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ABSTRACT. We describe a scheme for tagging an alanine-based peptide with a Cu(ll) and a nitroxide to
measure unfolding transitions. The enhancement in longitudinal relaxation rate of the nitroxide due to the
presence of Cu(ll) was measured at physiological temperatures by pulsed electron spin resonance (ESR).
The change in relaxation rate provided the average interspin distance between the Cu(ll) and the nitroxide.
Control experiments on a proline-based peptide verify the robustness of the method. The change in interspin
distances with temperature for the alanine-based peptide is in accord with the change in helicity measured
by circular dichroism. The data provide an opportunity to examine the unfolding process in polyalanine
peptides. The distance in the folded state is in concordance with molecular dynamics. However, the ESR
experiment measures an average distance of 17 A in the unfolded state, whereas molecular dynamics
indicates a distance of 42 A if the unfolded geometry was a polyproline type Il helix. Therefore, ESR
demonstrates that the unfolded state of this alanine-based peptide is not aexigealedpolyproline

type Il helix.

The advent of site-directed spin labeling has resulted in at low temperatures3d—39). We show that nanometer range
electron spin resonance (ESRgmerging as a useful interspin distances may also be measured at physiological
spectroscopic technique for the measurement of proteintemperatures. This builds on methodologies developed by
structure and conformational dynamics—4). Using site- Voss et al. 40), which showed that the changes in nitroxide
directed spin labeling, two spin labels (typically nitroxides) line broadening and intensity may be used to measure the
can be placed at virtually any position on the protein metal-nitroxide distance. Nitroxidenitroxide distances at
backbone. Concomitant methodological developments in physiological temperatures may also be measured by cali-
ESR 6—12) permit the measurement of interspin distance brating the increase in the line broadening due to the presence
in the range of 870 A in order to provide constraints for  of the second spin4().
structure elucidationsl@—26). However, the distance meth- Significantly, we show that this methodology may be used
ods are largely applicable only at very low temperatures (ca. to resolve the average distance between two units as an
10—-80 K), and this proves to be a disadvantage in the contextalanine-based peptide melts with temperature. Thus the
of monitoring unfolding events in proteins or peptides. experiments capture the average separation between two units

We describe an approach by which distances of at leastin the ensemble of conformations that constitute a given step
up to 25 A can be measured using ESR at physiologically in the unfolding pathway. The unfolding transition of
relevant temperatures. In this approach a Cu(ll) binding site polyalanines is of paradigmatic significance in the field of
is generated at one end of a biomolecule. A nitroxide spin protein folding. Spectroscopic experimerdg{48) as well
label is attached at another position using site-directed spinas computer simulations42, 44, 49-51) have recently
labeling. By exploiting methodological advances in Fourier indicated thata-helical polyalanine peptides unfold to
transform ESR 12, 27—33) which enable the routine  polyproline type-ll helical structures (PPII). This geometry
measurement of the free induction decay signal from labeled has also been suggested to exist in the unfolded states of
macromolecules, the enhancement of relaxation rate of theother peptides52, 53) and some proteingg, 54, 55). This
nitroxide by the presence of Cu(ll) is obtained. The enhance- is significant because, if such nativelike secondary structure
ment of relaxation rate can be used to measure metal toelements are indeed present in the unfolded state of proteins,
nitroxide interspin distances, as has been well demonstratedhen the entropic cost associated with folding is vastly
reduced. Our results support the conclusions of Pande and
TThe research was supported by an NSF Career grant (MCB co-workers that the PPIl geometry of individual alanines does
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8680. Fax: (412) 624-8611. E-mail: sksaxena@pitt.edu. in the unfolded state of polyalaninesg.
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mechanics force field; MTSSL, (1-oxy-2,2,5,5-tetramethylpyrroline- WPAAAAKAAAAKCAAAAKA (P, proline; H, histidine;
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Folded l

Unfolded |

o
Ac-PPHGGGWPAAAAKAAAAKCAAAAKA-NH,
Cu MTSSL
Ficure 1: The central question of the state to which a polyalanine
helix unfolds is illustrated. A schematic of the foldeehelical state
of polyalanine is shown on the left. The Cu(ll) center and the
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the change in the spectrum with temperature. The peptides
were dissolved in a 10 mM potassium phosphate buffer, a
pH of 7.0, and at a peptide concentration of 28@. The
measurements were made on an AVIV model 202 circular
dichroism spectrometer. The samples contained400f
peptide solution in a 0.1 cm path-length cuvette. A single
wavelength, 220 nm, which measures theatelicity, was
monitored for the alanine-based peptide as a function of
temperature §0). The data for the peptide in the presence
and absence of Cu(ll) were practically identical (see Sup-
porting Information), indicating that Cu(ll) binding does not
substantially change the thermodynamics of thermal unfold-

nitroxide spin label are also shown. The ESR experiments measureing. For the proline-based peptide, a wavelength of 206 nm,

the interspin distance between Cu(ll) and nitroxides a function
of temperature.

Molecular Medicine Institute, University of Pittsburgh. In

these peptides, the lysine residues serve to confer solubility
in aqueous solutions, and the PHGGGW sequence constitute

a well-characterized copper binding sequelde-69). Using
site-directed spin labeling (SDSL), a (1-oxy-2,2,5,5-tetra-
methylpyrroline-3-methyl)methanethiosulfonate spin label

(MTSSL) that was purchased from Toronto Research Chemi-
cals Inc. (Ontario, Canada) was covalently bound to the

cysteine residue in both peptides.
For ESR experiments, 25M solutions of each peptide

were prepared in an aqueous buffered solution of 10 mM

potassium chloride (KCI) and 25 mM-ethylmorpholine

(NEM), at pH 7.6. Spectroscopic data were obtained on each
peptide in the presence and in the absence of coordinate
Cu(ll). Experiments were also conducted in the presence of
Zn(ll), a diamagnetic metal. For the metal-coordinated sam-

ples a 1 mol equiv of Cu(ll) [or Zn(Il)] was added from a
0.01 M aqueous copper sulfate (or zinc chloride) solution.
For ESR experiments, &L of peptide solution in a 1.5 mm
inner diameter Pyrex tube was degassed by freprenp—
thaw cycles until a final pressure of2 104 Torr to elim-

inate oxygen in the solution. The samples were bath sonicatedt

for approximately 5 min before insertion into the ESR cavity.
Electron Spin Resonance (ESR) Spectrosc§pgctro-

which monitors the net polyproline Il (PPII) helical structure,

was monitored §1, 62). The signals at the specific wave-

length were then recorded continuously as the temperature

was increased from 268 to 368 K, with sampling points at
very 1 K.

The affinity of peptide-Cu(ll) complexes was verified by
CD. When Cu(ll) binds to peptides, weak-d transitions
appear in the visible region over a range of wavelengths from
500 to 750 nm %7). According to the CD data Cu(ll) was
bound to the peptide between 270 and 365 K. On the basis
of the affinities of Cu(ll) to the HGGGW segments7], as
much as 88% of the peptides bind Cu(ll). A simple analysis
shows that the incomplete binding leads to errors of less than
0.5 A in the measured distances.

Generation ofa-Helical and PPII Ensembledio define
he a-helical conformation, the peptide without the copper

inding domain (AAAAKAAAAKCAAAAKA) was con-
structed with Ramachandran angldsandW of —57° and
—47°, for peptide anglesb and W, respectively. For the
extended polyproline Il (PPII) conformation, these angles
were modified tod = —75° and W = 145’ to reflect an
ideal polyproline 1l helical-type geometry. The copper
binding domain (PPHGGGW) coordinates were obtained
from the X-ray structure58) and joined to the backbone
hrough the added proline residue Pro-8. The dihedral angle
W between Pro-8 and Ala-9, joining the copper binding
domain to the peptide, was energy minimized using the

scopic experiments were performed on a Bruker EleXsys mojecular mechanics (MM3) force fields®). Dihedrals
E580 X-band CW/Pulse ESR spectrometer equipped with @angles of¥ = —28° and W = 46° were obtained for the

Bruker ER4118X-MS3 split-ring resonator. The temperature _nelical and PPII-type ensembles, respectively.

was controlled using an Oxford 1TC605 temperature control-

ler and an Oxford ER 4118CF gas flow cryostat.
The longitudinal relaxation time of the nitroxide in the

A new residue was added to the CHARMMZ27 force field
(64) representing the MTSSL spin label attached to a
modified cysteine residue side chain. The bonds, angles, and

peptide samples was measured over a temperature range dfihedrals of the spin label were modeled according to
270-315 K by using an inversion recovery sequence. The previous research on nitroxide$5. In the same light,

inversion recovery experiment consists of a two-putset—

7t/2 sequence. The high output power of the ASE-TWTA (1
kW) combined with a quality factoQ, much less than 100
provideds/2 ands pulses of 6 and 12 ns, respectively. The
initial interpulse separatiort, was 20 ns, and the delday
was stepped out by 18(B40 ns for a total 64 or 128 points

charges on MTSSL were selected on the basis of CHARMM
standards and modeled from the CHARMM27 amino acid
force field. Two systems were prepared for molecular
dynamics (MD) simulations: the alanine-based peptide in
the a-helical conformation and the same peptide in the PPII
conformation, both built up with a Cys-19-MTSSL side chain

according to each experimental condition. The FID after the substitution. Each system was solvated in the VMD molec-
second pulse was digitized every 4 ns for a total of 1024 ylar graphics environmen66) utilizing the built-in solvate
points after a dead time of 50 ns. At each temperature, the1.2 package. The solvent box was extended # beyond

experimental data were measured several times, and thehe largest dimension along each axis. This condition allows
errors were determined from the standard deviation of theseminimal proteir-protein interaction upon generation of

measurements.
Circular Dichroism (CD) SpectroscopyThe thermal

periodic boundaries during simulations. All atom simulations
were performed using the NAMD2 packad#). A conju-

stability of the peptides was assessed using CD by following gate gradient energy minimization was performed over 10000
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steps to relieve bad contacts, with a harmonic protein  a. alanine-based peptide without Cu(ll)
backbone restraint of 999 kcal mélA-2 The a-helical
system was then subjected to a short equilibration at 300 K
and the PPII system at 315 K for 100 ps at constant volume.
Subsequently, 250 ps of constant pressure molecular dynam-
ics was performed with the protein backbone restrained to
500 kcal mott A—2 Langevin dynamics and Langevin piston
pressure@8) were used to maintain temperature and pressure
at 300 or 315 K and 1 bar, respectively. Periodic boundary
conditions and all atom wrapping were imposed for all
simulations. Long-range electrostatics was calculated with
the particle mesh Ewald (PME) formalism and updated every . . .
four steps. A time step of 1 fs was used with trajectories b. alanine-based peptide with Cu(ll)
written every 0.5 ps. A van der Waals cutoff distance of 10
A and a pair list distance of 11.5 A were implemented at
each phase of dynamics simulations.

Tcl scripting in VMD was used to determine the average
distance over all trajectory frames from the copper atom to
the nitroxide spin label for each simulation system. Average .,

10000
t (ns)

distances converged to a value of 25 and 42 A for the t(ns‘;""““
a-helical conformation and the PPII conformation, respec-

tively, after 106-200 ps of MD simulations.

RESULTS AND DISCUSSION FIGURE 2: Inversion recovery spectrum of the nitroxide in the

. . AAAAKAAAAK- alanine-based peptide (a) without Cu(ll) and (b) with Cu(ll) at 305
The alanine-based peptide (PPHGGGWP K K, respectively. The recovery curves for the central component are

CAAAAKA) and the proline-based peptide (PPHGGGWP-  spown in the insets.
PPPPPPCPPK) were designed with a Cu(ll) binding PHG-
GGW sequence at one enfl7(59). In both, a nitroxide
spin label was covalently attached to the cysteine using site-
directed spin labeling3; 4, 69, 70). Transition metals, such

as Cu(ll), usually have a much shorter longitudinal relaxation
time than the nitroxyl radical. In systems containing a ni-
troxide and a coordinated transition metal, the fast relaxing 74):

For the central nitroxide line the recovery of magnetization
depends on the rate of electron spin-flips as well as on the
rate of nuclear spin-flips. Schwartz and Fre&d)(@nalyzed
this effect theoretically, and they found that, in general, the
recovery obeys a biexponential behavior of the fofif, (

metal spin can enhance the rate of the relaxation of the more S(t) = A+ Bexp(t/T,) + Cexp(-t/T,) (1)
slowly relaxing nitroxide spin35, 71, 72). The change in ! A
the relaxation rate of the nitroxide dependsrofy wherer whereS(t) is the signal from the inversion recovery experi-

is the average distance between Cu(ll) and nitroxyl spin. ment, T.s is the electron longitudinal relaxation time, and
Eaton and co-workers have demonstrated the usefulness off, depends on the nuclear spin-flip rates. The first time
this effect to determine the interspin distances between anconstant,T;s, is related to electron spin-flips [note that
Fe(lll) center and nitroxide in complexes of metmyoglobin subsequently we will us&; andT;sto denote the nitroxide
variants and methemoglobiB7—39) at low temperature (ca.  longitudinal relaxation times in the absence and in the
10-170 K). presence of Cu(ll), respectively]. Schwartz and Freed found
Methodological advances in ESR now permit the detection that T, decreases from the slow motional regime to the fast
of the Fourier transform ESR signal even for samples with motional regime, and finallffa becomes constant in the fast
transverse relaxation times 20 ns (2, 28, 30—32), as is motional regime 13).
typical for spin-labeled peptides and proteins. Thus the All experimental recovery curves for both peptides fit well
nitroxide relaxation times can be measured even at physi-to eq 1. The value of, was constant at 120 ns throughout
ological temperatures. We show that by monitoring the the entire experimental temperature region, as expected from
change in nitroxide relaxation time upon coordination of the theory (73, 74) for data in the fast motional regime. Figure
peptide with Cu(ll), the distance, can be measured as the 3 shows the longitudinal relaxation rates for the alanine-
polyalanine peptide melts with temperature. based peptide with Cu(ll) and without Cu(ll) between 270
Figure 2 shows the inversion recovery experimental data and 314 K. As control, the longitudinal relaxation rates for
at 305 K for the alanine-based peptide in the absence of Cu-the peptide in the presence of Zn(lIl) (a diamagnetic metal)
(1) (Figure 2a) and in the presence of Cu(ll) (Figure 2b). In are also shown. In the presence of coordinated zZn(ll), the
Figure 2, the frequency dimension) (provides the continu-  nitroxide relaxation rate of the peptide does not change
ous wave (CW) equivalent spectrum and the time dimension dramatically, demonstrating that the metal binding to the
(denoted bwt) illustrates the recovery of magnetization to peptide does not change the peptide hydrodynamic radius.
equilibrium after inversion of magnetization withmepulse. On the other hand, the nitroxide relaxation rate in the alanine-
The recovery of magnetization for the three hyperfine based peptide is enhanced by the addition of copper ion (a
components of the nitroxide can be obtained by extracting paramagnetic metal). The enhancement upon addition of Cu-
slices parallel tot” from the 2-D data set. The data for the (ll) is 11% at 270 K and 53% at 314 K, indicating that the
central component are shown in the insets of Figure 2. average distance, decreases as the helix melts.
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[ L I i \ . FIGURe 5: The Cu(ll)-nitroxide interspin distances for the proline-

based peptide from 270 to 315 K overlaid on the thermal unfolding

270 20 290 300 310 profile for proline-based peptide obtained using CD. Change of
T(K) the interspin distance at 285 K as a functiorTgf(=Ts) is shown
in the inset.

Ficure 3: Nitroxide longitudinal relaxation rates of the alanine-
based peptide in the absence (squares) and presence of Cu(ll)
(triangles) and in the presence of Zn(ll) (circles). At each temper- wherer is the average interspin distance between Cu(ll) and

ature, the longitudinal relaxation time was measured several times, njtroxide, andf ands denote the electron spin of Cu(ll) and

and the error values were determined from the standard dev'at'on'nitroxide, respectively. The paramefBr? is the electronic

Addition of Cu(ll), a paramagnetic metal, enhances the rate of the o . . . S

relaxation. longitudinal relaxation time of the nitroxide in the absence
of Cu(ll), andTysis the longitudinal relaxation time of the

nitroxide in the presence of Cu(ll). The paramet&ssand

—a— With Cu(ll) Ty are the electronic longitudinal and transverse relaxation

—0— Without Cu(ll) times, respectively, for Cu(ll). In eq 2, the valuesgefand

0s, Which represent thg factors for Cu(ll) and nitroxide

electron spins, are 2.11668) and 2.0061 32, 79). Also,

ws andws, the resonant frequencies for Cu(ll) and nitroxide,

are 10.162 and 9.6317 GHz. FinalBgis the Bohr magneton

andh is the Planck constanh) divided by 2.

Equation 2 is strictly valid under the conditi@pggi/3e* T/
(47hr3) < 1. Using aTy of 3 ns (see below), the constant
yields 0.03 ar = 17 A and 0.01 at = 25 A, respectively,
demonstrating that eq 2 can be used for the distance range
o measured in the two peptides (see below). In principle,
270 280 290 300 310 modulation of the electronelectron dipolar interaction by

T(K) rotational tumbling of the peptide could also contribute to

i . . . the enhancement of relaxation. However, estimates of the

Ficure 4: Nitroxide longitudinal relaxation rates of the proline- . . .
based peptide in the absence and presence of Cu(ll). Enhancemerghancement based on this effect overpredict the experi-
in relaxation rate due to addition of Cu(ll) is fairly constant. mental enhancements, indicating that this model is incorrect
(see Supporting Information). The distance estimates based

In Figure 4, the nitroxide relaxation rate for the proline- on eq 2 are also in good agreement with molecular modeling
based peptide in the absence and presence of Cu(ll) is showiin the folded state of the peptide and with fluorescence results
as a function of temperature. The relaxation rate increasesin the folded and unfolded state80j.
from 270 to 315 K, but the enhancement in nitroxide The values of [IT;s — 1/T;J] are determined experimen-
relaxation is fairly constant over the temperature range. At tally (cf. Figures 3 and 4). To determimgthe values offys,

270 K the enhancement upon addition of Cu(ll) is 15%, and T, [the longitudinal and transverse relaxation times for Cu-
at 315 K it is 14%, indicating that the average distange, (I1)] are required. Althoughly; ~ Ty in the fast motional

12x10°

10

LI S B B B B N ERELELE|

T

04 -

remains fairly constant over this temperature range. regime, the parametef;, Ty are, in principle, temperature
Quantitative estimates of for the two peptides may be dependent. However, the data on the proline-based peptide
obtained by using the Bloembergen thedtg{77) as modi- suggest that for this coordination geomeffy, Ty are
fied by Kulikov and Likhtenshtein for application to systems constant over the measured temperature range.
containing a nitroxide and a paramagnetic me3g) {1, 72). Equation 2 was used to estimate the distander the
For the case of Cu(ll) and in the fast motional regime: proline-based peptide using the assumption Thaand Ty
are constant. In the analysis a valueTef = T, = 3 ns as
0297 e4|' Ty 3Ty reported in the literatureB(, 82) was used. Figure 5 shows
= > — 3 P— the measured distanaeoverlaid on the CD data for the
10n |.1 (o — 0Ty 1+ o Ty proline-based peptide. The CD data indicate that the net PPII
6T, 118 1 1 -6 structure is fairly stable over this temperature range. Over
- (2 the temperature rangechanges from 24 to 21 A, which is

2 2 0
1+ (wf + 0 Ty Tis Tis consistent with the stability of the PPII structure as indicated
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Unfolded Significa_ntly, we have been able to resolve 'ghe change i_n
11000 — 28 average distance as an alanine-based peptide melts with
iy -4- Interspin distance = temperature. Each step of the folding pathway is encom-
% 9000 - © Oz g oy passed by an ensemble of conformations, and these experi-
,g S Q ments capture the average separation between two units at
~_ 7000 =i each step. To infer the structural implications of these
g T22 % distances, we generated several ensembles with the polyala-
& 5000 - oy nine segments i-helical conformations and in extended
= 1S § PPII conformations (cf. Materials and Methods section). The
.Q_b.ﬁ 3000 - i S. average interspin dlstance_ in tieehelical ensemble'_s was
= o5 000 04 = found to be~25 A, which is in good agreement with the
1000 - - y - 16 experimental interspin distance 25 A in the folded state
268 288 308 328 348 368 of this alanine-based peptide. In the unfolded state, the ESR-
Temperature (K) measured interspin distance wasl7 A. Using single

FiGure 6: Cu(ll)—nitroxide interspin distances for the alanine- Molecule fluorescence resonance energy transfer (FRET),
based peptide from 270 to 314 K overlaid on the thermal unfolding Gnanakaran et al.8Q) measured the average end-to-end
profile for the alanine-based peptide measured using CD. distance of the 20-residue alanine-based peptide to3®
A in the foldeda-helical conformation and-23 A in the

by CD. The measured value ofs also relatively insensitive  ynfolded state. The decrease of average distance upon
to the exact value ofy. Changing the value of s (=Tz) unfolding observed by the FRET experiments is in agreement
over 2 orders of magnitude (i.e., from 0.1 to 10 ns) in eq 2 with the ESR results. The discrepancies in the actual
affects the obtained distance, by less than 10%. This is  distances are possibly due to differences in the amino acid
illustrated in the inset of Figure 5, which plots the interspin sequences and in the lengths of the fluorescence tag versus
distance at 285 K as a function @f; (=T»). An average the chelating residues.
interspin distance of-22—24 A for proline-based peptide The average distance should increase if the unfolded state
is also in accord with single molecule fluorescence and of the alanine-based segment is in an extended PPII
molecular dynamics results on polyproline peptid8s).( geometry. In fact, the average interspin distance in the PPII
Thus the assumption thalyy = Tx = 3 ns over the  conformation in the molecular modelsis42 A, which is
temperature range is reasonable. not consistent with the experimental interspin distance of

Thus, the change in for the alanine-based peptide as it _~17_ Ain the_ unfolded_s_tate. The presence pf a distribution
melts can be determined by usifig = T = 3 ns in eq 2. in distances is not sufficient to explain this discrepancy (see

Figure 6 shows the CD data and the ESR determined Cu-SuPporting Information). Experimental evidence from NMR
(I) —nitroxide interspin distances in the alanine-based pep- and UV Raman indicates that individual alanine residues

tide. The CD data indicate that tlehelicity is greatest at sampled)dqndtll’ Ilziwach?ndra? anilgs‘lglo'je to those
the lowest temperature and decreases as the temperature torrlezssp;)gn Ing to a ; dcon orn:a ![04?51 t’th ).Plgl\ivever, ;
increased. The change in interspin distances is clearly in N experiments demonstrate that the geometry

concordance with the change in helicity indicated by CD. does not propagate into an overal_l extenfjed fOId.' at least
. o . over 10 amino acid residues. This is consistent with recent
As temperature increases, the Cuflhjtroxide interspin

distance in the alanine-based peptide decreases froth 25 small-angle X-ray scattering results, which found that the
08 A at 270 K to 17+ 0.5 A at 3?12 K. respectively. When radius of gyration of an unfolded polyalanine peptide is about

. . . 40% lower than that expected of an extended PPII h&bx (
tlh/_le_ roel_axatlozn ;z;tescofltlhe _r:eppgle W'tth Zr!(llzjyvtere used for Our experiments, however, do not rule out the possibility
. rl]s. In €q <, he | u(tty-ni rox;l € Interspin distances ar<2379 that the PPII geometry might extend over shorter stretches
within e>_<per|menta errors at a temperfature_s except at of amino acids. Future experiments which systematically scan
K. At this temperature the Cu(H)nitroxide distance was

A wi ! the nitroxide along the chain will directly shed light on this
found to be 21.8+ 0.7 A with the Zn(ll) data instead of jsgye. While useful in resolving the global structure of the

208+ 0.5 A. The errors are estimated from experimental pentides in the unfolded state, the experimental data cannot
errors in the measurement b from multiple measurements  measyre the full distribution in distances. Therefore, the
and reflect uncertainties in the measurement of the meangyperimental variation of average distances could not be used

distance. The sample is characterized by a distribution in t5 provide further insight into the preferred model of folding
distance due to the flexibility in the linker as well as the (see Supporting Information).

peptide backbone; the errors do not reflect the width of this  These results also address a critical need for ESR
distribution. Since the ESR observable (i.e., the change intechniques that can measure nanometer scale distances at
relaxation rate) depends on®, the ESR measured average physiological temperatures. The experiments build on recent
distance is biased toward shorter conformations. In the research that measured interspin distances by calibrating the
Supporting Information we provide estimates of this bias for nitroxide line broadening and line intensity due to interaction
this peptide using the assumption that the range of distanceswith a lanthanide §4), a paramagnetic metad, 81, 85),

in the unfolded state is described by a Gaussian. Theor another nitroxide 41). The distinct advantage of the
difference between the measured average distance from ESRontinuous wave approaches is that widely available instru-
and the actual mean distance is estimated to be within mentation and simple analysis can be used. The pulsed ESR
7—20% for these peptides as long as the standard deviationresults described in this paper are, nevertheless, encouraging.
of the distribution is within 4 A. First, the method retains the advantage of a relatively
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straightforward analysi86—39). Second, extension to larger
distances might be possible given the enhanced sensitivity

of FT-ESR to small changes in relaxation rates (especially g
homogeneous line widths). Third, the results describe an
application of ESR to monitor unfolding transition in model
peptides. They can be extended to more complicated folding
processes in metalloproteins, as long as information on the 11
relaxation rate of the metal is available. It is also instructive

to compare this technique to fluorescence resonance energy
transfer (FRET). While FRET can be sensitive to energy ,
transfer over a larger length scale (ca—1@ nm), recent
single molecule fluorescence resuB8) clearly indicate that
molecular reorientations must be accounted for properly, to
correctly interpret this energy transfer in terms of distances,
even for polyproline peptides.

14.

SUMMARY

We describe a scheme for tagging a biomolecule with a 15

Cu(ll) and a nitroxide to measure the unfolding transition.
We show that the enhancement in longitudinal relaxation
rate of the nitroxide due to the presence of Cu(ll) can be
measured at physiological temperatures using Fourier trans-
from ESR. The change in relaxation rate can be used to
measure the interspin distance between the Cu(ll) and the 17.
nitroxide. Data on a proline-based peptide, which forms a
stable PPIl-type structure, illustrate the robustness of the
method. In the alanine-based peptide, the average interspin
distance between Cu(ll) and nitroxide decreases from 25 A 18.
in the foldedo-helical state to 17 A in the unfolded state.

The data show that the unfolded state of this alanine-based 4
peptide is not an ideaxtended®PIl geometry.

16.
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