IBM PS/2 computer running the Jasco DP-500/PS2
system software (version 1.33a). The temperature of the
cuvette holder is controlled by a Lauda model RMS water
bath (Brinkman Instruments, Rexdale, ON). The spectropo- n
larimeter was calibrated with an aqueous solution of recrys- Cy(r) = Cy o explo(§ — &) — 2B Gi(1)] (3)
tallized d;o-(+)-camphorsulfonic acid at 290.5 nm. The &
results are expressed as mean residue molar ellipti@ty [

wheredc is the concentration offset of the first data point,
Ci(r) is the concentration of thith species at radius n is

the total number of species present in the model being used
for fitting and can be between 1 (no association) to a
maximum of 5 allowed by the program, aid; and q(i)

are the association constant and the degree of association
for the ith associated species, respectively. For fitting
purposes, the terr@,(r) is expanded to

(deg cnt dmol1) which was calculated from whereC, o is the monomer concentration at the first point
of the data set{ and{, are the experimental and reference
[6] = ([O],ps x MRW)/(10 x | x C) (1) r3/2 values, respectivelyB is the colligative second virial

coefficient, ands is the reduced molecular weight as defined

where P]ossis the observed ellipticity expressed in millide- by o = [M; (1— vp)w?)/RT. M, is the monomer molecular
grees, MRW is the mean residue molecular weight (molec- weight, v is the partial specific volumep is the solvent
ular weight of the peptide divided by the number of the density, andv is the rotor speed in radians per second. The
amino acids)) is the optical pathlength in cm, amds the variables that can be fitted by the program aceln Cy, qi
final peptide concentration in mg/mL. For wave scans, CD In Ky, o, andB. Several associative models were tested.
spectra were the average of four scans obtained by collectingThese included but were not limited to monomserdimer,
data at 0.1 nm intervals from 250 to 195 nm. For urea and monomer== tetramer, monomes= dimer == tetramer, and
GdnHCI denaturation, and peptide concentration dependencalimer<== tetramer equilibrium. A 95% confidence interval
studies, changes in the helical content of the samples werewas set, and parameter convergence was assumed when
monitored at 222 nm and 2C. The buffer was 50 mM  fraction change in variance was less thar 107 (program
potassium phosphate, 100 mM KCI, and 10 mM DTT (pH defaults). Since the E and K peptides were not observed to
7.0). For the peptide concentration dependence study, a stoclself-associate, a “pseudo” monomer with an average molec-
solution of E/K coil (100uM) was diluted serially by a 10  ular weight of the E and K peptide was used for fitting
mM potassium phosphate, 0.1 mM DTT buffer (pH 7.0), (Lebowitz et al., 1994).
and the changes in helical content upon dilution were Surface Plasmon Resonance Measuremeftrmation
monitored at 222 nm as before. Each data point is the of the heterodimeric coiled-coil was monitored in real time
average of at least 24 measurements. using the BlAcore biosensor system (Pharmacia Biosensor

Sedimentation Equilibrium.Sedimentation equilibrium  AB, Uppsala, Sweden). The system reports changes in the
experiments were performed at 20 on a Beckman Model  refractive index near the metal surface (sensor chip) by
E analytical ultracentrifuge equipped with electronic speed detecting the changes in the angle of the incident light at
control and Rayleigh interference optics. Samples were first which surface plasmon resonance occur. The principle and
dialyzed exhaustively against 50 mM potassium phosphate,application of SPR detection to monitor a bimolecular
100 mM KCI, and 10 mM DTT (pH 7.0) at 4C. A 100 interaction on the metal surface has been described in details
uL aliqguot was loaded into the 12 mm double-sector, elsewhere (Jusson et al., 1991; Karlsson et al., 1991).
charcoal-filled Epon cell and runs (48 h) with rotor speed at SPR-Peptide ImmobilizationCoupling of the peptides (E
16K, 18K, 22K, and 26K rpm were performed. Samples and K) to the sensor chip CM5 was performed by the ligand
were loaded at the initial total peptide concentrations thiol method (Johnsson et al.,, 1991). Each peptide was
(equimolar concentrations of the E and K peptides) of 318 immobilized to produce a high (E: 170 RU and K: 455 RU)
uM (18K and 26K rpm), 54uM (16K and 22K rpm), and  and a low (E: 51 RU and K: 63 RU) density surface for
513 uM (22K rpm). The partial specific volumes of the the kinetic runs. Thus, a total of four surfaces were used
peptides were calculated using the program SEQSEE (Wishartfor the kinetic measurements. To generate the E high density
et al., 1994; Cohn & Edsall, 1943) [E 0.73 mL/g, K= surface, a continuous flow of HBS buffer (10 mM Hepes,
0.76 mL/g, E/K= (E/K), = 0.75 mL/g]. The density of pH 7.5, 150 mM NacCl, 3.4 mM EDTA, 0.05% Tween 20)
the solvent was calculated to be 1.0045 g/mL. Equilibrium over the sensor chip was maintained ail3Bmin. A 10 uL
photographs were taken at the end of the run and fringeinjection of a solution containing 0.2 MN-ethylN'-(3-
counts were performed on a Nikon Model 6C microcom- diethylaminopropyl)carbodiimide (EDC) and 0.0%-hy-
parator. The results from all five runs were analyzed globally droxysuccinimide (NHS) was used to activate the carboxy-
by the program NONLIN (Nonlinear Least Squares Analysis lated dextran surface. This was followed by a 20
of Sedimentation Equilibrium Data) of Johnson et al. (1981). injection of 80 mM 2-(2-pyridinyldithio)ethaneamine (PDEA)
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in 0.1 M borate buffer, pH 8.5. Then 28 of a E peptide
solution (3.5¢g/mL in 50 mM formate, pH 4.0) was injected.
The peptide was immobilized to the treated surface viathiol
disulfide exchange reaction. To obtain the E low density
surface, only 5L of the EDC/NHS mixture, 1@L of the
PDEA, and 1%L of the same peptide solution were used.
The same immobilization protocol employed for the genera-
tion of the low density E surface was used to generate both
K surfaces. In this case, a K peptide solution of @gdmL
(15uL) in the formate buffer was used to generate the high
density surface, and a peptide solution of Oi@BmL (15
uL) was used to produce the low density surface.

SPR-Peptide Modification by BiocytirSince the changes

Chao et al.
RESULTS

The peptides E and K are designed to form a heterodimeric
coiled-coil (E/K) in neutral pH rather than the homodimers
of E/E and K/K. These structural selectivity requirements
are central to the usefulness of this coiled-coil as a het-
erodimerization domain. In order to achieve these goals,
the design incorporated favorable interchain electrostatic
interactions at the andg positions for the heterodimer and
selected a complementary stable hydrophobic carand
d).

For the electrostatic feature, the heterodimer contains 10
pairs of glutamate and lysine residues with the potential to
form e andg salt bridges. The methylene groups of these

in refractive index as a result of coiled-coil formation on charged side chains could also contribute to the core
the sensor surface is relatively small due to the low molecular hydrophobicity upon the formation of the salt bridges and
weight of interacting species, the peptide (either E or K) that further increase the overall stability as it was shown in the
passes over the sensor chip was modified with biocytin GCN4 structure. The favorable electrostatic interactions in
maleimide (biotin maleimide derivative) and streptavidin. the e andg positions of the heterodimer together with the

This effectively increases the molecular weight of the dimer unfavorable electrostatic repulsions in the similar positions

by a factor of 8.0, thus significantly improving the signal to of the homodimers (E/E and K/K) provide for the preference
noise ratio. of the E/K heterodimeric conformation (Zhou et al., 1994b;

The protocol used for the derivatization of the peptides qur? er: ZI" 139?' fthe E/K coil i tructed with
by biocytin maleimide was modified from that of Bayer et € nydrophobic core ot the coil IS constructed wi

o - i L : ) the amino acids valineaj and leucine ). These are
a!. (1985)' B|ot|n.male|m|de [3N-maleimidylpropionyl) abundant residues found in natural coiled-coil sequences
biocytin (1.1 mg); Molecular Probes, Eugene, OR] was

dissolved in 400uL of dimethyiformamide and added (Cohen & Parry, 1990) and synthetic peptides bearing these

. . residues at tha andd positions seemed to favor mostly a
dropwise to 3 .”?L of 10 mM _potassmm phosphat_e buf_fer dimeric conformation (Graddis et al., 1993; Harbury et al.,
(pH 7.4) containing 2 mg of either the E or K peptide with gq3. 71y, et al,, 1993; Kohn et al., 1995). This contrasts
constant stirring at room temperature. This gives a reaction

. : N 2 with an all leucine interface which could favor higher order
ratio of approximately 5 mol of biocytin maleimide to 1 mol aggregates (Harbury et al., 1993; Lovejoy et al., 1993; Lumb

of peptide. The modification was allowed to proceed for 3 g kim, 1995a). Although a leucine and valine hydrophobic
h, and the biotin-labeled peptide was purified by reversed- core would be less stable than an all leucine one (Zhu et al.,
phase HPLC using a Vydac C18 column (250 mm10 1993), the loss in stability is partially compensated by the
mm i.d., 5um particle size, and 300 A pore size) (Supelco interchain salt bridges and, more importantly, a weaker
Canada, Mississauga, ON) with solvents and elution condi- hydrophobic core is more likely to be sensitive to modulation
tion the same as described for the purification of the crude by thee—g interchain electrostatic interactions in the drive
peptide. The identity and homogeneity of the modified to form a heterodimer.
peptide was assessed by mass spectrometry. The helical wheel representation of the designed het-
For all kinetics experiments, streptavidin is added to the erodimeric coiled-coil which incorporated features described
biotin modified peptide solution at a 10-fold higher molar above is shown in Figure 1. The E peptide has five heptad
concentration than the biotinylated peptide. This was to (9-a-b-c-d-efrepeats of the sequence E-V-S-A-L-E-K while
ensure a preponderance of 1 mol of streptavidin to 1 mol of the K peptide heptad sequence is K-V-S-A-L-K-E. A
biotin-labeled peptide given the multivalencey of streptavidin flexible linker, C(nL)GGG (nL= norleucine), is attached
for biotin. to the C-terminus of the E peptide, and a similar one is joined

o . to the N-terminus of the K peptide. The cysteine residue of
. bkt Ex.perm."nents The .BIAcor'e . the linker provides the necessary thiol functional group for
instrument was programmed for iterative cycles in the kinetic ligation to the sensor chip and serves as the acceptor for

experiments. Each cycle composed of (1) a 300 s peptidepigtin for the BIAcore studies. The norleucine is included
injection phase, (2) a 300 s dissociation phase, and (3) a 60 the linker sequence to serve as an internal standard for
s regeneration phase. A flow rate of A/min was  amino acid analysis. A tyrosine residue is added to the
maintained throughout the cycle. HBS was used as the N-terminus of the E-peptide for a purpose unrelated to this
running and peptide buffer. An injection ol of 10 mM study.

NaOH was used to regenerate the surface. For the E Thede nao designed E and K peptides prefer to form a
surfaces, the concentrations of biotin-K peptide used were heterodimeric coiled-coil (E/K) under benign conditions and
10, 25, 50, and 75 nM. For the K surfaces, the concentrationsat moderate concentrations. As shown in Figure 2, a solution
of biotin-E peptide used were 50, 70, 100, and 150 nM. The containing 2QuM of the peptides (1&M each of E and K)
SPR signal was recorded in real time with sampling at every generated a CD spectrum characteristic of a fully helical
0.5 s and plotted as RU versus time (sensorgram). Eachconformation with minima near 208 and 222 nm. In contrast,
sensorgram obtained was corrected by subtracting the initialthe CD spectra of the individual peptides consisted of
level of SPR signal and resetting the time of injection as the significant random coil structure. The ratio dB[>2, vs
origin for the purpose of data presentation and data analysis[®]s Of the heterodimer is 1.07, which is consistent with
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Ficure 1. Helical wheel representation of the heterodimeric parallel
E/K coil. The direction of the propagation of the polypeptide chain
is into the page from the N- to the C-terminus. The E peptide is
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made up of five heptad (g-a-b-c-d-e-f) repeats of the sequence E-V-FIGURE 3: Protein concentration dependence of the mean residue
S-A-L-E-K and the K peptide consists of the same number of heptad molar ellipticity at 222 nm @].2) of the E/K coil. The Pla»

repeats with the sequence K-V-S-A-L-K-E. A linker sequence,
C-nL-G-G-G (nL= norleucine) is added to the C-terminus of the
E peptide and the N-terminus of the K peptide. The N-terminal

(®) was measured at Z&« in a 10 mM phosphate, 0.1 mM DTT,
pH 7.0 buffer in cells with various path lengths (0.02, 0.05, and
1.0 cm), depending on the peptide concentration. The data are fitted

tyrosine (YO) of the E-peptide is present for a purpose unrelated to to a monomer= dimer model {-).

this study. This diagram also depicts thea d—d' hydrophobic
interactions and the potentiakg, g —e interchain electrostatic
interactions.
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FiGure 2: CD spectra of the heterodimeric E/K coMl), the E
(¥), and the K @) peptide. Spectra were recorded at°’#0in a 50
mM phosphate, 100 mM KCI, 10 mM DTT, pH 7.0 buffer. Protein
concentrations were 20M for the E and K peptides and 1M
each for the E and K peptides in the E/K coil sample.

250

previous observations that a coiled-coil structure will have

a value greater than unity (Lau et al., 1984; Hodges et al.,

1988; Graddis et al., 1993). Similar spectral profiles were
obtained at 23«M (1 mg/mL), a concentration at which

the predominant molecular species is still a dimer as

was increased from 0.0375 to 9. Significant [0]222
values above baseline remained at the lowest peptide
concentration (0.0375«M) studied. Qualitatively, this
suggested a small equilibrium dissociation constigy. (n
order to estimate the value of tig for the dissociation of
the dimer, the data (Figure 3) were fitted to a monomer
dimer model:

Mg + My = Dgi (4)
where Mt and M are the respective monomeric E and K
peptide, and Bk denotes the heterodimeric folded species.
In this model, theKy is defined as

Kq= IMEIMJ/D] g = 2P(1 — ff)zlff )
whereP; is total peptide concentration, afids the fraction
folded. f; is obtained from the changes i®]..x

fr = ([©], — [@] /([®]; — [6].) (6)

where P], is the observed molar ellipticityd], is the molar
ellipticity for the unfolded monomer, which is taken to be
—9500 deg crhidmol* (Figure 2), and @]y, which is the
molar ellipticity of the folded coiled-coil, is a fitted
parameter. Combining eqs 5 and 6 yields eq 7 for curve
fitting:

In K= In [2P(1 - ([©], — [6])/([©]; — [6]))¥
(([e], — [ely/((e]; — [e]))] (7)

TheKq derived is 2.45t+ 0.71 nM (Table 1), and thed];

suggested by the sedimentation equilibrium study (seeis —31760+ 152 deg cri dmol.

below).
The formation of the E/K dimer was concentration
dependent. The helical content of the E/K coiled-coil varied

The urea and GdnHCI denaturation profiles of the E/K
coiled-coil are displayed in Figure 4. Low peptide concen-
tration (20uM) was used to favor the monomer dimer

as a function of peptide concentration. Figure 3 showed thatequilibrium in order to obtain a free energy of unfolding for
[©]222decreased exponentially as total peptide concentrationthe heterodimer. Urea was not able to denature the coiled-
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6.0 v T v T

Table 1: Summary of Dimer to Monomer Dissociation Constants
(Kg) Estimated by the Various Methods

Kq? Kaanf Kaginearf Ka(nontinearf 50 -
(x10°M)  (x10°M)  (x10°M)  (x 10°M)

2.45+0.71 3.53+ 0.48 0.47+0.10 0.50+0.13

a Apparent dissociation constant and fitting error derived from
nonlinear least-squares fitting the ellipticity versus protein concentration
data to eq 7 (Figure 3¥.Kqeany dissociation constant estimated from
fitting the denaturation curve to a monomefimer model.° Kqgginear)
and Kgmoniinearj Calculated apparent dissociation constédatk() from
the biosensor kinetic experiments based on the linear and nonlinear
analyses, respectively. Tlkgandky values are presented in Table 3. 20 -
The averagedy from the four surfaces and the standard error are
presented here.

40 +
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Ficure 5: Sedimentation equilibrium studies on the E/K coil. The
samples were spun in a 50 mM phosphate, 100 mM KCI, 10 mM
DTT, pH 7.0 buffer for 48 h and 20C at various initial loading
concentrations and rotor speeds 613uM and 22K rpm;®, 318

uM and 18K rpm;v, 318uM and 26K rpm;v, 547 M and 16K
rpm; O, 547uM and 22K rpm. The data are fitted globally by the
program NONLIN. The raw data and the fitted curves for a dimer
= tetramer equilibrium are presented in the top panel. The
combined residuals of the fit are presented on the bottom panel.
Symbols in the residual plot correspond to data symbols from the

-20.0

[© 1, X 107 (deg.cm %.dmol )
73
(=)

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Denaturant (M) top panel. Inset: Calculated distribution of the dime) (and
FIGURE 4: Urea ©) and GdnHCI @) denaturation profiles of the  tetrameric ) species within the concentration range observed by
E/K coil. The peptide concentration was @M for both denatur-  the sedimentation experiments (0-5%33 mg/mL). The amount
ation experiments. The GdnHCL data were fitted to a monomer ~ Of monomer is insignificant at these concentrations and therefore
dimer model and the fitted curve—{ is also presented. omitted from the plot for clarity. The data are calculated based on

a dimer==tetramer association constant of 4.68.0° M~ derived

coil completely. Under these conditions, 55% of the folded from the global analysis.

ellipticity remained at 8 M urea. A combination of heat and
urea was ineffective in denaturing the coiled-coil fully. Less
than 15% of the starting helicity was lost at 88 in the
presence of 5 M urea (data not shown).

In contrast, GdnHCI was able to denature the coiled-coil.
A GdnHClhy, of 3.9 M was observed. Th&G, of unfolding 4.68 3.62°5.78 4442 42864602
of the dimer was estimated by fitting the data to a monomer 2Equilibrium association constant derived from the fitting of the

< dimer model described by the following equations (Milla Sedimentation data to a dimer (E/K) tetramer (E/Kjodel (RMS=
et al.. 1993: Fairman et al 1995). 1.23 x 107?). P Respective 95% confidence intervals of the fitted

parameters: Monomer molecular weight predicted for the given
association model. The calculated average molecular weight is 4311
[©], = f,([©], — ds[GdnHCI])+ (1 — f)([©]; + Da (4227 Da for the K peptide and 4394 Da for E peptide).

ns[GdnHCI]) (8)

Table 2: Results from the Sedimentation Equilibrium Runs after
Fitting to a Dimer== Tetramer Model

K 959 fitted monomet 95%
(x 1M  (x 1°M™Y weight (Da) (Da)

curve. TheAG, calculated was 11.2¢ 1.61 kcal/mol, and
f, = [—Kq+ (K + 8PK) /(4P) (9)  the resultingKs was 3.53+ 0.48 nM (Table 1).
The sedimentation equilibrium studies showed that the E/K
Ky = exp[(—AG, + m[GdnHCI)/RT)] (10) coil is capable of forming higher order aggregates at higher
peptide concentrations (Figure 5). Global analysis of the
wheref, is fraction unfolded, ds and ns are the slopes of the centrifugation data indicated the present data set is best
denatured and native baselin&g,the equilibrium dissocia-  described by a dimer= tetramer model with a weak
tion constantAG, is the free energy of unfoldingn is the association constant of 4.6810° M1 (Table 2). The fitted
negative slope of the plot of the free energy of unfolding RMS (square root of variance) was small (1.23.0?) and
versus GAnHCIR = 1.98 x 1072 kcal deg mol?, andT = the distribution of the residuals was scattered (Table 2 and
293 K. Figure 4 showed the experimental data and the fitted Figure 5). During the fitting procedure, the valuewtvas
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70 . T . . . vary for the final convergence. As shown in Table 2, the

an L i fitted monomer weight agrees well with the calculated value
and with reasonable symmetrical confidence interval, which

50 . indicates that the model used can describe the data ad-

equately. A theoretical calculation showing the distribution
of the dimeric and the tetrameric species within the concen-
7 tration range examined (0.55.33 mg/mL) by the centrifu-
gation experiments indicate that the dimeric E/K coil is
preferred up to about 2 mg/mL or 0.46 mM of the monomer
equivalent (Figure 5, inset).

The rate constants for the formation and dissociation of
the E/K coil were estimated using the BlAcore biosensor.
In order to improve the signal to noise ratio, the peptide that
7 was in the solution phase was biotinylated and then coupled

Ol SRR with streptavidin. Biotinylation did not impede the formation
L ‘ . . S of the E/K heterodimer in solution. The CD spectra of the

40
30
20

[©] x 103 (deg.cm?.dmol?)

200 210 220 230 240 250 solutions containing equimolar concentrations of biotinylated
Wavelength (nm) E and K peptide, and those of E and biotinylated K peptide

FIGURE 6: CD spectra of the heterodimeric biotinlyated E/K coil were virtually identical to that of the unmodified peptides

(@) and the E/biotinlyated K coil). Spectra were recorded at 20  (Figure 6).

°C in a 50 mM phosphate, 100 mM KCI, 10 mM DTT, pH 7.0 . . -

buffer. Protein concentration was 20/ for both set of samples. _The E and K peptides immobilized to the sensor surface
differently. Much less of the K peptide was required to

first fixed at the calculated average molecular weight of the achieve a coating density similar to that of the E-peptide.

monomer, while the other variables such asKnwere This is consistent with the electrostatic requirement for

allowed to float. Once initial approximates of the floating peptides to be immobilized to the negatively charged dextran

variables were obtained, the valuewivas also allowed to  surface. At pH 4.0 (the immobilization condition), the K
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Ficure 7: Overlaid sensorgrams showing the binding of the streptavidin/biotinylated K peptide to the (panel a) high density (170 RU) and
(panel b) low density (51 RU) E surfaces and the binding of the streptavidin/biotinylated E peptide to the (panel c) high density (455 RU)
and (panel d) low density (63 RU) K surfaces. Each kinetic cycle involved (1) a 300 s peptide injection phase, (2) a 300 s dissociation
phase, and (3) a 60 s regeneration phase (not shown). For the E surfaces, the concentrations of the biotinylated K peptide used were 10,
25, 50, and 75 nM. For the K surfaces, the concentrations of the biotinylated E peptide used were 50, 70, 100, and 150 nM. Experiments
were performed at 20C, and the SPR signal (RU) was recorded in real time with a sampling interval of 0.5 s. The data are presented after
substraction of the baseline and repositioning the time of injection to the origin.
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Ficure 8: Representative residual plots from the nonlinear least-squares analysis of the association (panel a) and dissociation (panel b)
phase of the SPR data. Two residual plots (the highest and lowest analyte concentrations) from each of the four sensor surfaces are shown.
The order of the plots for both panels a and b starting from the top are E surface (170 RU) and 10 nM K-streptavidin, E surface (51 RU)
75 and 10 nM K-streptavidin, K surface (455 RU) 150 and 50 nM E-streptavidin, and K surface (63 RU) 150 and 50 nM E-streptavidin.

peptide has a net charge #B.7 while the E peptide has a The dissociation rate constalkg) of the E/K heterodimer

net charge oft+3.3. However, the immobilized K peptide was estimated by analyzing the untransformed dissociation
was less accessible than the E peptide that was coated judginghase of each sensorgram by nonlinear least-squares fitting
from the relative maximum response that was observed underto the following equation (O’Shannessy et al., 1993):
similar running conditions and analyte concentrations.

The interaction of the E and K peptides on the biosensor R= R, exp[=ky(t = t,)] (11)
was specific. Control experiments (data not shown) showed ) _ _ L
that neither the biotinylated peptides nor the streptavidin WhereRis the response at tinieandR, is the initial response
alone interacted with the EDC/NHS/PDEA activated sensor &t Start timeto. The first 50 s of the dissociation phase was
surface significantly. The interaction of K-streptavidin to not used due to basel_lne |ns_tab|I|ty as a result of buffer
the corresponding E coated surface can be blocked by thechanges. Representative residual plots from each surface

presence of an excess amount of E peptide. A similar result&r® shown in Figure 8b. The_ randc_;m_ness of the residual
was also observed for the E-streptavidin and K-surface plots and the lack of systematic deviations greater than the

interaction when an excess amount of K peptide was present.?:as:()rngles'gnalr;?i:ﬁgﬁzl;gg?_?]tetZztlctglzgd?gﬂezsggxas a
There was no evidence found for E or K peptide self- PP :

interaction at the concentration ranges used for the kinetic each sensorgram were quite similar, the values ranged from
9 2.06 to 2.19x 10* s Table 3 summarizes the data

g)r;R/e\:\I/rt?ee:ghi|>?tJ?e(:t(;fslég::écﬁn;eizgesI\?vr;,\?leVlgstsh %erteescetﬁtd obtained. Instead qf listing 16 derived values, an average
" kq for each surface is reported.

Figure 7 displayed the sensorgrams of the various kinetic  The apparent association rate constégt ¢f coiled-coil
experiments performed. The data presented have beerformation on the sensor surface was determined by both the
adjusted by subtracting the baseline SPR signal at the starlinear (Karlsson et al., 1991) and nonlinear (O’Shannessy et
of the experiment and by repositioning the time of injection al., 1993) least-squares fitting procedures. The whole 300
to the origin. The profiles of the SPR signal from all four s association phase was used for both types of analyses. For
surfaces were qualitatively similar. All of them showed a the linear analysis, the association phase of each sensorgram
rapid SPR signal increase during the association phase ofwas first transformed to a plot ofRidt vs R (R is the
the experiment and a gradual signal reduction during the observed response unit). The resulting plot was linear which
dissociation phase. None of the experiments seemed to havesuggested that mass transport limitation was not apparent
reached surface saturation during the 300 s injection. under these conditions. Tlke(the slope value) was derived
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Table 3: Kinetic Constants Derived from the Surface Plasmon 007 b' ' ' ' o
Resonance Studies 0.06 - - 0.06
kaa kab kdC s 0.05 - -10.05
surface (x1PM1sY) (x1FPMtsh (x10%s) &
@ 04 - ~10.04
E(170RU)  7.41 0.56 573t 1.01 213015 s ™

E (51 RU) 7.35+0.71 7.58+ 1.69 2.10+0.18 n 0.03 | - 0.03
K(455RU)  1.56+0.17 1.76:020  2.19+0.15 Jom

K (63 RU) 1.78+ 0.48 1.994+ 0.50 2.06+ 0.16 002 ‘
average 4,53 0.62 4,27+ 0.82 2.124+0.16 0.01 1= ot
1 1 I L 1 1 I 1 0.00

a Apparent association rate constant determined by linear least-

0.00

0 20 40 60 80 0 20 40 60 80 100

squares analysis of the transformed data (Karlsson et al., 1991). The
value obtained from each surface and the error of the fit are presented.
b Apparent association rate constant determined by nonlinear least-
squares analysis of the untransformed data (O’Shannessy et al., 1993).
The averagedk, value for each surface and the standard errors are ¢ d
shown.c The estimated dissociation rate constant determined by
nonlinear least-squares analysis of the untransformed data (O’Shannessy >
et al., 1993). The averagéd value for each surface and the standard E
S
[72]

Peptide (nM)

error are shown.

from this plot by linear least-squares analysis and was plotted
against the concentratiorC) of the injected peptide used
on that surface (Figure 9). As shown by Karlsson et al.
(1991) theks vs C plot is in the form of

ks=k.C + ky (12) Peptide (M)

Thusk, can be extracted from the final plot by linear least Ficure 9: Plots of the slope valuek of the dR/dt vs R plot (not
squares fitting. The calculatel, for each surface is  shown) versus peptide concentrations for the high density (panel
presenied i Table 3. heoretcaly, ety ntrcept) can & 1100 419 B0 SUTECSS it oq e
also be denived fr_om thi vs C plot. quever,_|t has been_ (association rate )(l:oﬁstant) from each surface is gxtrac(:ed by linear
suggested that this extrapolated value is unreliable especiallyjeast-squares fitting.
when the actual value ofsks small, and it is preferable to
determine theky from the dissociation phase of the sensor- and dissociation. The derived parameter&pks, and the
gram as it is done here for these data (Karlsson et al., 1991).calculatedy, compared favorably with those obtained from

For the nonlinear analysis, untransformed sensorgramsequilibrium studies based on circular dichroism (Table 1)
were fitted to a model (eq 13) that describes a homogenousdespite the fact that in the SPR studies the coiled-coil was
single-site interaction between two molecules (O’'Shannessylinked to a streptavidin molecule. Although the derived rate
et al., 1993): constants were similar, there are important differences in the

experimental conditions which ought to be pointed out.
R=RJl-exp—(kC+k)t—t)]  (13) i g P

First, the SPR investigation is really measuring the rate
whereR is the response at timg Req is the steady-state  of adsorption and desorption of one peptide strand to its
response level (floating variablel, is the association rate  immobilized partner. As suggested by Ward et al. (1995),
constant,C is the molar concentration of analyte, is the this experimental condition is probably more analogous to
dissociation rate constant as determined aboveigsdhe guantitative affinity chromatography rather then solution
start time for the association. Representative residuals plotsphase bimolecular interaction. Therefore, the valuek,of
from each surface is shown in Figure 8a. Similar to the Or ka obtained described a special case of bimolecular
results from the dissociation phase nonlinear least-squaregnteraction where the mobility of one species is restricted.
analyses, the profile of the residual plots suggests the model Second, the SPR technique does not describe directly the
used was a reasonable approximation. conformational state of the coiled-coil dimer on the surface.

The apparenk, values determined from the four surfaces Unlike CD studies where the observed data are directly
by both type of analyses are presented in Table 3. In thecorrelated with conformation, the biosensor study is a
case of the nonlinear least-squares analysis, an avekaged reflection of reaction rates. Therefore, in the case of coiled-
from the four concentrations of the injected peptides and the coil kinetics, the results from the biosensor studies become
resulting standard error from each surface is shown. The meaningful only if the corresponding solution state model
apparent association rate constants determined were comis available. Under these assumptions, cross comparison of
parable among the different surfaces and between the twoa set of coiled-coil forming peptides become relevant and
methods of data analyses. The calculated dissociationuseful.
constantsKy (ki/ks) are also presented in Table 1. These On the basis of CD and sedimentation studies, it is clear
data suggested that the formation of the E/K dimer was rapid, that thede nao designed E and K peptides preferred the
and once it was formed, it dissociated slowly to the respective formation of a heterodimeric coiled-coil at moderate to low
monomers. peptide concentrations. The dimer was very stable as it was

formed at low peptide concentrations and showed resistance
RISCUSSION to urea denaturation. The corresponding srialreflects

This report indicates that the SPR technique can be usecthe stability of the dimer. From the biosensor studies, it was

successfully to study the kinetics of coiled-coil formation apparent that the stability of the dimer was manifested as a

TR S W (S TS DU N R NN N SR 17 7Y
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largek, and a smalky. A combination of high affinity for combination of slow dissociation and moderately fast as-
the each other (E and K peptide) and a slow release into thesociation kinetics.

monomers agreed with solution studies that the dimer was a The example presented here is but one of the many
stable entity under these conditions. scenarios that can be applied to the study of coiled-coils using

The discrepancy observed between the calculétgcbm the SPR technique. The inherent automation of the instru-
the SPR and CD based studies can be attributed to difference&nentation should make experiments that involve large scale
in the experimental conditions, adequacy of the models to Screening or systematic analysis more manageable and
describe the observations and the accuracy of the derivedefficiently performed.

arameters. On the biosensor, the predominant interaction
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