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ABSTRACT. Electron paramagnetic resonance spectroscopy was used to determine relative peptide orientation
within homodimerica-helical coiled-coil structures. Introduction of cysteine (Cys) residues into peptides/
proteins for spin labeling allows detection of their oligomerization from exchange broadening or dipolar
interactions between residues within 25 A of each other. Two synthetic peptides containing Cys substitutions
were used: a 35-residue model peptide and the 30-residue ProP peptide. The model peptide is known to
form a stable, parallel homodimeric coiled coil, which is partially destabilized by Cys substitutions at
heptad a and d positions (peptides C30a and C33d). The ProP peptide, a 30-residue synthetic peptide,
corresponds to residues 46897 of osmoregulatory transporter ProP fr&scherichia coli.lt forms a
relatively unstable, homodimeric coiled coil that is predicted to be antiparallel in orientation. Cys was
introduced in heptad g positions of the ProP peptide, near the N-terminus (K473C, creating peptide C473g)
or closer to the center of the sequence (E480C, creating peptide C480g). In contrast to the destabilizing
effect of Cys substitution at the core heptad a or d positions of model peptides C30a and C33d, circular
dichroism spectroscopy showed that Cys substitutions at the heptad g positions of the ProP peptide had
little or no effect on coiled-coil stability. Thermal denaturation analysis showed that spin labeling increased
the stability of the coiled coil for all peptides. Strong exchange broadening was detected for both C30a
and C33d, in agreement with a parallel structure. EPR spectra of C480g had a large hyperfine splitting of
about 90 G, indicative of strong dipotalipole interactions and a distance between spin-labeled residues

of less than 9 A. Spiaspin interactions were much weaker for C473g. These results supported the
hypothesis that the ProP peptide primarily formed an antiparallel coiled coil, since formation of a parallel
dimer should result in similar spirspin interactions for the spin-labeled Cys at both sites.

The study ofa-helical coiled-coil structures is providing  Oligomerization of peptides containing spin-labeled Cys
powerful insights into proteinrprotein interactions and the  residues can be detected from motional restriction of the spin
basis for new technologiesl), Electron paramagnetic label or exchange broadening if the spin-labeled sites are in
resonance (EPR¥pectroscopy of spin-labeled proteins is a close proximity or from dipolar interactions through space
powerful technique for detecting coiled-coil formation by between residues within 25 A of each other. Here we report
peptides/proteins. Cysteine (Cys) substitution at selected sitesapplication of this technique to detect formation of and deter-
or cysteine scanning through the sequence allows specificmine the orientation of homodimeriz-helical coiled coils.
labeling of those sites using Cys-specific spin lab&p ( Coiled coils consist of two, three, or four amphipathic
o-helices which wrap about each other in a left-handed super-
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Ficure 1: (a) Sequences of model peptides, native, C30a, and
C33d, with Cys substitutions highlighted and (b) sequences of the
ProP C-terminal replica of residues 46897, native, C473g, and
C480g, all shown in a proposed antiparallel alignment. Heptad a
through g positions are indicated. Lines indicatedaand d-a
interactions across the hydrophobic core. Cys substitutions are
highlighted. (c) Structure of MTS-SL in a disulfide linkage to
cysteine.
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(4). Motional restriction, exchange broadening, and dipolar
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substitution and spin labeling on the stability of the helical
coiled coils formed by this model peptide and by the ProP
peptide, a replica of a naturally occurring structure that is
believed to form an antiparallel, homodimeric coiled-coil
structure. Cys was introduced at heptad a position 30 or
heptad d position 33 in the model peptide, creating peptides
denoted C30a and C33d (Figure 1a). These peptides were
spin-labeled, and their propensity for coiled-coil formation
was determined in both unlabeled and labeled states.

Secondary transporter ProP fraascherichia coliis an
osmosensor and ‘Hosmoprotectant symportefl). ProP
activity is a function of medium osmolality in both intact
bacteria and, after purification, proteoliposomé&g&)( The
cytoplasmic C-terminal domain of ProP was predicted to
form ana-helical coiled coil since sequence analysis revealed
heptad repeats characteristic of coiled-coil structufé. (

A synthetic peptide corresponding to residues-4560 of
ProP was shown to form a dimeric coiled coil of low stability
in vitro (14), and residues 468497 were the minimum
required for coiled-coil formation2@). Deletion of residues
475-500 from ProP inactivated the protein in vivo, sug-
gesting a physiological role for this structurky.

The low stability of the coiled coil formed by the ProP
C-terminal domain was thought to result from the pres-
ence of Arg488 and His495 at heptad a positions. Replace-
ment of His495 with isoleucine in the synthetic peptide
stabilized the coiled coil, as expected, and caused it to
form higher order oligomers. However, replacement of R488
with isoleucine further destabilized the coiled coil formed
by the synthetic peptide. Interestingly, the R488I substitu-
tion dramatically increased the osmolality at which ProP
became active and reduced its ability to remain in an ac-
tive conformation {4). These results suggested that coiled-
coil formation by the C-terminal domain of ProP may be
required for its sustained activatiorlq). They further

broadening were detected for the heterotetrameric SNARE g ggested that the orientation of the coiled coil was anti-
complex containing two spin-labeled peptides, labeled at &, para|lel, stabilized by interchain electrostatic interactions
d, and other position$(-7). Similarly, exchange and dipolar  jnyolving R488 (L4).

broadening were observed for a 75-residue peptide replica

of the trimerization domain from the heat shock transcription
factor containing spin-labeled Cys in an e positi@nh All
of the above contained peptides in parallel orientation.

Despite all of these studies on parallel trimeric or tet-
rameric coiled coils, peptides which form parallel or anti-
parallel dimers have not yet been studied by this technique.
Further studies with model peptides containing spin-labeled
Cys at different positions are necessary in order to identify
heptad positions at which Cys can be introduced and spin-
labeled without significantly affecting coiled-coil stability.
Such sites must also be close enough within the coiled-coll
structure to allow detection of coiled-coil formation by EPR
spectroscopy. Replacement of alanine (Ala) with Cys in a
peptide forming a monomeria-helix was found to cause
some loss of helical structure, but spin labeling of the Cys
was helix supporting, similar to the effects of né+branched
aliphatic amino acids such as Ala, methionine (Met), and
leucine (Leu) 9). Similarly, the parallel, dimeric coiled-coil
structure of a 35-residue model peptide (Figure la) was
partially destabilized by substitution of Cys for Leu at a and
d positions 10).

In the present study we have used EPR and circular
dichroism (CD) spectroscopy to investigate the effect of Cys

A peptide corresponding to ProP residues 4887 was
synthesized with Cys substitutions to determine if coiled-
coil formation by a peptide replica of the C-terminus of ProP
would tolerate Cys substitution, whether it could be detected
by spin labeling, and whether the structure formed was
parallel or antiparallel. Cys was placed at g positions in order
not to decrease the stability of the coiled coil further.
Replacement of residues E480, near the center of the peptide
(creating peptide C480g), or K473, closer to the N-terminal
end (creating peptide C473g, Figure 1b), allowed us to
determine the orientation of the resulting peptide monomers
in the coiled coil. If the peptide forms an antiparallel
structure, the labeling at the central 480 sites should result
in stronger broadening than at the 473 sites, which will be
much more distant in an antiparallel than in a parallel coiled-
coil structure.

MATERIALS AND METHODS

Materials. Peptides with the sequences shown in Figure
la,b were synthesized as described earli6r14). The spin
label (1-oxy-2,2,5,5-tetramethylpyrroline-3-methyl)methaneth-
iosulfonate (MTS-SL) (Figure 1c) was from Toronto Re-
search Chemicals, Inc. (North York, Ontario).
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Spin Labeling of PeptideS'he peptides were dissolved concentration of C30a and C33d was 28l and that of
in deionized water at a concentration of 1 mg/mL. The pH C473g and C480g was about 10M as specified in Table
of the solution was adjusted to 7 by titration with 100 mM 2. The ratios of the CD signals at 22208 nm were
sodium bicarbonate, and nitrogen gas was slowly bubbled calculated. A ratio of above 1.00 is indicative of a coiled-
through the solution for 5 min. A 10-fold molar excess of coil structure whereas a ratio less than 1.00 suggests a non-
MTS-SL in dimethyl sulfoxide or dimethylformamide [to a coiled-coil structure. The effect of thermal denaturation on
final solvent concentration of 1.4% (v/v)] was then added the CD spectra was determined by heating from 5 t6@0
dropwise with stirring. The solutions of the C30a and C33d at a rate of 45°C/h. It was assumed that the peptides in
peptides and spin label were stirred at room temperature forbuffer were 100% folded at 5C and 0% folded at 80C in
2 h in an atmosphere of nitrogen. The mixture was then order to calculate the fraction folded at intermediate tem-
partially lyophilized to reduce the volume by 50% before peraturesT,s,, the temperature at which a 50% decrease in
purification. The solutions of the ProP peptides and spin label folding of the peptides occurred, was determined from a plot
were stirred in capped tubes at room temperature overnight.of fraction folded against temperature.
The spin-labeled peptides were purified on a reversed-phase
C18 HPLC column, 3.9 mm i.dx 300 mm (Waters, RESULTS
uBondapak), using a linear AB gradient, where A is 0.05%  Model Coiled-Coil Peptides C30a and C33tis-contain-
TFA and B is 0.05% TFA in acetonitrile at a gradient rate ing peptides C30a and C33d were shown earlier to form
of 0.75% B/min with a flow rate of 0.7 mL/min. For study stable parallel two-strandedhelical coiled coils 10). These
of unlabeled peptides, the thiol group was blocked with iodo- peptides were spin-labeled with MTS-SL in order to deter-
acetamide by adding a 5-fold molar excess of iodoacetamidemine if exchange broadening occurred for spin labels at these
to the peptide solution. The reaction was carried out® 4  positions and to what degree the spin label affected the
overnight. Purification of the blocked peptide was carried stability of the coiled coil. The CD spectra of spin-labeled
out as described for the spin-labeled peptide. Peptide C30a and C33d in buffer with and without 50% TFE are
concentrations were determined by amino acid analysis.shown in Figure 2. The molar elipticity value at 222 nm
Spectral integration and spin-label quantification for C30a indicates that the peptides are highiyhelical, and the fact
and C33d showed that the mole ratio of bound spin label to that TFE did not increase the magnitude of this value further
peptide was 0.9:1. Mass spectrometry analysis of the spin-indicates that the peptides were fully folded in buffer. For
labeled C480g and C473g showed that the peptides wereboth peptides in buffer, spin-labeled or not, the ratios of the
pure and that the mole ratio of bound spin label to peptide CD signals at 222208 nm were greater than 1, confirming
was 1:1. that they formed a coiled coil (Table 1). For both peptides

EPR Spectroscopyror EPR measurement, solutions of in TFE, the ratios were less than 1, indicating that the
the peptides C30a and C33d, at concentrations of 80 and 6&eptides formed a monomeric helical structure in this solvent.
uM, respectively, were made in 50 mM potassium phosphate Thermal denaturation (Figure 3) showed that the unlabeled
buffer containing 0.5 M KCI, pH 7.0. Guanidine hydrochlo- peptides formed very stable coiled coils wikh, values of
ride (GdnHCI) denaturation studies were carried out by 54.2 °C for C30a and 51.8C for C33d (Table 1). Spin
combining mixtures of a stock solution of peptide and a stock labeling increased thd;, values to 58.1 and 60.1C,
solution d 8 M Gdn-HCI, both in the above buffer, with  respectively, indicating an increase in stability of the coiled
buffer alone to give the appropriate GH#CI concentration coil. The spin label stabilized the coiled coil twice as much
and a constant peptide concentration. The ProP peptidesin position d (8.3°C increase irl;) compared to position
C473g and C480g, were dissolved at a concentration of 3a (3.9°C increase infys,), as would be expected due to the
mM in 50 mM potassium phosphate buffer, pH 7, containing more efficient packing at position d.Q).
0.1 M KCI and then diluted 1:1 with the same buffer with EPR spectra of MTS-SL bound to C30a and C33d are
and withou 8 M GdrrHCI. Samples were incubated for 1 h  shown in Figure 4. The spectrum of C30a consists of two
at room temperature before measurement of spectra at roontomponents, a sharp component due to a fraction of the spin
temperature. For exchange with unlabeled peptide, a solutionlabel that is mobile and not exchange broadened and an
of the labeled peptide was combined with a solution of the underlying broadened component. The latter is evident from
unlabeled iodoacetamide-blocked peptide to give a mole ratiothe increase in intensity above the baseline on the low-field
of labeled peptide to unlabeled peptide of 1:3. Spectra wereside and increase in intensity below the baseline on the high-
measured with time after addition of unlabeled peptide at field side. The broadened component is the major one
room temperature until no further change occurred. Spectraindicating that most of the peptide forms a coiled coil. The
of peptides C473g and C480g were also measured at 77 Kunbroadened spectral component may be due to unbound
in a dewar filled with liquid nitrogen. However, the large spin label or a small fraction of spin-labeled peptide that
degree of broadening obtained indicated that the peptideseither is a monomer or is in a coiled coil which is unraveled
may have aggregated at the low temperature, resulting inat the C-terminal end, causing the spin labels to be more
broadening independent of orientation. Spectra were mea-than 25 A apart. A broadened component is not obvious in
sured on a Bruker ECS106 EPR spectrometer at 10 mWthe spectrum of C33d. However, it is present in that spectrum
power. The motional parameter was calculated as describedalso, since exchange of unlabeled peptide for labeled peptide,
earlier (L6). added in a 3:1 mole ratio, caused an increase in intensity of

CD SpectroscopyCD spectra of spin-labeled and unla- the EPR peaks for both peptides due to loss of the exchange
beled reduced peptides (the latter in DTT) were acquired in broadening (Figure 5). This increase was significantly greater
50 mM potassium phosphate buffer containing 100 mM KCI for C30a than C33d (compare spectra in Figure 5 for C30a
at pH 7.5 and in this buffer containing 50% TFE. The after 5 and 375 min plotted normalized to the same amount
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401 both peptides is shown in Figure 7. The concentration of
C30a GdnrHCl required to give a 50% increase in spectral intensity
104 is a measure of the stability of the coiled coils. It was 2.2 M
o for C30a and 2.4 M for C33d. This is similar to the
concentration of GciiHCl required to attain 50% denatur-
20 ation of the reduced, unlabeled peptides as determined by
CD spectroscopy and reported earlier, 1.8 M for C30a and
10 2.0 M for C33d (0).
Peptide Replica of the C-Terminal Domain of Prafhe
CD spectra of the ProP peptide, its spin-labeled and non-
spin-labeled derivatives with amino acid substitution K473C
1 or E480C (peptides C473g and C480g), were similar (not
104 shown). None of these peptides were fully folded at the
concentration used (approximately 1Q®). In addition,
2 e thermal denaturation showed that the stability of the coiled
. | | T T | | coil formed by these peptides was much less than those of
190200 zmaveliﬁ' " (rfff]) 240250 the model parallel coiled-coil peptide or its derivatives C30a
40— g and C33dTy; values were 26.5 and 2& (Table 2) for the
ProP C-terminal peptides compared to a value abov&50
for C30a and C33d. Cys substitution at either K473 and E480
had no effect on the stability of the coiled coil. In contrast,
C33d spin labeling the introduced Cys increased the stabilities of
N\ 2 the peptides with these substitutions. Spin labeling of C480g
increased thély, value by 10.5°C compared to £C for
spin-labeled C473g (Table 2). Thus the spin label contributes
10 more stability when added to the central heptad than the more
peripheral heptad.
It was found earlier that the amount of dimer formed

by a peptide replica of the C-terminus of ProP (residues
1 456-500) increased with peptide concentration, and at 1.5
10 1 mM, only a dimer was detected by sedimentation equilibrium

2 — NoTFE ultracentrifugation 14). Therefore, we measured the EPR
T SOTRE spectra of 1.5 mM solutions of spin-labeled peptides C473g
and C480g, shown in Figure 8A, normalized to the
same amount of spin label. The lower intensity of the
spectrum of labeled peptide C480g indicates that a larger
FIGURE 2: CD spectra of C30a and C33d in 50 mM potassium Percentage of the spectrum is broadened but the residual
phosphate buffer, pH 7.5, containing 100 mM KCI, with (curve 1) narrow spectral component appears narrower than that in the
and without (curve 2) 50% TFE. spectrum of peptide C473g. The spectra of both peptides
are also shown plotted out to a larger scale in Figure 8B so
of spin-labeled C30a and spectra for C33d after 1.5 and 245that the underlying broad spectral component present for
min plotted normalized to the same amount of spin-labeled C480g can be seen. This reveals a very broad component
C33d). However, the fact that some increase in intensity with peaks separated by almost 90 G. This component was
occurred for C33d indicates that some broadening of the not seen in the spectrum of C473g. Such large splitting has
spectrum of C33d also occurred when only labeled peptide been observed only for proteins with two nitroxides sep-
was present (Figure 4). The loss of broadening reveals thearated by less than 15 A7(17, 18) and is due to rota-
true line shape of the spectra of the spin-labeled peptidestional dipolar relaxation. It occurs also in the spectrum of
and shows that the spin label bound to C30a is less mobileCc30a in Figure 4, but the spectral component is less dis-
than that bound to C33d. The very sharp component in thetinct. Rotational dipolar relaxation can be observed only
spectrum of C30a is still present in the spectrum after dilution for proteins with a rotational correlation time less than
with unlabeled peptide (apparent on the high-field side) and r3h/37g252 wherer, h, g, andg are the interspin distance,
can now be seen clearly to be due to a small percentage ofthe Planck constant, the electromjdfactor, and the Bohr
the total spin label. magneton, respectivelyl®. Small rotational correlation
Denaturation of the peptides with GEHCl caused alarge  times are to be expected for small peptides such as those
increase in intensity of the spectrum of both peptides, used in the current study. In the case of lysozyme, with 164
partly due to increased mobility but mainly due to loss of residues and a rotational correlation time of 6 ns, similar
exchange broadening following disruption of structure (com- broadening was observed for nitroxidesd A apart (18,
pare spectra of C30a plotted normalized to the same 19). Double integration of the spectrum of C480g in Figure
amount of spin-labeled C30a and spectra of C33d plotted 8 showed that 80% of the spin label contributed to the broad
normalized to the same amount of spin-labeled C33d, be-component with large hyperfine splitting. The residual sharp
fore and after addition of GAHICI in Figure 6). The de-  spectral component observed for C480g, resulting from 20%
pendence of spectral intensity on GHEI concentration for of the spin label, is probably due to undimerized or denatured

Molar Elipticity (deg cm* dmol)

Molar Elipticity (deg cm? dmol”)

T T T T 1
180 200 210 220 230 240 250

Wavelength (nm)
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Table 1: Impact of Spin Labeling on Coiled-Coil Stability for the Model Peptide

C30a C33d
unlabeled spin labeled unlabeled spin labeled
buffer TFE buffer TFE buffer TFE buffer TFE
ratic® (222/208) 11 0.95 1.03 0.86 11 0.89 1.03 0.84
Tuz2 (°C)P° 542+ 0.1 nd 58.1+ 0.1 nd 51.8t£0.1 nd 60.0+ 0.1 nd

aRatio of CD signal at 222 nm to that at 208 nbrithermal denaturation measured by CD spectroscopgl.= not determined.
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091 Ficure 4: EPR spectra at room temperature of C30a and C33d,
og plotted at similar center peak heights.
-
@
% 077 peptide labeled at either site (Figure 9), indicating that the
Ll 05 spectrum of completely labeled C473g is also broadened
5 05 somewhat due to spirspin interactions, although they are
e much weaker than for C480g. The resulting nonbroadened
IE 04 2 spectra of C473g and C480g in the presence of unlabeled
03 1 peptide are similar to each other (Figure 9) with motional
' parameters (similar to the correlation time) of 1.3 and 1.5
0.2+ C33d ns, respectively. The smaller increase in intensity observed
04 for C480g (Table 3) indicates tha 3 to lexcess of un-
labeled peptide was not enough to eliminate dimers con-
00+ | | . | = taining two spin labels, and thus it did not completely
0 20 40 &0 g0 100 eliminate broadening for C480g. Additiori 4 M Gdn-HCI

Temperature ('C) eliminated dimerization and secondary structure, resulting
Ficure 3: Thermal denaturation of C30a and C33d, in 50 mM in a large increase in intensity of the spectra of the peptide

potassium phosphate buffer, pH 7.5, containing 100 mM KCl, |apeled at both sites (Table 3) and a further increase in
determined by CD spectroscopy as described in Materials and

Methods. Data for unlabeled (black points, curve 1) and spin- mqbility of the probe (not shown_). The much g_rea_ter broad-
labeled (red points, curve 2) peptides are shown. A smooth curve €Ning observed for C480g relative to C473g indicates that

(solid line) was fit to the data by nonlinear regression, and the the labels in the peptide dimer are closer together for C480g
temperature Ty2) at which the peptides were 50% folded was than for C473g.
determined.

. o . DISCUSSION

peptide. A similar sharp component may also be in the
spectrum of C473g (Figure 8) but cannot be distinguished Despite several studies using EPR to determine structural
from the predominant spectral component which is indicative information about coiled coils, little has been reported on
of somewhat slower motion. the influence of Cys substitution in various heptad positions

Dilution of the labeled peptides with unlabeled peptide in and spin labeling of those Cys on the stability of such
a 1:3 mole ratio resulted in a large increase in signal intensity structures. Furthermore, this technique has not been previ-
(Table 3) and the loss of observable broadening for the ously applied to dimeric coiled coils or to antiparallel coiled
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3300 3325 3350 3375 3400 Ficure 6: Effect on the spectra of C30a and C33d of addition of
Gauss GdrrHCI. Panels: C30a, no GedCl; C30a plus 3.7 M GdtHClI

Ficure 5: Effect on the spectra of C30a and C33d of exchange (Gdn). Both are shown plotted normalized to the same amount of
with unlabeled peptide at a mole ratio of unlabeled to labeled SPIn label to show the large increase in intensity after denaturation
peptide of 3:1. Panels: C30a 5 min after addition of unlabeled With GdrrHCI. Panels: C33d, no GeHCI; C33d plus 3.5 M Gdn
peptide; C30a 375 min after addition of unlabeled peptide. Both HCI. Both are shown plotted normalized to the same amount of
are plotted normalized to the same amount of spin label to show SPIN label.

the increase in intensity which occurs after exchange with unlabeled

peptide and loss of exchange broadening. Panels: C33d 1.5 minof the coiled coil. For example, adding a hydrophobic residue

after addition of unlabeled peptide; C33d 245 min after addition like Leu at position g has been shown to dramatically

of unlabeled peptide. Both are plotted normalized to the same . - . .

amount of spin label. increase the stability of a GCN4-like coiled cdillj. Further,
substitutions that increase stability have a greater effect near

coils. To characterize the effect of Cys subsitution and spin the center of a coiled coil than those closer to the ends be-
labeling on dimeric coiled-coil stability and to determine the cause the ends of a coiled coil are more dynar2®).(This
orientation of the ProP peptide coiled coil, we performed likely accounts for the greater increase in stability caused
Cys substitutions and spin labeling thereof on two different by spin labeling of Cys 480, near the center of the ProP pep-
peptides which form dimeric coiled coils. Substitution of Cys tide, compared to Cys 473, near the N-terminus (Figure 1b).
for Leu at a or d positions in a 35-residue two-stranded The EPR spectra of spin-labeled C30a and C33d show
parallel coiled-coil model peptide was shown to partially that coiled-coil formation caused exchange and dipolar
destabilize the coiled-coil structurg@). Therefore, Cys was  broadening of the spectra in both cases although the effect
substitutedn a g position for residues E480 or K473 in the was much weaker for C33d than C30a. A smaller fraction
ProP C-terminal peptide, where we found that it had no effect of the spin-labeled C33d resulted in a broadened spectrum
on the stability of the coiled coil. For all peptides, the thermal than for C30a, and the spectrum of C33d was dominated by
and GdrHCI denaturation studies show that spin labeling a nonbroadened spectral component. Since the CD spectra
the introduced Cys residues had a stabilizing effect on the indicated that the spin-labeled peptides were fully helical in
coiled-coil structure. Thus spin-labeled Cys in these peptidesboth cases, this may indicate that the end of the coil is
may share the helix-supporting nature of unbranched aliphaticsomewhat unraveled, resulting in less probability of interac-
side chains found for spin-labeled Cys in monomeric helices tion of the spin labels at position 33, near the end of the
(9). The disulfide bond joining the spin label to Cys is peptide, than at position 30. Neither spin-labeled site was
thought to interact with the peptide backbon20)( In significantly motionally restricted by coiled-coil formation
addition, for the spin-labeled Cys in the g position, the spin despite the fact that they are at the hydrophobic core of the
label can lie across and interact with the hydrophobic core coiled coil. This is likely due to the rapid tumbling of the
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© FiIGUuRe 8: EPR spectra at room temperature of C473g (dotted line)
and C480g (solid line) in 50 mM potassium phosphate buffer, pH
7, containing 0.1 M KCI, plotted normalized to the same amount
of spin label. The same spectra are shown amplified @0 the
0 lower panel. Broad peaks with large splitting are indicated by arrows
00 05 10 15 20 25 30 35 40 on the low- and high-field sides and were seen only for C480g.
Gdn *HCI [M] Table 3: Spir-Spin Interactions in Coiled Coils of Spin-Labeled
Ficure 7: Dependence of intensity of the EPR spectrum (height C480g and C473g Inhibited by Denaturation or Dilution with
of center line) of C30a and C33d on concentration of Gifil. A Unlabeled Peptide
smooth curve (solid line) was fit to the data, and the Gt relative amplitudes
concentration at which the height was increased by 50% of the "
maximum observed was determined. condition C480g Car3g
benign buffer, pH 7.0 18.6 86
Table 2: Impact of Spin Labeling on Coiled-Coil Stability for the 4 M GdrHCI 70.4 109
ProP Peptide unlabeled/labeled (3:1) 43 134
peptide peptide concmi) Tu2(°C)P a (_:entral peak amplitudes of the EPR spectra of the ProP C-terminal
- peptides; spectra were measured at room temperature.
native sequence 95 28
C480g 120 26.5
C473g abeled 105 28 enough for spifrspin interactions. In an antiparallel dimer,
C480g spin labele 95 37 i
C473g spin labeled e 2 the two C473 in the two strands would be about 28.5 A apart

: : and the two C480 in the two strands would be about 7.5 A
o EE?STG# on t:‘g sequence of res'duejﬁgf the C-terminus of  gpart assuming 1.5 A translation per residue for a rigid
roP.” Thermal denaturation measured by CD spectroscopy. a-helix of 5.41 A pitch. The latter is close enough for strong
spin—spin exchange and for rotational dipolar relaxation to
small peptide. However, the spin label bound to C30a had significantly broaden the lines.
less motion than that bound to C33d. Significant spectral broadening was observed for spin-
The g positions chosen for Cys substitution in the labeled C480g, indicative of rotational dipolar relaxation and
C-terminal ProP peptide help to distinguish between the a distance between the nitroxides of less than 9 A, indicating
parallel and antiparallel orientation, since g positions are on that the peptide forms a coiled-coil dimer. This degree of
the same side of the helical coil if antiparallel and on the broadening did not occur for the peptide spin-labeled at
opposite side if paralleP). Similar broadening should occur  C473, indicating that the orientation of the dimer is pre-
for parallel homodimers comprised of either C480g or dominantly antiparallel. However, some broadening did occur
C473g. In contrast, for antiparallel homodimers, greater for the peptide spin-labeled at C473 as revealed by the in-
broadening will be seen for C480g than for C473g. For this crease in height on dilution with unlabeled peptide. This was
spin label bound to Cys in a helical peptide, a fit of probably due to exchange interactions rather than rotational
experimental data to calculated distances showed that thedipolar relaxation, since a spectral component with large
nitroxide radical is 6.7 A from the helix axi®4). If the hyperfine splitting was not observed even after amplification
dimer were parallel, the nitroxides bound to either C480 or of the spectrum. The interspin distance between two nitrox-
C473 would then be about 16.6 A apart, using a value of ides bound to Cys could have an uncertainty of up to 12 A
4.9 A for the supercoil radius of a dime25). This is close due to motion of the nitroxide about the bonds linking it to
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Ficure 9: Effect on the spectra of C473g and C480g of exchange
with unlabeled (Un) peptide at a mole ratio of unlabeled to labeled
peptide of 3:1. Spectra with and without unlabeled peptide in each
case are plotted normalized to the same amount of spin label to 12.
show the increase in spectral intensity on exchange with unlabeled

peptide.

the disulfide 9, 20). Thus the interspin distance along the
helix axis between spin-labeled C473 in an antiparallel dimer
could be as small as 16.5 A. This is close enough for
intermediate spifrspin exchange interactions and could lead
to the smaller degree of broadening seen for the peptide spin- 14.
labeled at C473 in an antiparallel orientation. Formation of

an antiparallel dimer by residues 46897 of ProP containing

the wild-type sequence has recently been confirmed by 15
Zoetewey et al.Z6) using NMR spectroscopy. They further
showed that the antiparallel orientation was stabilized by salt

bridges between R488 and residues D478 and D475.

In summary, we have used peptides with judiciously placed
and spin-labeled Cys substitutions to detect both parallel and 17,
antiparallel, dimeric coiled-coil formation by EPR spectral
broadening. A peptide replica of the C-terminus of ProP
containing spin-labeled Cys at position 473 or 480 formed
a dimeric coiled coil with stability comparable to that of the
wild-type peptide, and its orientation was shown to be

antiparallel, as predictedld). This approach will now be

applied in an effort to detect coiled-coil formation and

dimerization of intact ProP in proteoliposomes.

Biochemistry, Vol. 42, No. 51, 20035177

ACKNOWLEDGMENT

We thank Dr. K. M. Koshy and Ms. Winnifred Ho for
technical assistance. We are grateful to Y-K. Shin and F.
Zhang (lowa State University) for helpful discussions.

REFERENCES

1.

10.

11.

13.

16.

18.

19.

Chao, H., Bautista, D. L., Litowski, J., Irvin, R. T., and Hodges,
R. S. (1998) Use of a heterodimeric coiled-coil system for
biosensor application and affinity purificatiod, Chromatogr.,

B: Biomed. Sci. Appl.307—329.

. Hubbell, W. L., Cafiso, D. S., and Altenbach, C. (2000) Identifying

conformational changes with site-directed spin labelingt.
Struct. Biol 7, 735-739.

. Rabenstein, M., and Shin, Y.-K. (1995) A peptide from the heptad

repeat of human immunodeficiency virus gp4l show both
membrane binding and coiled-coil formatioBiochemistry 34
13390-13397.

. Kim, C.-H., Macosko, J. C., Yu, Y. G., and Shin, Y.-K. (1996)

On the dynamics and conformation of the HA2 domain of the
influenza virus hemagglutinirBiochemistry 355359-5365.

. Poirier, M. A., Xiao, W., Macosko, J. C., Chan, C., Shin, Y.-K.,

and Bennett, M. K. (1998) The synaptic SNARE complex is a
parallel four-stranded helical bundiat. Struct. Biol. 5765~
769.

. Xiao, W., Poirier, M. A., Bennett, M. K., and Shin, Y.-K. (2001)

The neuronal t-snare complex is a parallel four-helix bundb,
Struct. Biol. 8 308-311.

. Margittai, M., Fasshauer, D., Pabst, S., Jahn, R., and Langen, R.

(2001) Homo- and heterooligomeric SNARE complexes studied
by site-directed spin labelind, Biol. Chem. 27613169-13177.

. Peteranderl, R., Rabenstein, M., Shin, Y.-K., Liu, C. W., Wemmer,

D. E., King, D. S., and Nelson, H. C. M. (1999) Biochemical and
biophysical characterization of the trimerization domain from the
heat shock transcription factdsjochemistry 383559-3569.

. Bolin, K. A., Hanson, P., Wright, S. J., and Millhauser, G. L.

(1998) An NMR investigation of the conformational effect of
nitroxide spin labels on Ala-rich helical peptiddsMagn. Reson.
131, 248-253.

Zhou, N. E., Kay, C. M., and Hodges, R. S. (1993) Disulfide bond
contribution to protein stability: Positional effects of substitution
in the hydrophobic core of the two-strandeshelical coiled-coil,
Biochemistry 323178-3187.

Wood, J. M. (1999) Osmosensing by bacteria: signals and
membrane-based sensokicrobiol. Mol. Biol. Re. 63 230—

262.

Culham, D. E., Henderson, J., Crane, R. A., and Wood, J. M.
(2003) Osmosensor ProP @&scherichia coliresponds to the
concentration, chemistry, and molecular size of osmolytes in the
proteoliposome lumerBiochemistry 42410-420.

Culham, D. E., Lasby, B., Marangoni, A. G., Milner, J. L., Steer,
B. A, van Nues, R. W., and Wood, J. M. (1993) Isolation and
sequencing ofEscherichia coli gene proP reveals unusual
structural features of the osmoregulatory proline/betaine trans-
porter, ProP,J. Mol. Biol. 229 268-276.

4. Culham, D. E., Tripet, B., Racher, K. I., Voegele, R. T., Hodges,

R. S., and Wood, J. M. (2000) The role of the carboxyl terminal
a-helical coiled-coil domain in osmosensing by transporter ProP
of Escherichia coliJ. Mol. Recognit. 13309-322.

Wood, J. M., Bremer, E., Csonka, L. N., Kraemer, R., Poolman,
B., van der Heide, T., and Smith, L. T. (2001) Osmosensing and
osmoregulatory compatible solute accumulation by bact€oayp.
Biochem. Physiol., Part A: Mol. Integr. Physiol. 13B7—-460.
Boggs, J. M., and Moscarello M. A. (1978) Effects of basic protein
from human CNS myelin on lipid bilayer structur&, Membr.
Biol. 39, 75—96.

Mchaourab, H. S., Berengian, A. R., and Koteiche, H. A. (1997)
Site-directed spin-labeling study of the structure and subunit
interactions along a conserved sequence imtoeystallin domain

of heat-shock protein 27. Evidence of a conserved subunit
interface,Biochemistry 361462714634.

McHaourab, H. S., Oh, K. J., Fang, C. J., and Hubbell, W. L.
(1997) Conformation of T4 lysozyme in solution. Hinge-bending
motion and the substrate-induced conformational transition studied
by site-directed spin labelinggiochemistry 36307—316.
Altenbach, C., Oh, K.-J., Trabanino, R. J., Hideg, K., and Hubbell,
W. L. (2001) Estimation of inter-residue distances in spin labeled



15178 Biochemistry, Vol. 42, No. 51, 2003

20.

21.

proteins at physiological temperatures: Experimental strategies
and practical limitationsBiochemistry 4015471-15482.
Mchaourab, H. S., Lietzow, M. A., Hideg, K., and Hubbell, W.
L. (1996) Motion of spin-labeled side chains in T4 lysozyme.
Correlation with protein structure and dynamiBgchemistry 35
7692-7704.

Lee, D. L., lvaninskii, S., Burkhard, P., and Hodges, R. S. (2003)
Unique stabilizing interactions identified in the two-stranded
o-helical coiled coil: crystal structure of a cortexillin I/GCN4
hybrid coiled-coil peptideProtein Sci. 12 1395-1405.

22.Zhou, N. E., Kay, C. M., and Hodges, R. S. (1992) Synthetic model

23.

proteins,J. Biol. Chem. 26,/2664-2670.
Monera O. D., Kay, C. M., and Hodges, R. S. (1994) Electrostatic
interactions control the parallel and antiparallel orientation of

24.

Hillar et al.

a-helical chains in two-strandew+helical coiled coilsBiochem-

istry 33 3862-3871.

Rabenstein, M., and Shin Y.-K. (1995) Determination of the
distance between two spin labels attached to a macromolecule,
Proc. Natl. Acad. Sci. U.S.A. 98239-8243.

25. Harbury, P. B., Zhang, T., Kim, P. S., and Alber, T. (1993) A

26.

switch between two-, three-, and four-stranded coiled coils in
GCN4 leucine zipper mutant§cience 2621401-1407.
Zoetewey, D. L., Tripet, B. P., Kutateladze, T. G., Overduin, M.
J., Wood, J. M., and Hodges, R. S. (2003) Solution structure of
the cytoplasmic antiparallel coiled-coil domain fragscherichia

coli osmosensor ProB, Mol. Biol. 334 1063-1076.

BI035122T



