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Molecular Motion of Spin Labeled Side ChainsanHelices: Analysis by Variation
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ABSTRACT: Two single cysteine substitution mutants at helix surface sites in T4 lysozyme (D72C and
V131C) have been modified with a series of nitroxide methanethiosulfonate reagents to investigate the
structural and dynamical origins of their electron paramagnetic resonance spectra. The novel reagents
include 4-substituted derivatives of either the pyrroline or pyrrolidine series of nitroxides. The spectral
line shapes were analyzed as a function of side chain structure and temperature using a simulation method
with a single order parameter and diffusion rates about three orthogonal axes as parameters. Taken together,
the results provide strong support for an anisotropic motional model of the side chain, which was previously
proposed from qualitative features of the spectra and crystal structures of spin labeled T4 lysozyme. Site-
specific differences in apparent order parameter are interpreted in terms of backbone dynamics modes
with characteristic correlation times in the nanosecond or faster time scale. The saturated 4-substituted
pyrrolidine nitroxides are shown to be a suitable template for novel “functionalized” side chains designed
to mimic salient features of the native side chains they replace.

Site-directed spin labeling (SDSLhas emerged as a SERIEST ; - « « - « « v v v v o - .
useful approach for the investigation of protein structure and « Q . X Xg X3 X, X,
dynamics {—3). SDSL utilizes site-directed mutagenesis to /TS X 5 §—S+— Cg-C,
replace the residue of interest with a cysteine and all reactive N © . N .

. . ; . . . . + Protein-SH——e, N
native cysteine residues with a suitable substitute. The unique & . l. X
cysteine residue is then modified with a sulfhydryl-specific  Reagent I(x) e .
nitroxide reagent to introduce a paramagnetic side chain Side Chain R1(x)

sensitive to the local environment. In most previous studies, o SERESS . . ............
the side chain designated here as R1(a) has been employed, s
(Figure 1), although other side chains have been introduced d

N

. %, §—S—C;:C,
for specific purposes4( 5). N + Protein-SH —e :
The EPR spectrum of a spin labeled side chain in a protein ~_ © : E :

encodes information on the dynamic modes of the nitroxide. Reagent V(x)

Such information is of interest because the nitroxide motion Side Chain R5(x)
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! Abbreviations: SDSL, site-directed spin labeling; EPR, electron scosociated with each bond are defined asXs
paramagnetic resonance; T4L, T4 lysozyme; IPTG, isoprfpyl- . "
thiogalactoside; PCR, polymerase chain reaction; MOP3-Bir- reflects a variety of structural and dynamic features of the

pholino) propane-sulfonic acid; EDTA, disodium ethylenediamine protein itself. These include Brownian rotary diffusion,

tetraacetate; SDSPAGE, sodium dodecyl sulfatgpolyacrylamide el packphone dynamics, and bond rotational isomerizations
electrophoresis; MOMD, microscopic order macroscopic disorder, !

RMS, root-mean-squar& order parameter; NMR, nuclear magnetic  Within the side chain, the latter being modulated by interac-
resonance. tions of the side chain with its environment. In principle,
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one can deduce the dynamic modes of the nitroxide from

spectral simulations and deconvolute the contributions from

each of these features. The rate and amplitude of backbone
fluctuations and the internal dynamics of the side chain are

of particular interest and are the subjects of the present
communication.

For membrane-bound proteins and globular proteins with
molecular mass 50 kD, Brownian rotational diffusion is
too slow to contribute to spectral averaging for conventional
X-band (9.5 GHz) EPR. For smaller globular proteins, such
as T4L (molecular mass® 17 kD), effects of Brownian
diffusion can be reduced by working in solutions of increased
viscosity @—6) or with the use of high-frequency EPB)(
Thus, it is generally possible in EPR spectroscopy to study
the effects of backbone fluctuations and internal side chain
motions without interference from rotary diffusion. FiGURE 2: Ribbon structure of T4 lysozyme (pdb ID: 3lzm) with

S_ome prOQFess has been made in analyzing '_ntemal S'despheres'indicating the location gf th)e/ soI\F/)ent-exposed helical
chain motion in terms of protein structure. For this purpose, sjtes: 72, 119, and 131.
the inverse central linewidthd(?) and the second moment
(H2D of the R1(a) EPR spectrum have been used asquantitative scale for their measurement, it is necessary to
measures of nitroxide “mobility” that reflect both rate and have a model for the internal modes of motion of the R1(a)
amplitude of motion 4). With these measures, correlations side chain in the absence of rotary diffusion, backbone
between the mobility of R1(a) and protein topography have fluctuations, or side chain interactions. With this foundation
been established in the helical proteins T4 lysozyme (T4L) in place, the effect of the other contributions can be included
(4), colicin E1 (7), annexin XII @), and the T domain of  experimentally, one at a time.
diphtheria toxin 9). In all of these proteins, R1(a) residues  The internal dynamic modes of R1(a) on a solvent-exposed
are highly immobilized at buried sites, are immobilized or site in ao-helix without tertiary interactions are determined
have complex multicomponent spectra at tertiary contact by the internal bond rotations. Recently, a crystallographic
sites, and have intermediate mobility at helix surface sites. analysis has provided structural models of the R1(a) side
These distinctions arise from differences in side chain chain at solvent-exposed helical sites in T4L0)( In the
interactions with the environment. The simple relationship structures, the disulfide group is relatively fixed in position,
between side chain mobility and protein topography is thus fixing the average values of the dihedral anglesnid
sufficient to determine sequence-specific secondary structureX, (see Figure 1 for the definition of the dihedral angles).
using the periodic modulation of mobility with sequence The g'gt (X; &~ 300, X% ~ 300) conformation may be the
position @, 4). energy minimum in the absence of local or tertiary interac-

While the above studies provided a general relationship tions (10). The disulfide bond has X~ + 90 (@', g").
between nitroxide mobility and protein topography, they also Interconversion between the states has a free energy of
revealed mobility effects that could not be accounted for by activation of~ 6.6—-9 kcal/mol (L1) and, thus, is too slow
differences in topographical location. For example, at X-band to contribute to the nitroxide motions observed experimen-
frequency, the EPR spectra for R1(a) at different solvent- tally (see below). Collectively, the above features suggest a
exposed helix surface sites reflect similar degrees of mobility model for the side chain internal motion that involves
that clearly distinguish them from buried and tertiary contact torsional oscillations of Xand X% of the R1(a) side chain
sites @). Nevertheless, the mobility of R1(a) at each of these as dominant contributors to the motion of the nitroxide. This
sites is unique in quantitative detail and is a “fingerprint” will be referred to hereafter as theyXs model for internal
for the sequence position of the residdeR). For R1(a) at motion.
the majority of helix surface sites investigated so far, the A primary goal of the present work is to quantitatively
sequence-specific mobility differences are apparently not evaluate the XXs model of the R1(a) side chain using T4L
determined by differences in interaction with the nearest as a model system. To investigate the internal motion of the
neighbors in the same heliXd) This was dramatically  side chain in isolation, it is necessary to select a site for
illustrated in T4L with a “transmutation” experiment where placement of R1(a) that has minimal backbone flexibility
the nearest neighbors around R1(a) at one helix surface siteand at the same time one at which R1(a) makes no tertiary
were mutated to the same as those around R1(a) at acontact interactions and has no interactions with nearest
topologically similar site in a different helix. The unique EPR neighbors in the same helix. Solvent-exposed site 72, in the
spectra and mobility of R1(a) at each site were retaid@d ( center of the long interdomain helix of T4L (Figure 2),

The most attractive proposal to account for the site-specific appears to be an ideal candidate and was selected as a
mobility is that backbone dynamic modes with correlation reference for initial study. The mobility of 72R1(a) is
times in the nanosecond regime modulate the side chainessentially independent of nearest neighbor side chains, and
internal motions. If this were the case, SDSL may be a no tertiary contacts are madd)( Additionally, site 72 is
powerful new tool for mapping backbone dynamics in one of the most highly ordered helix surface sites in the
proteins, particularly for high molecular weight soluble protein, with low Debye-Waller factors in the crystal
proteins and membrane proteins. To identify putative back- structure 12) and slow amide hydrogen exchangk3)(
bone contributions to R1(a) mobility, and establish a indicating a relatively rigid backbone structure. Thus, we
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tentatively assume that the motion of 72R1(a) is dominated Scheme 2

by internal bond rotations of the side chain. One outcome

of the present studies is to provide additional support for
this assumption.

To investigate putative contributions of backbone motions
to side chain mobility, site 131 in T4L was selected for
comparison with site 72. Site 131 is located in a short two-
turn helix (Figure 2), and like 72R1(a), the mobility of

131R1(a) does not appear to depend on nearest neighbor

interactions 4). However, on the basis of the Deby@/aller
factors for 131 in the crystal structurdé2) and the high
hydrogen exchange rate as compared to13, (131R1(a)
is predicted to have additional dynamical modes from
backbone flexibility. Quantitative comparison of the motion
of 72 and 131 may thus provide insight into the contribution
from backbone dynamics.

The experimental strategy to evaluate thgX$ model
for R1(a) is to selectively perturb the motion of the side chain
by chemical modification of the nitroxide ring, and compare

the results, judged by spectral simulation, with that predicted
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aj: MsCI, EgN, CHCl,, 0°C—r.t., 1 h, 82%;ji: Nal, acetone, 55
°C, 10 h, 72%jii: 30% HO,, MeOH, HO, cat. KCO;, r.t. 3 h, 72%);
iv: NaSSQCHs;, DMSO, 30 min, 70°C, 41%.

Unlike the case for series 1, some 4-substituted derivatives
of series 5 retain high mobility. Thus, 4-substituents of this
series may be used to design a new class of functionalized
nitroxide side chains in which the mobility is sufficiently
high to allow detection of changes in mobility due to
interactions of the substituent.

by the model. Side chains based on both the pyrrole EXPERIMENTAL PROCEDURES

nitroxides of series 1 and the pyrrolidine nitroxides of series

Materials. Spin labeling reagent$a) (14), I1(g) (15), I(e)

5 with 4-substituents of increasing size and varying degrees(16) I(h) (17), and com
, X . . , , pounds (18), 9a(19), 9b (19), 17
of polarity (Figure 1) were investigated at both 72 and 131. (20), 23 (21), 28 (18), 30 (22), 33 (23) were prepared

The results for the reference site 72 suggest a simple

anisotropic motion in R1(a) that strongly supports thg X
Xs model. Importantly, the spectrum of 131R1(a) can be

simulated with the same type of anisotropic motion as 72R1-

(a) but with a simple increase in the amplitude of the motion.

Moreover, the spectra of R1(a) at helix surface sites in other

according to published procedures. Flash column chroma-
tography was performed on silica gel with a Merck Kieselgel
60 (0.046-0.063 mm) and qualitative TLC was carried out
on commercially prepared plates coated with Merck Kieselgel
GFss Resource S and Hi-Trap desalting columns were
purchased from Amersham-Phamacia Biotech (Piscataway,

proteins can also be accounted for by the same anisotropicNJ)_ The cysteine-free pseudo-wild-type lysozyme gene

motion with a variable amplitude and possibly rate of motion.

These results are consistent with a model in which backbone
fluctuations in the nanosecond regime modulate an aniso-

tropic motion described by the s&s model. Although a
rigorous description of R1 motion in terms of rates and

containing the substitutions C54T and C97A was kindly
provided by F. W. Dahlquist (University of Oregon). This
will be referred to as “wild type” or T4 lysozyme. Taq
Polymerase and restriction enzymes were purchased from
Fisher (Tustin, CA). IPTG was purchased from Alexis

amplitudes of each dynamic mode must await future mul- g;1-hemicals (San Diego, CA) and Tris, MOPS, and EDTA

tifrequency and single-crystal EPR analysis, the results

were purchased from Fisher (Tustin, CA). Microcon cen-

presented here provide a firm foundation for the design of g filter devices for protein concentration were pur-

experiments to further evaluate the model.

At some helix surface sites, multicomponent spectra are

chased from Millipore (Bedford, MA). Capillaries for EPR
measurements were purchased from VitroCom Inc. (Moun-

observed, indicating multiple dynamic states of R1. Even (., Lakes, NJ).

some single-component spectra, such as that for 131R1(a)

at room temperature, become multicomponent at reducedsynthesis of Spin Labeling Reagents.

temperature. The additional components are believed to arise

from weak local interactions, and temperature is proposed General. Melting points were determined on a Boetius

as a useful variable to “titrate” these weak interactions.

micro melting point apparatus and are uncorrected. Elemental

The series 1 and 5 derivatives were designed to analyzeanalyses (C, H, N, and S) were performed on EA 1110

the internal motions of the R1(a) side chain, but they may CHNS Elemental analyzer, or the halogens were analyzed
be useful spin labels in their own right. For example, titrimetrically by Schimiger's method. IR spectra were
4-substituted derivatives of series 1 have hindered rotationsrecorded on Zeiss Specord 75, and 1H NMR spectra of
about the two terminal bonds due to steric interactions of corresponding diamagnetic compounds were recorded with
the substituent with theSsulfur atom. Thus, the residual & Varian-Gemini 200 spectrometer using Cp&s a solvent
motion in these derivatives should have an enhancedand TMS as an internal standard. Mass spectra were recorded
contribution from backbone modes, and they may find use on a VG TRIO-2 instrument.

as specific probes of backbone motion. The 4-phenyl and Synthesis of V(h)4p, Scheme 1). (a) 1-Oxyl-trans-3-
4-phthalimido derivatives [R1(f) and R1(g), respectively], (methylsulfonyloxymethyl)-4-cyano-2,2,5,5-tetramethylpyrro-
which have additional interactions with the protein, are lidine (2). To a stirred solution of compourid(1.97 g, 10.0
sufficiently hindered to be effectively immobilized at both  mmol) and E4N (1.11 g, 11.0 mmol) in CkCl; (30 mL)
surface sites studied. This property will make them useful methanesulfonyl chloride (1.25 g, 11.0 mmol) was added
as probes for measurement of overall protein rotational dropwise at 0°C. The mixture was stirred at r.t. for 1 h.
diffusion. The organic phase was washed with brine (10 mL), separated,
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dried (MgSQ), filtered, and evaporated to yield as a
crystalline solid 2.25 g (82%), mp 14450°C. IR (Nujol)
vmax 2230 cnTt. Anal: calcd. for GiH19N2O4S (275.34), C:
4798, H: 6.96, N: 10.17, S: 11.64; found C: 47.81, H:
7.00, N: 10.11, S: 11.52. MBVz, (%): 275 (M, 16), 261
(10), 245 (4), 68 (100).

(b) 1-Oxyl-trans-3-iodomethyl-4-cyano-2,2,5,5-tetramethyl-
pyrrolidine (3). A solution of compoun@ (1.38 g, 5.0 mmol)
and Nal (1.50 g, 10.0 mmol) in dry acetone (30 mL) was
stirred and refluxed for 10 h. After acetone was evaporated
off, the residue was dissolved in EtOAc (30 mL) and washed
with brine (15 mL). The organic phase was dried, filtered,
evaporated, and purified with flash column chromatography
(hexane/BEO) to give compoun@ as a crystalline solid 1.10
g (72%), mp 134135 °C. IR (Nujol) vmax 2235 cmit.
Anal: calcd. for GoH6IN2O (307.15), C: 39.10, H: 5.25,
N: 9.12; found C: 39.20, H: 5.27, N: 9.05. Mf/z, (%):
307 (M, 17), 293 (6), 277 (3), 69 (100).

(c) 1-Oxyl-trans-3-iodomethyl-4-carboxamido-2,2,5,5-tetra-
methylpyrrolidine 4a). To a solution of3 (1.53 g, 5.0 mmol)
in MeOH (10 mL), aq. 30% kD, solution (5 mL) and
K>COs (69 mg, 0.5 mmol) were added, and the mixture was
allowed to stand at r.t. for 3 h. The mixture was extracted
with CHCIl3 (2 x 20 mL), and the organic phase was
separated, dried (MgSJ filtered, evaporated, and purified
by chromatography (hexane/EtOAc) to give compodiad
as a crystalline solid 1.17 g (72%), mp 16864 °C. IR
(Nujol) ¥max 3470 cn1?, 3360 cn1?, 1660 cnT?, 1625 cnTt.
Anal: calcd. for GoH1sIN,O; (325.16), C: 36.94, H: 5.58,
N: 8.62; found C: 36.81, H: 5.57, N: 8.60. M#z, (%):
325 (M, 23), 311 (8), 295 (8), 41 (100).

(d) 1-Oxyl-trans-3-methanesulfonylthiomethyl-4-carbox-
amido-2,2,5,5-tetramethyl-pyrrolidinedly, reagent V(h)).

A solution of compound4a (975 mg, 3.0 mmol) and
NaSSQCHs; (805 mg, 6.0 mmol) in DMSO (10 mL) was
cautiously heated to 78C, and the mixture was monitored
by TLC. After consumption of starting material (30 min),
the solution was poured onto water (30 mL). The ag. solution
was extracted with CHGI(2 x 30 mL), the organic phase
was separated, dried (MggQfiltered, evaporated, and the
residue was purified by flash chromatography (hexane/
EtOAC) to yield the title compoundb as a dark-brown oil
380 mg (41%). IR (neatymax 3460 cn1?, 3360 cmt, 2960
cmt, 2920 cn?, 1660 cnT?, 1630 cmt. Anal: calcd. for
C11H21N2O4S; (30942), C:. 42.70, H: 6.84, N: 9.05, S:
20.72; found C: 42.63, H: 6.87, N: 9.09, S: 20.59. MS
m'z, (%): 309 (Mf, 1), 295 (1), 279 (2), 41 (100).

Synthesis of I(d)9b, Scheme 2). (a) 1-Oxyl-3-ethyl-4-
methylen-2,2,5,5-tetramethylpyrrolidinBdj. To a solution
of compound5b (2.61 g, 10.0 mmol) in THF (20 mL),
SMEAH (5 mL, 70% in toluene) was added dropwise at 0
°C, and the mixture was stirred at r.t. for 4 h. The reaction
mixture was cautiously poured onto a mixture of crushed
ice (70 g) and 10% NaOH solution (30 mL). The aqueous
solution was extracted with THF (2 30 mL). The organic
phase was separated, dried (Mg ®ltered, and evaporated.
Purification with flash column chromatography (hexane/
Et,0O) yielded compounéc as an orange oil 940 mg (52%).
IR (neat) vmax 2965 cm?, 2920 cm?, 1660 cnl. Anal:
calcd. for GiH,oNO (182.29), C: 72.48, H: 11.06, N: 7.69;
found C: 72.38, H: 11.10 N: 7.65. M®/z, (%): 182 (M,
60), 152 (88), 135 (35), 42 (100).

Biochemistry, Vol. 40, No. 13, 2003831

Scheme 2

B

L X
a s af Br
oo $50:ct=" | $50.crn ="

2j: SMEAH, THF, 0°C —r.t., 4 h, 52%ii: 5a, AcCl, EtN, CHCl,,
0°C—r.t, 1 h, 78%;ii: (1) ascorbic acid, dioxane,.B, 40°C, 15
min. (2) AcCl, EgN, CHCL, 0 °C — r.t,, 1 h, 56-66%; iv: NBS,
benzoyl peroxide, CG) 76 °C, 30 h, 55-57%;v: (1) NaOCH, THF,
r.t., 20 min, (2) MnQ, CHCL, O, r.t., 20 min, 26-40%; vi: EtOH,
H>O, NaSSGCHs, 78 °C, 20 min, 35-42%.

(b) 1-Oxyl-3-acetoxyethyl-4-methylen-2,2,5,5-tetramethyl-
pyrrolidine (6). Acetyl chloride (1.25 g, 16.0 mmol) was
added dropwise to a stirred solution of compoad(2.97
g, 15.0 mmol) and BN (1.62 g, 16.0 mmol) in CkCl, (30
mL) at 0 °C. The mixture was stirred at r.t. for 1 h. The
mixture was washed with brine (15 mL), and the organic
phase was separated, dried (Mgl @ltered, and evaporated.
Then, the residue was purified with flash chromatography
(hexane/EX) to give6 as an orange oil 2.80 g (78%). IR
(neat)vmax 2970 cnt, 2920 cn1?, 1730 cnt?, 1660 cnil.
Anal: calcd. for GsH2oNO; (240.32), C: 64.97, H: 9.23,
N: 5.83; found C: 65.01, H: 9.25 N: 5.78. M¥/z, (%):
240 (M*, 23), 226 (18), 107 (71), 43 (100).

(c) 1-Acetoxy-3-acetoxyethyl-4-methylen-2,2,5,5-tetra-
methylpyrrolidine 7). To a solution of radicab (2.40 g, 10.0
mmol) in dioxane (30 mL), a solution of ascorbic acid (7.04
g, 40.0 mmol) in water (25 mL) was added. The mixture
was stirred at 40C for 15 min under M The colorless
solution was extracted with CHE(2 x 20 mL) and dried
MgSQO, under N. First, EgN (1.11 g, 11.0 mmol) was added
and, then, acetyl chloride (863 mg, 11.0 mmol) &0 The
mixture was stirred at r.t. for 1 h. The mixture was filtered
and evaporated to dryness. The residue was taken up in brine
(20 mL), extracted with EtOAc (2 20 mL), dried (MgSQ),
filtered, and evaporated. The residue was purified by flash
chromatography (hexanefEY) to yield compound’ as a
colorless oil 1.41 g (50%)YH NMR (200 MHz, CDC})
4.95 (dd, 2H,J = 2 Hz,J = 2 Hz), 4.35-4.02 (m, 2H),
2.48 (t, 1H,J = 6.3 Hz), 2.13 (s, 3H), 2.06 (s, 3H), 1.88
1.72 (m, 2H), 1.28 (s, 3H), 1.25 (s, 3H), 1.16 (s, 3H), 0.96
(s, 3H). IR (neat)max 2960 cm?t, 2930 cm?, 1760 cm?,
1730 cn?, 1650 cmt. Anal: calcd. for GsH2sNO, (283.37),

C: 63.58, H: 8.89, N: 4.97; found C: 63.59, H: 9.05; N:
4.91. MSm/z, (%): 283 (MF, 2), 268 (18), 241 (31), 226
(100).

(d) 1-Acetoxy-3-acetoxyethyl-4-bromomethyl-2,5-dihydro-
2,2,5,5-tetramethyl-1H-pyrrole8]. A mixture of diacetate
7 (1.20 g, 4.2 mmol)N-bromosuccinimide (900 mg, 5.0
mmol) and benzoyl peroxide (24 mg, 0.1 mmol) in ¢ClI
(30 mL) was refluxed for 30 h. The succinimide was filtered
off and washed with CGI (10 mL). The filtrate was
evaporated to dryness, dissolved in EtOAc (30 mL), and
washed with brine (10 mL). The organic phase was separated,
dried (MgSQ), filtered, and evaporated in vacuo. The residue
was purified by flash chromatography with (hexanglBt
to give compoun@ as a yellow oil 836 mg (55%}H NMR
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(200 MHz, CDC}) ¢ 4.18 (t, 3H,J = 6.3 Hz), 4.06-3.93
(m, 2H), 2.6-2.4 (m, 2H), 2.15 (s, 3H), 2.05 (s, 3H), 1.31
(s, 6H), 1.21 (s, 6H). IR (neat)nax 2965 cn?, 2925 cn?,
1750 cntt, 1740 cnt, 1650 cntl. Anal: calcd. for GsHys-
BrNO, (362.26), C: 49.73, H: 6.68, Br: 22.06 N: 3.87;
found C: 49.28, H: 6.60, Br: 21.95, N: 3.91. M¥/z,
(%): 361 (M, 1), 346 (19), 304 (67), 43 (100).

(e) 1-Oxyl-3-hydroxyethyl-4-bromomethyl-2,5-dihydro-
2,2,5,5-tetramethyl-1H-pyrrol®a). A solution of8 (800 mg,
2.2 mmol) in THF (20 mL) was treated with 0.2 M NaOMe
solution (2 mL) in MeOH. The mixture was allowed to stand
at r.t. and was monitored by TLC. After consumption of the

starting material (20 min), the organic solvents were evapo-

Columbus et al.

poundllas a yellow oil 519 mg (57%}H NMR (200 MHz,
CDCl3) 6 4.0 (s, 2H), 2.15 (s, 3H), 1.79.95 (m, 5H), 1.30
(s, 6H), 1.20 (s, 6H); IR (neatynax 2960 cn1l, 2920 cn?,
1765 cnt!, 1645 cntl. Anal: calcd. for GsH2:BrNO,
(304.23), C: 51.32, H: 7.29, Br: 26.26 N: 4.60; found C:
51.38, H: 7.25Br: 26.10, N: 4.49. M®/z, (%): 303 (M,
2), 288 (22), 246 (100), 182 (56).

(c) 1-Oxyl-3-ethyl-4-bromomethyl-2,5-dihydro-2,2,5,5-tetra-
methyl-1H-pyrrole {28). A solution of 11 (456 mg, 1.5
mmol) in THF (20 mL) was deprotected with 0.2 M NaOMe
solution (2 mL) under the same reaction conditions and
procedures as in case of compo@@urification with flash
column chromatography (hexanefB} yielded12aas yellow

rated off. The residue was dissolved in saturated aqueouscrystalline solid 78 mg (20%), mp 6662 °C. IR (Nujol)

NH,CI solution and extracted with CHE(2 x 30 mL). The
organic phase was separated, dried (MgS@itered, and
evaporated. The residue was dissolved in GHE0 mL),
activated MnQ (86 mg, 1.0 mmol) was added, and Was
bubbled through the solution for 20 min. The solution was

vmax 1640 cm. Anal: calcd. for GiH1oBrNO (261.18), C:
50.59, H: 7.33, Br: 30.59 N: 5.36; found C: 50.51, H: 7.35,
Br: 30.71, N: 4.33. MSWz, (%): 260 (M, 31), 246 (10),
166 (95), 152 (100).

(d) 1-Oxyl-3-ethyl-4-methanesulfonylthiomethyl-2,5-dihy-

filtered, the organic solvent was evaporated off, and the dro-2,2,5,5-tetramethyl-1H-pyrrolel2h reagent I(c)).A
residue was purified by chromatography (hexane/EtOAc) to mixture of 12a (52 mg, 0.2 mmol), NaSS@QH; (67 mg,

give 9a as a pale yellow crystalline solid 243 mg (40%),
mp 69-71 °C. IR (Nujol) vmax 3360 cntl, 1640 cnrl.
Anal: calcd. for GiH1BrNO, (277.18), C: 47.67, H: 6.91,
Br: 28.83, N: 5.05; found C: 47.58, H: 6.90, Br: 28.71,
N: 5.08. MSm/z, (%): 276 (M, 16), 262 (10), 196 (14),
182 (100).

(f) 1-Oxyl-3-hydroxyethyl-4-methanesulfonylthiomethyl-
2,5-dihydro-2,2,5,5-tetramethyl-1H-pyrrolel reagent I(d)).
Compoundda (200 mg, 0.73 mmol) and NaSSCH; (134
mg, 1.0 mmol) were refluxed in EtOH (10 mL) and water
(5 mL) for 20 min. The EtOH was evaporated off. Brine

0.5 mmol) in EtOH (6 mL) and water (3 mL) was refluxed
for 20 min and worked up under the same reaction conditions
as in case of compour@b. Purification with flash column
chromatography (hexane/EtOAc) yieldé@b as a yellow
oil 24 mg (42%). IR (Nujol)vmax 2970 cn1?, 2920 cm?,
1640 cntl. Anal: calcd. for GoHoNOsS, (292.43), C:
49.29, H: 7.58, N: 4.76, S: 21.93; found C: 49.33, H: 7.62,
N: 4.73, S: 22.00. M3z, (%): 292 (M™, 18), 198 (22),
166 (64), 83 (51), 67(42), 55(53), 41(100).

Synthesis of | (b)18b, Scheme 3). (a) 1-Oxyl-3-methyl-
4-methylen-2,2,5,5-tetramethyl-pyrrolidinkEs{ and 1-Meth-

(10 mL) was added, and the residue was extracted with oxy-3-methyl-4-methylen-2,2,5,5-tetramethyl-pyrrolidit.(
CHCl; (2 x 15 mL). The organic phase was separated, dried Under N atmosphere at 30 °C, a catalytic amount of CUCN

(MgSQy), filtered, and evaporated. Purification of the residue
with flash column chromatography on silica gel (CHCI
Et,O) gave9b as an off-white solid 79 mg (35%), mp #7
79°C. IR (Nujol) vmax 3360 cnt?, 1640 cntt. Anal: calcd.
for C12H2oNO4S; (308.43), C: 46.73, H: 7.19, N: 4.54, S:
20.79; found C: 46.68, H: 6.98 N: 4.58, S: 20.95. M&,
(%): 308 (M, 5), 292 (10), 277 (10), 43 (100).

Synthesis of 1(c)12b, Scheme 2). (a) 1-Acetoxy-3-ethyl-
4-methylen-2,2,5,5-tetramethylpyrrolidin&0j. Compound

(500 mg, 5.5 mmol) was added to a stirred solution of
methylmagnesium iodide, which was freshly prepared from
methyl iodide (8.46 g, 60.0 mmol) and Mg turnings (1.46 g,
60.0 mmol) in anhydr. O (80 mL). After 30 min, a solution

of allyl ester13 (7.63 g, 30.0 mmol) in anhydr. THF (20
mL) was added gradually over 20 min. The mixture was
stirred at 0°C for 4 h and then quenched with aq. MH
solution (30 mL). The organic phase was washed witlOEt
(2 x 50 mL). The combined organic phases were dried

5¢ (910 mg, 5.0 mmol) was converted to protected derivative (MgSQy), filtered, and evaporated in vacuo to give a pale

10 with ascorbic acid (3.52 g, 20.0 mmol) followed by
treatment with acetyl chloride (471 mg, 6.0 mmol) in the
presence of BEN (606 mg, 6.0 mmol) under the same

yellow oil. The residue was taken up in CHG#0 mL), a
catalytic amount of activated Mn@86 mg, 1.0 mmol) was
added, and @was bubbled through the mixture for 20 min.

reaction conditions and procedures as in the case ofThe deep orange solution was filtered, evaporated again to

compound. Purification by chromatography (hexanef&}
yielded 10 as a colorless oil 742 mg (66%H NMR (200
MHz, CDCk) 6 4.9 (d, 2H,J = 2 Hz), 2.1 (s, 3H), 2.
0.95 (m, 6H), 1.28 (s, 3H), 1.21 (s, 3 H), 1.15 (s, 3H), 0.95
(s, 3H); IR (neatvmax 2965 cm'l, 2925 cm?, 1770 cm?,
1650 cn1t. Anal: calcd. for GaH23NO, (225.53), C: 69.30,
H: 10.29, N: 6.22; found C: 69.15, H: 10.25 N: 6.30.
(b) 1-Acetoxy-3-ethyl-4-bromomethyl-2,5-dihydro-2,2,5,5-
tetramethyl-1H-pyrroleX1). The above protected derivative
10 (676 mg, 3.0 mmol)N-bromosuccinimide (534 mg, 3.0
mmol) and benzoyl peroxide (24 mg, 0.1 mmol) were
refluxed in CCJ, (30 mL) for 30 h and worked up under the
same reaction conditions as in the case of compaind
Purification by chromatography (hexanefB} gave com-

dryness, and flash chromatographed on silica gel (hexane/
Et,0) as an eluent. The first colorless band was the
diamagnetic byproduct4 as a colorless oil 1.64 g (30%),
IR (neat) vmax 2950 cm?, 2920 cmt, 1595 cml. Anal.
calcd. for G;H2:NO (183.29), C: 72.08, H: 11.55, N: 7.64;
found C: 72.03, H: 11.53, N: 7.70. The second yellow band
was compound51.76 g (35%) as an orange oil. IR (neat)
Vmax 2970, 2920. Anal: calcd. for H1sNO (168.27), C:
71.39, H: 10.78, N: 8.32, found C: 71.23, H: 10.80, N:
8.38. MSnvz, (%): 168 (Mf, 7), 152(24), 138 (8), 57 (100).
(b) 1-Acetoxy-3-methyl-4-methylen-2,2,5,5-tetramethyl-
pyrrolidine (16). Compound15 (1.68 g, 10.0 mmol) was
reduced with ascorbic acid (7.04 g, 40.0 mmol) and converted
to anN-acetoxy derivative with acetyl chloride (785 mg, 10.0
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Scheme 3 flash column chromatography (hexanef®tgave compound
18a as an orange solid 186 mg (28%), mp-%8 °C. IR
(Nujol) nax 2970 cnr?, 2920 cnm't, 1660 cn. Anal: calcd.

S
>(—f< S g SRS o RTINS o SO for C1oH:/BINO (247.16), C: 48.60, H: 6.93, Br: 32.33 N:
) y

I ) N 1, 5.67 found C: 48.50, H: 7.00, Br: 32.18, N: 5.76. M,
5 (%): 246 (M, 9), 231 (5), 167 (10), 152 (100).
o _X (e) 1-Oxyl-3-methanesulfonylthiomethyl-4-methyl-2,5-di-
>ZIQ - {Q 8, X hydro-2,2,5,5-tetramethyl-1H-pyrroldé8h, reagent I(b)) A
iAc 6 ol Ssoem mixture of compoundl8a (123 mg, 0.5 mmol), NaSS©
CHs; (134 mg, 1.0 mmol) in EtOH (6 mL) and water 3 (mL)

N Purification with flash column chromatography (hexane/
EtOAc) gave compound8b as an off-white solid 53 mg
(38%), mp 62-64 °C. IR (Nujol) vmax 2960 cnr?, 2920
cm i, 1655 cmt. Anal: calcd. for GiHoNOsS, (278.40),

OH X

>CQ v >(_Q 2, X C: 47.46, H: 7.24,N: 5.03, S: 23.03; found C: 47.35, H:
N N a| I .
& & vonn SSOZCH;j”
22

|
OAc

19 20 21

CONCH, £O:CHy w0k was refluxed for 30 min. The reaction was worked up under
><=S< i ><=§< y ><_§< i the same procedures as in the case of compodind

N N

& §

7.18, N: 4.93, S: 23.00. M&Vz, (%): 278 (M, 2), 263
(1), 121 (67), 43 (100).
Synthesis of V(b)2@b Scheme 3). (a) 1-Acetoxy-3-
@ o @ x carboxymethyl-2,5-dihydro-2,2,5,5-tetramethyl-1H-pyrr@@.(
><_Q i ><_Q 25 X Compoundl9(7.92 g, 40.0 mmol) was reduced with ascorbic
oo T N Nk acid (21.12 g, 0.12 mol) and converted to a protected
o 0 [V(H1b| SSOCHy LN . . .
" derivative with acetyl chloride (3.92 g, 50.0 mmol) in the
ai: (1) CHMgl, CUCN, E$O, —30 °C — 0 °C, 4 h; (2) NHC, presence of BN (5.05 g, .50.0 mmpl) under the same reaction
MnO;, CHCL, Oy, 1.t., 20 min;14 30%, 15 35%;ii: (1) ascorbic acid, ~ Procedures and conditions as in the case of compaund
dioxane, HO, 40°C, 15 min; (2) AcCl, E§N, CHCk, 0°C —r.t., 1 h, After crystallization of the crude product from hexane, we
48-57%;iii: NBS, benzoyl peroxide, C¢176°C, 30 h, 57%ju: (1) obtained compoung0 as white crystals 4.62 g, (48%), mp

NaOCH;, THF, r.t., 30 min, (2) MnQ, CHCL, O, r.t., 20 min, 28%; _A2°C 1
v: EtOH, H:0, NaSSGCHjs, 78°C, 20 min, 38%yi: (1) Cul, MeMgl, 41-43°C."H NMR (200 MHz, CDCY) 0 6.58 (s, 1H), 3'7.5 |
EtO, —30°C — r.t. 3.5 h, (2) NHCI, MNO,, CHC, Oy, r.t., 20 min; (s, 3H), 2.14 (s, 3H), 1.42 (s, 6H), 1.29 (s, 6H). IR (Nujol)

(3) chromatography, NaOMe, THF, r.t., then aq. 5%&8,, 30%; vii: Vmax 1760 cn1?, 1720 cnr?, 1630 cnT’. Anal: calcd. for
MeOH, t-BuOH, NaBH, 82°C, 3 h, 53%yiii: (1) MsCl, EtN, CHC, Ci1oH10NO4 (241.29), C: 59.73, H: 7.94, N: 5.80; found C:
0°C —rt, 1 h; (2) Nal, acetone, 58C, 10 h, 4160%; ix: 59.82, H: 7.92, N: 5.76. M3z, (%): 241 (M, 2), 226
NaSSQCHs, DMSO, 60°C, 30 min, 3+40%. (6), 199 (15), 184 (100).

(b) 1-Oxyl-trans-3-methoxycarbonyl-4-methyl-2,2,5,5-tetra-
methylpyrrolidine 21). Under N, atmosphere at-30 °C, a
guspension of Cul (7.61 g, 40.0 mmol) was added to a stirred
solution of methylmagnesium iodide, which was freshly
prepared from methyl iodide (17.03 g, 0.12 mol) and
magnesium turnings (2.88 g, 0.12 mol) in anhyd:(e{60
mL). After 30 min, a solution of the unsaturated protected

mmol) in the presence of g (1.01 g, 10.0 mmol) under
the same reaction conditions and procedures as in the cas
of compound?. Purification with chromatography (hexane/
Et,0) gave compound6 1.20 g (57%) as a colorless oil.
IR (Neat)vmax 2960 cn1t, 2920 cnt?, 1765 cnt?, 1655 cnT.
Anal: calcd. for GoH2:NO, (211.30), C: 68.21, H: 10.02,

2'1 16(&51' ffg)ndlgé ?78)3365( 1%())'0155; 4N(.1867)3. M8z, (%): ester20 (4.50 g, 18.6 mmol) was added in dry,6t (50
’ ’ ’ ’ C mL) gradually over 30 min. The mixture was stirred-&30

(c) 1-Acetoxy-3-bromomethyl-4-methyl-2,5-dihydro-2,2,5,5- °c for 3 h. After warming to room temperature, the mixture
tetramethyl-1H-pyrrole17). The above protected derivative  \yas poured onto an ice-cooled ME solution (50 mL). The
16 (1.05 g, 5.0 mmol) was brominated wit-bromosuc-  organic phase was separated, and the aqueous phase was
cinimide (900 mg, 5.0 mmol) in the presence of benzoyl \ashed with BEO (2 x 30 mL) and CHCJ (1 x 50 mL).
peroxide (24 mg, 0.1 mmol) in C&(30 mL) under the same  The extracts were combined, dried (MggCfiltered, and
reaction procedures and conditions as in the case Ofevaporated. The residue was dissolved in GH@0 mL),
compound. Purification with flash column chromatography  gctivated MnQ (86 mg, 1.0 mmol) was added, and @as
(hexane/EO) yielded compound7 as a pale yellow 0il 826 pyppled through the solution for 20 min. The Mn@as
mg (57%)."H NMR (200 MHz, CDC}) 6 3.96 (d, 2H,J = removed by filtration, and the deep orange solution was
2 Hz), 2.14 (s, 3H), 1.68 (s, 3H), 1.30 (s, 6H), 1.17 (s, 6H). evaporated to dryness. The product was purified with flash
IR (neat)rmax 2960 cn1t, 2920 cm?, 1760 cn?, 1660 e chromatography on silica gel (hexanefB). The first two
Anal: calcd. for GoHz0BrNO; (290.20), C: 49.67, H: 6.95,  yellow bands were the trans and cis isomergbfas yellow
Br: 27.53, N: 4.83; found C: 49.70, H: 7.00, N: 4.74.MS  jis. The solution of cis and trans isomers in THF (30 mL)
m'z, (%): 289 (M, 1), 274 (17), 247 (10), 232 (100). was treated with 0.2 M NaOMe solution (1.0 mL). The

(d) 1-Oxyl-3-bromomethyl-4-methyl-2,5-dihydro-2,2,5,5- solvents were evaporated off, and the residue was taken up
tetramethyl-1H-pyrroleX8a). A solution of17 (783 mg, 2.7 in 5% aq. HSO, solution (5 mL), extracted with CHE(30
mmol) in THF (20 mL) was deprotected with 0.2 M NaOMe mL), dried (MgSQ), filtered, and evaporated to give the pure
(1.5 mL) solution under the same reaction conditions and trans isomer21 as an orange oil 1.19 g (30%). IR (neat)
procedures as in the case of compo@adPurification with Vmax 2960 cntt, 2920 cn?l, 1730 cnt. Anal: calcd. for
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C11H20NO3 (214.28), C: 61.66, H: 9.41, N: 6.54, found
C:61.62, H: 9.40, N: 6.56. M®Vz, (%): 214 (M', 21),
199 (16), 115 (46), 70 (100).
(c) 1-Oxyl-trans-3-hydroxymethyl-4-methyl-2,2,5,5-tetra-

methylpyrrolidine 22). To a stirred solution of este1 (1.07

g, 5.0 mmol) and NaBi(1.48 g, 40.0 mmol) in anhydr.
t-BUOH (15 mL), a mixture of anhydr. MeOH (4 mL) and
t-BUOH (6 mL) was added dropwise avé h under N. The

mixture was concentrated in vacuo, quenched with saturated

aqueous NKCI solution (20 mL), extracted with CHE[2
x 20 mL), dried (MgSQ), filtered, and evaporated. The

Columbus et al.
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crude alcohol was purified by flash chromatography (hexane/ yojyene, 11¢°C, 6 h, 41%iii: (1) MsCI, EtN, CH,Cl,, 0°C — r.t.,

EtOAc) to afford22 as a yellow oil 492 mg (53%). IR (neat)
Vmax 3960 cnl, 2970 cnt?, 2920 cmt. Anal: calcd. for
CioH20NO; (186.27), C: 64.48, H: 10.82, N: 7.52, found
C: 64.42, H: 10.82, N: 7.58. M8vz, (%): 186 (M", 23),
172 (12), 140 (20), 70 (100).

(d) 1-Oxyl-trans-3-iodomethyl-4-methyl-2,2,5,5-tetramethyl-

pyrrolidine (23a). Alcohol 22 (450 mg, 2.4 mmol) was

1 h; (2) Nal, acetone, 5%C, 20 h, 35%jv: NaSSQCHs, DMSO, 70
°C, 30 min, 35%.

2.0 mmol) in DMSO (8 mL) were heated at 7C for 30

min and worked up with the same reaction procedures as in
the case of compoundb. Purification with flash column
chromatography (hexane/EtOAc) afford28b as a brown

converted to mesylate with methanesulfony! chloride (343 solid 136 mg (40%), mp 158160 °C. Anal: calcd. for

mg, 3.0 mmol) in the presence ofsEt(303 mg, 3.0 mmol)

CiH2aNOsS; (342.49), C: 56.11, H: 7.06, N: 4.09, S:

under the same reaction conditions and procedures as in thd8.72; found C: 56.23, H: 7.10, N: 4.09, S: 18.60. MS

case of compound. The crude mesylate and Nal (600 mg,
4.0 mmol) were stirred and refluxed in acetone (15 mL) for

m'z, (%): 342 (M, 4), 326 (2), 312 (5), 56 (100).
Synthesis of V(g)28c Scheme 4). (a) 1-Oxyl-trans-3-

10 h. The reaction mixture was worked up with the same hydroxymethyl-4-aminomethyl-2,2,5,5-tetramethylpyrroli-

procedures as in the case of compo@ndfter purification
with flash column chromatography (hexane(®, we ob-
tained compoun@3a as an orange oil 426 mg (60%). IR
(neat)vmax 2965 cnr?, 2920 cmt. Anal: calcd. for GoHio-
INO (296.17), C: 40.55, H: 7.58, N: 4.73, found C: 40.38,
H: 7.60, N: 4.63. MS: 296 (M, 10), 282 (4), 140 (5), 69
(100).

(e) 1-Oxyl-trans-3-methanesulfonylthiomethyl-4-methyl-
2,2,5,5-tetramethylpyrrolidine2@h reagent V(b))The above
iodide 23a (296 mg, 1.0 mmol) and NaSSCH; (286 mg,
2.0 mmol) in DMSO (8 mL) were heated at 7C for 30

dine 7). To a stirred solution of este26 (2.29 g, 10.0
mmol) and NaBH (2.96 g, 80.0 mmol) in anhydt-BuOH
(20 mL), a mixture of anhydr. MeOH (8 mL) arteBuOH
(10 mL) was added dropwise av@ h under N. The mixture
was worked up with the same procedures as in the case of
compound22. After purification with flash chromatography
(CHCIy/MeQH), we obtained compour¥ as a brown solid
824 mg (41%), mp 125C. IR (Nujol) vmax 3310 cn1?, 3250
cm™% Anal: calcd. for GoH21N2O, (201.29), C: 59.67, H:
10.52, N: 13.92; found C: 59.73, H: 10.63, N: 13.97. MS
m'z, (%): 201 (M, 23), 187 (10), 157 (11), 41 (100).

min and worked up with the same reaction procedures as in (b) 1-Oxyl-trans-3-hydroxymethyl-4-phthalimidomethyl-

the case of compoundb. Purification with flash column
chromatography (hexane/EtOAc) yielded compog@Bt as

a brown oil 86 mg (31%). IR (neabmax 2970 cnt?, 2920
cm. Anal: calcd. for GiH2:NOsS; (280.42), C: 47.12, H:
7.91,N: 4.99, S: 22.87 found C: 47.23, H: 7.90, N: 4.95,
S: 22.73. MSm/z, (%): 280 (Mf, 35), 266 (18), 250 (10),
41 (100).

Synthesis of V(f)26b, Scheme 3). (a) 1-Oxyl-trans-3-
iodomethyl-4-phenyl-2,2,5,5-tetramethylpyrrolidin@5§).
Alcohol 24 (993 mg, 4.0 mmol) was converted to mesylate
with methanesulfonyl chloride (570 mg, 5.0 mmol) in the
presence of EN (505 mg, 5.0 mmol) under the same

2,2,5,5-tetramethyl-pyrrolidine28d). A suspension of al-
cohol 27 (804 mg, 4.0 mmol), phthalimide (588 mg, 4.0
mmol), and E4N (1.01 g, 10 mmol) in toluene (50 mL) was
refluxed in a round-bottom flask equipped with a Dean
Stark apparatus for 6 h. The solvents were evaporated off;
the residue was dissolved in CHGBO mL) and washed
with brine (10 mL). The organic phase was separated, dried
(MgSQy), filtered, and purified by flash chromatography
(CHCIy/Et,0) to yield compoun@8aas a pale yellow solid
860 mg (41%), mp 189191 °C. IR (Nujol) ¥max 3350 cn?,
1760 cm?, 1690 cm®. Anal: calcd. for GgH23N,O4
(331.39), C: 65.24, H: 7.00, N: 8.45; found C: 65.16, H:

reaction conditions and procedures as in the case of7.05, N: 8.51. MS: 331 (M, 15), 317 (6), 301 (23), 160

compound. The crude mesylate and Nal (1.20 g, 8.0 mmol)
were stirred and refluxed in acetone (30 mL) for 10 h. The

(200).
(c) 1-Oxyl-trans-3-iodomethyl-4-phthalimidomethyl-2,2,5,5-

reaction mixture was worked up with the same procedures tetramethyl-pyrrolidine Z8h). Alcohol 28a (828 mg, 2.5

as in the case of compourdd After purification with flash
column chromatography (hexanef8}, we obtained com-
pound25aas a yellow solid 600 mg (41%); mp 15356
°C. Anal: calcd. for GsH21INO (358.24), C: 50.29, H: 5.91,
N: 3.91. found C: 50.33, H: 5.93, N: 3.97. M8z, (%):
358 (M', 4), 344 (6), 216 (10), 56 (100).
(b) 1-Oxyl-trans-3-methanesulfonylthiomethyl-4-phenyl-

2,2,5,5-tetramethyl-pyrrolidin&bhb reagent V(f)) The above
iodide 25a (358 mg, 1.0 mmol) and NaSSCH; (286 mg,

mmol) was converted to mesylate with methanesulfonyl
chloride (326 mg, 3.0 mmol) in the presence ofNE{303
mg, 3.0 mmol) under the same reaction conditions and
procedures as in the case of compodndhe crude mesylate
and Nal (600 mg, 4.0 mmol) were stirred and refluxed in
acetone for 20 h. The reaction mixture was worked up with
the same procedures as in the case of comp@urifter
purification with flash column chromatography, we obtained
compound28b as a dark yellow solid 352 mg (35%), mp
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ai: (1) EtSH, DBU, CHCN, r.t., 2 h; (2) EtOH, NaBhk{ 0 °C —
r.t., 20 min, 50%;ii: (1) MsCl, EgN, CHCl,, 0 °C —r.t., 1 h; (2)
Nal, acetone, 58C, 3 h, 38%;iii: NaSSQCH;, DMSO, 70°C, 30
min, 30%.

202-204°C. IR (Nujol) ¥max 1760 cmt, 1700 cntl. Anal:
calcd. for GgH22IN2O3 (441.29), C: 48.99, H: 5.02, N: 6.35;
found C: 49.00, H: 5.03, N: 6.27. MS: 441 (M16), 427
(9), 411 (16), 160 (100).

(d) 1-Oxyl-trans-3-methanesulfonylthiomethyl-4-phthal-
imidomethyl-2,2,5,5-tetra-methyl-pyrrolidin@8c, reagent
V(g)). The above iodide28b (220 mg, 0.5 mmol) and
NaSSQCHs; (134 mg, 1.0 mmol) were heated at 70 in
DMSO (5 mL) for 30 min and worked up with the same
procedures as in the case of compodhdAfter purification
with flash column chromatography (CH{HtO), we ob-
tained compoun@8c as a light brown solid 74 mg (35%),
mp 140-143 °C. IR (Nujol) vmax 1760 cn1?, 1700 cnmt.
Anal: calcd. for GgH2sN20sS, (425.54), C: 53.63, H: 5.92,
N: 6.58; found C: 53.73, H: 5.93, N: 6.60. MS: 425(M
3), 395 (5), 359 (12), 160 (100).

Synthesis of V(e) (31b, Scheme 5). (a) 1-Oxyl-trans-3-
hydroxymethyl-4-ethylthio-2,2,5,5-tetramethyl-pyrrolidi86) (

To a solution of aldehyde&9 (1.68 g, 10.0 mmol) and
ethanethiol (620 mg, 10.0 mmol) in GEN (20 mL), DBU
(152 mg, 1.0 mmol) was added and the mixture was allowed
to stand at r.t. for 2 h. The acetonitrile was evaporated off.
The residue was taken up in EtOAc (30 mL), washed with
5% ag. HSO, solution (10 mL) and with brine (10 mL).
The organic phase was separated, dried (MgSidtered,

and evaporated. The residue (2.0 g) was dissolved in EtOH

(20 mL) and NaBH (378 mg, 10.0 mmol) was added at 0
°C. The mixture was allowed to stand at r.t. for 20 min. The
alcohol was evaporated off; the residue was dissolved in
CHCl; (30 mL) and washed with brine (10 mL). The organic
phase was separated, dried (Mg ®ltered, and purification
with flash column chromatography (hexane/EtOAc) yielded
30as a yellow crystalline solid 1.16 g, (50%), mp +2[R2

°C. IR (Nujol) vmax3370 cm™. Anal: calcd. for GiH2,NO,S
(232.36), C: 56.86, H: 9.54, N: 6.03, S: 13.80; found C:
56.78, H: 9.57, N: 6.00, S: 13.70. M8z, (%): 232 (M,
19), 218 (9), 116 (62), 56 (100).

(b) 1-Oxyl-trans-3-iodomethyl-4-ethylthio-2,2,5,5-tetra-
methyl-pyrrolidine 81g). Alcohol 30 (696 mg, 3.0 mmol)
was converted to mesylate with methanesulfonyl chloride
(400 mg, 3.5 mmol) in the presence of®t(354 mg, 3.5
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(c) 1-Oxyl-trans-3-methanesulfonylthiomethyl-4-ethylthio-
2,2,5,5-tetramethyl-pyrrolidine 3, reagent V(e)).The
above iodide81a (342 mg, 1.0 mmol) and NaSSCH; (268
mg, 2.0 mmol) were heated at 7€ in DMSO (8 mL) for
30 min and worked up with the same procedures as in the
case of compoundb. After purification with flash column
chromatography (CHGIEt,0O), we obtained compouri?iLb
as a brown solid 98 mg (30%), mp 4@2 °C. Anal: calcd.
for C1oH2aNO3S; (326.51), C: 44.14, H: 7.41, N: 4.29, S:
29.46; found C: 44.18, H: 7.42, N: 4.28, S: 29.50. MS
m'z, (%): 326 (Mf, 9), 312 (5), 232 (10), 56 (100).

Preparation of Spin Labeled T4L Mutants.

Cloning, Expression, and Purification of TAL Mutaritfie
cloning, expression, purification, and spin labeling of the
three T4L mutants investigated (D72C, V131C, and R119C)
were previously reportedi( 24). Briefly, overlap extension
PCR @5) was used to introduce a cysteine at D72, V131, or
R119. The entire T4L gene was sequenced by Davis
Sequencing (Davis, CA). Mutant plasmids were transformed
into Escherichia colBL21 (DE3). Cell cultures were grown
to an OD~ 1.0, and protein expression was induced by
adding IPTG (1 mM). The cells were harvested by centrifu-
gation afte 1 h of induction. The cell pellets were resus-
pended in a buffer containing 25 mM Tris, 25 mM MOPS,
and 0.2 mM EDTA, pH 7.6, and sonicated for 4 min on ice
(output 4, duty cycle 50% using a Branson Sonifier 250 and
a standard disruption horn). The cell debris was pelleted by
centrifugation at 2700 for 15 min. The supernatant was
filtered (0.2u) and loaded onto a Resource S cation-exchange
column equilibrated with the same buffer. T4L was eluted
with a linear NaCl gradient (from 0 to 1.0 M NacCl). Protein
purity was determined to be 95% pure on a 15% SDS
PAGE gel.

Spin Labeling of T4AL Mutantdmmediately before spin
labeling, the protein was exchanged into a suitable buffer
(50 mM MOPS and 25 mM NacCl at pH 6.8) using a Hi-
Trap desalting column. The T4L mutants (typicayl M)
were incubated with 10-fold molar excess of the desired spin
labeling reagent. The reaction was allowed to proceed at
room temperature for at least 1 h. For the hydrophobic
reagents I(f) and V(f), the formation of a precipitate was
noted for incubations longer than 1 h. A Hi-Trap desalting
column was used to remove excess spin label, and protein
solutions were concentrated to 200 using a Microcon
filter concentrator (10 kD cutoff).

The spin labeled mutants are designated by the residue
number at which the nitroxide is introduced, and the code
for the side chain given in Figure 1. For example, 72R1(a)

is a mutant with the R1(a) side chain at site 72.

mmol) under the same reaction conditions and proceduresEPR of Spin Labeled T4L Mutants

as in the case of compourd The crude mesylate and Nal
(900 mg, 6.0 mmol) were stirred and refluxed in acetone
(30 mL) for 3 h. The reaction mixture was worked up with
the same procedures as in the case of comp@unfter
purification with flash column chromatography (hexane/
Et,0O), we obtained compouriilaas dark yellow solid 390
mg (38%), mp 5557 °C. Anal: calcd. for GH2INOS
(342.26), C: 38.60, H: 6.18, N: 4.09, S: 9.37; found C:
38.52, H: 6.20, N: 4.08, S: 9.20. M¥/z, (%): 342 (M,
12), 328 (6), 103 (62), 56 (100).

EPR Measurement&PR spectroscopy was performed on
a Varian E-109 spectrometer fitted with a two-loop one-gap
resonator Z6). Protein samples of AL (~200 uM) were
loaded in Pyrex capillaries (0.84 mm 0.4.0.6 mm i.d.)
sealed on one end. All spectra were acquiredgiai2 mwW
incident microwave power and cd G field modulation
amplitude at 100 kHz. To reduce the rotary diffusion rate of
the protein, all spectra were recorded in 30% wi/v sucrose
(4). Sucrose at this concentration does not affect the rotational



3836 Biochemistry, Vol. 40, No. 13, 2001 Columbus et al.

U(0) = —1/2kgTcr?(3co26 — 1), wherecy? is a scaling
coefficient and is the (instantaneous) angle betwegand

the symmetry axis of the potential. The symmetry axis of
the potential defines the-axis of the third and final
coordinate frame, the director frame. For describing the
nitroxide side chains on a protein subject to the above
ordering potential, the director frame is uniaxiab)( and
fixed in the protein. The existence of the restoring potential
results in an anisotropic motion and can be characterized by
the order paramete® = —1/2[(3cog6 — 1)[] where the
brackets indicate spatial average. For an individual protein
molecule,z, forms an anglep with respect to the external
magnetic field. To obtain the final spectrum corresponding
to an isotropic distribution of protein orientations, the spectra
are summed oveyp.

For fitting of experimental spectra of 72R1(a) to the
MOMD model, published values for the elements of e
and g tensors Aw Ay, Az and Oux, Oy Oz7) for R1(a) on
exposed sites of T4L were used as starting valégsThe
fit was then optimized with the rotational diffusion rat&(

Ry, R:y), the coefficient of the ordering potential.f, and
Ficure 3: A diagram showing the relationship between the the diffusion tilt angles dp, b, ap) as parameters. Next,
nitroxide magnetic framez, yw, andxy), thez-axis of the diffusion || parameters were optimized by a global fit of the spectrum

tensor ¢r), and the protein fixed directorzg) taken to lie along } ) .
the symmetry axis of the ordering potential. The angfedefines to both X- and Q-band spectra. The final values of e

the fixed tilt of zz with respect tozy. The angled is the andg tensor elements (Table 1, legend) were very similar
instantaneous angle betwegrandz,. Over time,zz moves within to the previously published values and were used as constants
a space defined by the ordering potential. in all other simulations.

. ) ) For comparative purposes, EPR spectra were also simu-
mobility of the side chainZ7). The EPR spectra of some  |3teq using the effectiveHamiltonian model previously
samples had smal5%) contributions from free spin label  jegcriped 31). In the effective Hamiltonian model, the
in solution. In these cases, the free component was removedysmiitonian is time-independent, and the principle values

by subtraction Z8). _ of the A and g tensors are taken as spatial averages
Simulations of EPR Spectré&xperimental EPR spetra corresponding to the range of motion under consideration
were fit to the MOMD model of Freed and co-worke9) (32). Axial anisotropic motion is completely characterized

using a modified LevenbergMarquardt algorithmZ9, 30). by the order paramet&= —1/2(3cos6 — 1) whered is

The paper of Budil et al.30) provides a detailed description 1 angle between the symmetry axis of the anisotropic
of the model, simulation parameters and fitting procedures. yotion @) andzx.

A brief description specific to the implementation used in
the present work is given below. For consistency, the notation RESULTS
used is that of Budil et al.30).

In the MOMD model, three coordinate frames are em-  Analysis of Side Chain Motion at Site 72. (a) Motion of
ployed to represent the internal motion of the nitroxide in 72R1(a): the 4-H Parent of Series The EPR spectrum of
the protein, as illustrated in Figure 3. The first is the 72R1(a)at2EC is shown in Figure 4, panel A. This general
molecule-fixed magnetic tensor frameu( ym, zv). As is line shape, with well-resolved hyperfine extrema (arrows),
customaryzy lies along the nitroxide p orbitaky lies along was first observed in spin labeled lipids and shown to be
the NO bond axis, angy is selected for a right-handed characteristic of anisotropic rotation of the nitroxickl{
coordinate system. The magnetic frame is the principal frame 33). The dashed line superimposed on the experimental
for both the nitroxide hyperfineX) andg tensors. The second ~ spectrum is the best fit simulation using the MOMD model.
coordinate frame is the principle frame of the rotational The parameters of the simulation are given in Table 1. The
diffusion tensor (R, YR, ZR) In generaL the rotational principle values of th@ andA tensors are similar to those
diffusion and magnetic frames are not coincident. The for R1(a) determined at 250 GHz at solvent-exposed sites
relationship between these frames is specified by the diffu- in TAL (6). According to the best fit simulatiortip = 36°
sion tilt angles @o, Bo, o), defined as the Euler angles and S = 0.47. The simulated spectral line shapes are
required for rotation of the magnetic frame into the diffusion relatively insensitive tap and insensitive tgp, which was
frame. Simulations of the experimental spectra to be dis- S€t to zero for all simulations.
cussed below are strongly dependentfn the tilt angle As is well-known, it is difficult to unambiguously resolve
betweerzz andzy (Figure 3), but weakly dependent ot contributions from diffusion ratesR{, Ry, R,) and order
and ap. Anisotropic motions are simulated in the MOMD (S using simulations of spectra at a single frequer4).(
model by introducing a restoring (ordering) potentibll) ( That is, sets of these parameters determined from fitting
that constrains the spatial extent of the motionzaf As procedures are not unique. For instance, a simulation with
will be shown below, the spectra of R1(x) in T4L low rates and a low order parameter can generate a similar
are adequately described by the restoring potential spectrum to that of one with a higher order parameter and
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Table 1: Dynamic Parameters for EPR Simulatfons

residue spinlabel T (°C) R (x 107s™Y) Ry (x 107s™) R.;(x 107s™) S Co? op (deg) Bo (deg)
72 R1(a) 21.0 9.77 6.31 7.41 0.47 2.15 4 36
72 R5(a) 21.0 9.77 6.31 7.41 0.47 2.15 15 99
131 R1(a) 21.0 9.77 6.31 7.41 0.35 1.59 4 36
131 R5(a) 21.0 9.77 6.31 7.41 0.35 1.59 15 99

aThe magnetic parameters used for all simulations are as follgws= 2.0076,9yy = 2.0050,9,, = 2.0023, and\« = 6.2,Ayy = 5.9,A,,= 37.

T4L 72 spectrum. This is due to the neglect of rate effects, which
can be accounted for by including a nuclear state-dependent
linewidth calculated from Redfield relaxation theoi35).

A. ll Figure 4, panel C, shows the improvement realized by an
approximate treatment where the relative linewidths are
computed fo a 2 nsisotropic correlation time according to
Gaffney and McConnell35).

To determine whether new modes of motion are excited
by an increase in temperature or whether weak interactions
could be detected with a decrease in temperature, the
temperature dependence of the 72R1(a) spectrum was
investigated in the range of-40 °C. Figure 5, panel A,
shows representative spectra in this temperature range. The
characteristic anisotropy, indicated by resolved parallel and
perpendicular components of tAgensor (see arrows, Figure
4), is retained up to about 34C, indicating that no
fundamental changes in geometry of the motion take place.
Above 34°C, the nitroxide magnetic anisotropy is mostly
averaged.

The experimental spectra can be simulated reasonably well
with the same anisotropic model for the motion by simply
increasing the rates with increasing temperature. The dashed

superposed with simulated spectra (dashed lines) according to th fraces in Figure 5, panel A, are simulated spectra obtained
MOMD (panel A), effective Hamiltonian (panel B), and the eoy fixing all parameters other theRy, Ry, andR;. Figure
modified effective Hamiltonian (panel C) models. The arrows in 9, panel C, shows an Arrhenius plot of the average IRt
panel A mark the hyperfine extrema characteristic of the anisotropic = [(RuRyR.)*®] determined from the simulations in the
spectrum. The effective Hamiltonian spectrum was calculated astemperature range-440 °C. The data fit a straight line with

described previously using a manifold independent Lorentzian ; St
linewidth of 3.2 G (WithS= 0.43) @1). The modified effective 2 S10P€ Corresponding to an apparent activation energy of

Hamiltonian spectrum was calculated in the same way but using © kcal/mol. This is an upper boundary to the activation
manifold dependent Lorentzian linewidths determined using Red- energy, because temperature-dependent changes in the order

field theory @5). parameter could contribute to some extent to the changes in

higher rates. To explore the limits of the “order/rate” line shapg. )
uncertainty, a library of fits was generated by varying the  (b) Motion of 72R1(b): The Effect of a 4-GBubstituent
order parameter abo@®= 0.47 and optimizing the rates to in Series 1Figure 5, panel B, shows the EPR spectra of
compensate for the spectral changes. Acceptable fits can only’2R1(b) at representative temperatures in the range-89%

be obtained foiSin the range 0.470.53 and for logRy, C. In previous work, the 4-methyl substituent in R1(b) was
log Ry, and logR,, in the ranges 7.958.05, 7.76-7.90, shown to reduce the mobility of the nitroxide relative to R1-
and 7.80-7.90, respectively (data not shown). Thus, there (&) when compared at helix surface sites in T4L at room
is some uncertainty in the values 8fand theR's, but the ~ temperature4). The large magnitude of the effect can be
ordering potential is essential for an adequate fit. Even small @ppreciated by comparing the spectra of 72R1(a) in Figure
(+ 5°) changes ingp have a pronounced effect on the 5 p.anel A, with those at similar temperatures for 72R1(p)
spectrum that cannot be compensated for by chang®s in in Figure 5, panel B. In each case, the much larger separation

— Experimental
------ Simulated

Ficure 4: The experimental EPR spectrum of 72R1(a) (solid line)

or Svalues (data not shown). of the outer hyperfine extrema in 72R1(b) indicates a lower
The diffusion rates estimated from MOMD simulations Mobility.
correspond to rotational correlation times#f2 ns at 21 To examine the origin of this effect, simulations of the

°C. This approaches the fast motional regime, where an72R1(b) spectra were carried out, and the results are shown
effective Hamiltonian treatment for anisotropic motion should as dotted traces superposed on the experimental spectra in
give an approximate fit to the spectral( 32). Figure 4, Figure 5, panel B. An important outcome of the simulations
panel B, shows that the fit to the effective Hamiltonian is is that good fits are obtained for the spectra as a function of
an adequate representation of the positions of spectral turningemperature at a constant order parameter with variation of
points, but that the widths of they = —1 and+1 resonance  rates alone, just as for the case of 72R1(a). However, the
lines are too narrow as compared with the experimental order parameter required for fits to the 72R1(b) spectra in



3838 Biochemistry, Vol. 40, No. 13, 2001 Columbus et al.

B. 72R1(b) C. 72R1(a)
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Ficure 5: The MOMD simulated (dashed lines) and experimental (solid lines) spectra of 72R1(a) (A) and 72R1(b) (B) are shown at
temperatures ranging from 4 to 4C€. The gray vertical lines are drawn as references to guide the eye for comparisomi @Ry, and

R,, were varied for each temperature. Arrhenius plots for 72R1(a) and 72R1(b) are shown in panels C and D, respectively. The activation
energy,E,, was calculated from the slope of the line. The error calculated from the standard deviation is shown in parentheses.

Figure 5, panel B, iS = 0.81, rather thars = 0.47 that fits with varying S. For simplicity, the diffusion rates were
was required for fits to the 72R1(a) spectra. The apparentfixed for all simulations. The fits using this model are
increase in order parameter due to the presence of thes4-CHgenerally satisfactory for all but the large polar substituent
substituent corresponds to a decrease in the RMS angle of7/2R1(g). However, the central linewidths and the values of
deviation ofz (6 in Figure 3) from~ 37 to 20. Thus, within the maximum hyperfine splitting (2Ain Figure 6, panel
the context of the MOMD model, the 4-GHsubstituent A) are slightly underestimated, suggesting that the 4-sub-
significantly restricts the amplitude of motion af and the stituents do reduce the rate to some extent or that there are
nitroxide. Modeling suggests that the effect arises from steric small geometrical changes in the side chain. For the bulky
constraints on bond rotations within the side chain due to 72R1(g), a good fit cannot be obtained without a reduction
the methyl group, as discussed below. in the rates of motion as well as an increase in order

Figure 5, panel D, shows an Arrhenius plot of the average parameter relative to 72R1(a).
rates (RO= [(RuRyR»)'?] determined from simulation of Figure 6, panel B, shows the RMS valuesto{@L0) for
temperature-dependent spectra of 72R1(b), including thethe derivatives, excluding 72R1(g), corresponding to the
examples shown in Figure 5, panel B. The apparent activationorder parameters obtained from the MOMD fits of Figure
energy of~ 10 kcal/mol is approximately 4 kcal/mol greater 6, panel A (solid bars). As can be se&i,decreases sharply
than that for 72R1(a). Thus, in addition to increasing the for the addition of the first carbon atom at the 4-position of
order parameter, the 4-Glubstitutent in 72R1(b) increases the ring [i.e., the -CH group in R1(b)]. Thereafter, further
the activation barrier for the dynamic mode that produces increases in the molecular weight of the substituent produce
spectral averaging. small but significant additional decreases(#i] A similar

(c) Motion of 72R1(e-g): The Effect of Increasing Size trend is seen in the valu@pparen(Figure 6, panel B, open
of the 4-Substituent in Series Although the introduction bars) calculated from the apparent order parameter derived
of the 4-methyl group resulted in an increase in order, the directly from the hyperfine splittings of the experimental
order parameter of 72R1(b) is still less than unity, due to spectra 81). Although [@for the side chain 72R1(g) is not
either residual bond oscillations within the side chain, included in Figure 6, panel B, due to the poor fit, the value
backbone fluctuations, or both. If residual bond rotational of [@lyparenderived from the experimental spectrum follows
modes contribute, increasing the size of the 4-substituentthe general trend of decreasing angular deviation with
might further increase the order. To investigate this point, increasing bulk of the substituent.
the series of side chains of increasing size and varying The spectra of 72R1(f) and 72R1(g) are both characteristic
degrees of polarity, designated R1(x) in Figure 1, were of strongly immobilized nitroxides. For 72R1(g), the splitting
introduced at site 72 in T4L. The corresponding EPR spectraof the outer hyperfine extrema i 68 G, as compared to
at 19°C are shown in Figure 6, panel A, along with the best the maximum value in aqueous media in the absence of
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A. T4L 72 T4L 72
Rl(a) —
(a) =
RI(b) =% 4
(b) —

R1(c) —?
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—— Experimental .. Simulated :i
B. ;
(h) ——T Vit
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310 — RI Series
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. . . Ficure 7: The spectra of 72R1{&y) (solid lines) are compared
Ficure 6: The EPR experimental spectra for 72R3@ (solid to the spectra of 72R5¢zh) (dashed lines). The MOMD simulated

g?gsg oi?gatrre]z fr?rgzsr]%?nﬁm?hg/lgg[) ngrrt]ilégt'ﬁzg i(sacljsrg(\en?n Ilgssg spectrum of 72R5(a) is displayed with a red line. The gray vertical
; : Y X . line is drawn as a reference to guide the eye for comparison.
reference to guide the eye for comparison. For the simulations, the

ordering potential was varied for each substituent, while the rates . o ) .
were fixed (logR, = 7.96, logR,, = 7.78, and logR,, = 7.85). (5) and is reproduced in Figure 7 for comparison with 72R1-

The anglel®0was calculated from the order parameter for the best (a). As can be seen, there is much more effective averaging
;'rto'rrr‘] erl,(a_o? t(hpeagi'pgh ;‘2:3[;"3?)6 S?fgﬁa'i"‘(wgﬁeﬁa'gcuffﬁ of the magnetic anisotropy in 72R5(a) as compared to 72R1-
bars) 81 P 8 P » 0P (a)- The spectrum of 72R5(a) can be simulated by a simple
change in the orientation of the diffusion tensgs & 99°)

motion of ~ 74 G @36). If 72R1(g) is indeed completely  relative to that in 72R1(a)fp = 36°), without changes in
immobilized relative to the protein, the correlation time the rates (Figure 7, red trace; Table 1). However, the line
determined from the spectrum should reflect the rotational shape of 72R5(a) is less sensitive to changgs ithan 72R1-
motion of the protein itself. Using a Brownian diffusion (a) and a range between 80 and 1®@oduces reasonable
model and a 3.0 G intrinsic linewidth, the correlation time fits (data not shown).
of the nitroxide in 72R1(g) is estimated to b@roxigze ~ 17 Remarkably, in the 72R5(x) series, introduction of a trans
ns @7). This is indeed close to the rotational correlation time 4-CHs substituent (72R5(b)) produces relatively little change
for TAL in 30% sucrosetfs ~ 18 ns) estimated from the in the EPR spectrum and hence in side chain motion. This
Stokes-Einstein equation. Similar results are obtained for is to be compared with the dramatic immobilization of 72R1-
72R1(f), although there is slightly more motion relative to (b) due to the 4-CHl(Figure 7, trace b). Although the R1(h)
72R1(9) ((2A,~ 66.7,Tniroxide ~ 13 ns). Thus, the 72R1(g)  side chain with a 4-CONkBubstituent has not been prepared,
side chain is effectively immobilized relative to the protein, the results presented in Figure 7 leave little doubt that it
and the 72R1(f) side chain is nearly so. For these bulky would be at least as immobilized as R1(b) at site 72 in T4L.
4-phenyl and 4-pthalidimido derivatives, the immobilization In contrast, the spectrum of 72R5(h) suggests a mobility
likely reflects direct interaction of the substituent with the nearly as high as 72R5(a) itself (Figure 7, trace h). Thus,
protein environment. for the relatively small substituents -Gldnd -CONH, the

(d) Motion of 72R5(x): The Effect of Nitroxide Ring constraint imposed on motion in the series 1 side chains is
GeometryThe 5-series of nitroxide side chains are saturated removed in the saturated analogues of series 5. For 72R5-
analogues of the 1-series (Figure 1), the sole difference being(e)-72R5(g), the substituent results in strong immobilization
a change in hybridization of the 3 and 4 carbon atoms of relative to 72R5(a) but less than that produced by the same
the ring from spto sp. Substituents at the 3- and 4-positions substituent in the 72R1(x) series (Figure 7, traceg)e
are known to be in the trans configuration because of the Analysis of Side Chain Motion at Site 134s will be
synthetic route by which they were obtaine®2), The shown below, the spectrum of 131R1(a) at room temperature
spectrum of 72R5(a) in T4L has been previously reported reflects an anisotropic motion of a single component that
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T4L 131 T4L 131R1(a)

15.6
20.6
25.5

30.5

37.0

— Experimental
----- Simulated FicUrRe 9: The experimental EPR spectra of 131R1(a) at temper-

FicUre 8: The experimental EPR spectrum of 131R1(a) (solid line) atures ranging from-0.4 to 37°C. The dashed arrow points to a

superposed with simulated spectra (dashed lines) according to the>'0ulder corresponding to small population of a second spectral
MOMD (panel A), effective Hamiltonian (panel B), and the component at 15.8C, and the solid arrow indicates a resolved

modified effective Hamiltonian (panel C) models. The arrows in POPulation of the second spectral component@°C. The gray

panel A mark the hyperfine extrema characteristic of the anisotropic Vertical line is drawn as a reference to guide the eye for comparison.
spectrum. The effective Hamiltonian spectrum was calculated as

described previously using a manifold independent Lorentzian 72R1(a), a second, less mobile component is resolved at
linewidth of 2.9 G (withS = 0.32) @1). The modified effective  |ower temperatures (indicated by the arrow in Figure 9). At
Hamiltonian spectrum was calculated in the same way but using _g 4 °C| the populations of the two states are of the same
%?S'Iﬁfoff%%?_dem Lorentzian linewidths determined using Red order of magnitude. At higher temperature, the less mobile

component is decreased in amplitude and is no longer

can be directly compared with that of 72R1(a). However, at resolved but is evident in the broad low-field tail of the
reduced temperature or with 4-substituents, interactions of SPECtrum up to about 15 (dashed arrow in Figure 9).
the nitroxide at 131 with nearby groups in the protein are Apparently, the nitroxide in 131R1(a) is in proximity to
evident in complex EPR spectra. For these cases, spectrafOUPS in the protein with which it can favorably interact,
simulations are not attempted, and the analysis is qualitative.Put the interaction is sufficiently weak that it is detected in
(a) Motion of 131R1(a): The 4-H Parent of SeriesThe the EPR spectrum only at reduceq temperature. A'g room
spectrum of 131R1(a) in T4L at room temperature was temperature, thermal energy effectively competes with the
previously obtained4) and is reproduced in Figure 8, panel interaction(s). Further evidence for the interaction is provided

A. Like the spectrum of 72R1(a), the line shape is charac- P€lOW.
teristic of anisotropic motion but with more closely spaced  (b) Motion of 131R1(bg): The Effect of 4-Substituents
(and less well-resolved) hyperfine extrema (arrows). Ac- in Series 1Qualitatively, the effect of the 4-substituent on
cordingly, a good fit to the spectrum is obtained with the the spectrum of 131R1(x) is similar to that of 72R1(x), that
same parameters used for 72R1(a), except with a lower ordefS, an increase in substituent size leads to a decrease in
parameter of 0.35 rather than 0.47 (Figure 8, panel A; Table mobility, as judged by the regular increase in the splitting
1). This amounts to a difference &~ 5° in the RMS of the hyperfine extrema and the central linewidth in the
angle of deviation of the diffusiom, axis, being greater for ~ spectra of Figure 10. However, unlike the case for 72R1(x),
131R1(a). Simulations using the same order parameter aghe spectra of 131R1(x) cannot be satisfactorily simulated
72R1(a) but with different rates were less satisfactory (data assuming a single population of spins. In general, the high
not shown). and low field extrema of the experimental spectra are broader
As for 72R1(a), the spectrum of 131R1(a) can be ap- than can be obtained with a single population of spins with
proximately accounted for with an effective Hamiltonian the anisotropic motion that characterizes 131R1(a). An
(Figure 8, panel B) but with a reduced apparent order €xample of the poor fit quality is shown by the dashed trace
parameter as compared to 72R1(a). Again, the effectivein Figure 10 for 131R1(c). The additional broadening in the
Hamiltonian approach reproduces the spectral turning pointsSpectra could arise from a distribution of mobility states due
but not the linewidths, and the fit is substantially improved to weak interaction of the 131R(x) substituents with the
by approximate corrections for rate effects, as for 72R1(a) environment in the protein. This possibility is suggested by
(Figure 8, panel C). the data of Figure 9, where an interaction of 131R1(a) with
Figure 9 shows the spectrum of 131R1(a) at various the environment is detected at low temperature. The larger
temperatures. Like 72R1(a), the features of the spectrumsubstituents of the -bg derivatives would have stronger
characteristic of an anisotropic motion are observed through-interactions whose effects are reflected at room temperature.
out the temperature range investigated. However, unlike As shown above, the mobility of 131R1(a) is apparently
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Ficure 11: EPR spectra of 119R1(a) at temperatures ranging from
—1.0 to 40°C. Two spectral components are labeledmobile
component) ang (immobile component). The gray vertical line
is drawn as a reference to guide the eye for comparison.
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DISCUSSION
A specific objective of the present study is to evaluate in
— Experimental the simple %/Xs model for internal motion of the R1(a) side
........ Simulated chain on solvent-exposed surfaceselielices using 72R1-

Ficure 10: The experimental EPR spectra of 131Rid# (solid (a) as a reference. .AS dispussed in detail in the paragrf’:lphs
lines) and the MOMD simulated spectra of 131R1(a and c) (dashed O follow, spectral S'lmu.latlons and the effects of 4'SUb_St'tu'
lines). The gray vertical line is drawn as a reference to guide the tion and changes in ring geometry all support the simple
eye for comparison. model. Given this result, preliminary studies of the effects
of backbone motion and tertiary interactions on side chain
greater than that for 72R1(a), as judged by a reduced ordermotion are discussed.
parameter for the former. Similarly, the mobility of each Internal Motion of the R1(x) Side Chains and the Molec-
4-substituted derivative in the 131R1(x) series is generally ular Origin of the 4-Substituent Effect. (a) Simulations
more mobile than the corresponding 72R1(x) derivative Support the ¥Xs Model. Spectral simulations provide the
(compare the solid lines of Figure 10 to those of Figure 6, most powerful tool for elucidating the dynamic mode of the
panel A). However, the differences are subtle, and the nitroxide in a spin labeled side chain. Unfortunately, a direct
comparison is complicated by the possibility of interactions comparison between the parameters obtained from simula-
of the 4-substituents with the environment in the case of tions and the moleculdX,/Xs model is not straightforward.
131R1(x). This is because the simulations represent the overall motion
Temperature Dependence of 119R1(E)e results pre-  as diffusion about three mutually perpendicular axes inde-
sented in Figure 9 suggest that R1(a) at site 131 can interacipendent of the molecular model, while the actual motion
with its environment, giving rise to two resolved components corresponding to the physical model is rotation about two
in the spectra at reduced temperature, one of which isbond axes that intersect at the tetrahedral angle. Nevertheless,
relatively immobilized. The appearance of two resolved it is possible to identify an approximate correspondence
components in the EPR spectra was previously observed inbetween the parameters of the simulation and Xa&Xs
a number of spin labeled mutants of T4L at room temper- model that suggests their mutual compatibility. To appreciate
ature, including 119R1(ak]. In the case of 119R1(a), the this, recall that the simulations indicate an anisotropic motion
crystal structure of the spin labeled protein clearly shows with relatively unrestricted diffusion about & axis that
that the two spectral components arise from two rotamers makes an angle of 36° with respect to the nitroxide p
of the side chain, one of which is immobilized by interaction orbital and restricted diffusion about axes perpendicular to
with nearby side chainslQ). Here, 119R1(a) is used as a zz. A energy-minimized model of the side chain based on
model system to examine the temperature dependence of theéhe crystal structures reveals that the rotation axes, @
interactions that give rise to the two states for comparison Xs correspond roughly to the principle diffusion axes
with 131R1(a). The spectrum of 119R1(a) is shown in Figure identified by the simulation (Figure 12, panel A). Thus, the
11. At 24 °C, two spectral components are resolved, and axis of X, makes an angle o#20—30° with the molecular
the populations of the two mobility states are roughly equal. zy axis, lying approximately parallel to ttm diffusion axis.
As the temperature is increased, the population of the The rotation axis of Xlies in thexy, ym plane and may be
immobile componentA in Figure 11) is apparently de- taken to correspond approximately to a principle diffusion
creased, and by 40 °C is no longer detectable. As the axis perpendicular taz. Moreover, the molecular rotation
temperature is reduced from 2&, the immobile component  about X, is relatively unhindered, while that about X5
grows to become a dominant population ne&Q0 confined by a potential arising from interactions of the S



3842 Biochemistry, Vol. 40, No. 13, 2001 Columbus et al.
A. A. Rl

= .

FIGURE 12: Stick models of the nitroxide side chains R1(a) (panel FIGURE 13: CPK models of R1(c) and R5(c) with the side chain
A), R5(a)S (panel B), and R5(a)R (panel C), where S and R denote al0ms labeled. The axes of bond 4 and 5 are extended and labeled
the stereochemistry of carbon 3 in the nitroxide ring. The axes of With the corresponding dihedral angles. The 4-substituent £-CH

bond 4 and 5 are extended and labeled with the correspondingCHs) is shown in blue, the nitroxide oxygen in red, the nitrogen in
dihedral angles. blue, and other nitroxide ring atoms in green.

of the disulfide with thea-methyl groups and the 4-H of ~outward away from the sulfur (Figure 13, panel A).
the nitroxide ring. This potential may be identified with the ~ In 72R1(f) and 72R1(g), the bulky substituent leads to
restoring potential of the MOMD simulations and the complete immobilization of the nitroxide. Because of the size
corresponding order parameter. Thus, the parameters of thedf these substituents, direct interactions with surrounding
simulation correspond approximately with molecular motions groups in the protein structure are likely, and the effect cannot
predicted from the ¥Xs model. A key point is that the  be interpreted solely in terms of steric influence on bond
hindered rotation about X due to the 4-H and the ring  rotations.
methyl groups, gives rise to the molecular ordering reflected  (c) The Temperature Dependencies of 72R1(a) and 72R1-
by the order parameter. (b) EPR Spectra Are Consistent with Astiion of X

(b) The Effect of 4-Substituents Can Be Understood by Torsional OscillationsAs shown in Figure 5, the temperature
the X/Xs Model. The addition of a 4-substituent in the dependencies of the rates for 72R1(a) and 72R1(b) exhibit
nitroxide ring of series 1 causes a striking reduction in simple Arrhenius behavior with apparent activation energies
mobility. As shown in Figure 6, the changes in the EPR of ~ 6 and~ 10 kcal/mol, respectively, in 30% sucrose.
spectra due to a variety of substituents in 72R1(x) can be These are the activation energies for the dynamic processes
simulated by a simple reduction in order parameter relative giving rise to spectral averaging, and in the context of the
to that of 72R1(a). As discussed above, an increase in orderX4/Xs model, these are rotations about bonds 4 and 5. The
parameter should correspond to a reduction in the amplitudefact that the 4-Chl substituent in 72R1(b) increases the
of oscillation of X brought about by the substituent. activation energy by more than 50% strongly supports this
Molecular models of the R1(x) side chain show that this is model and points to rotation about bond 5 as the major
indeed the case (Figure 13, panel A). A 4-substituent (blue) contributor to spectral averaging.
on the nitroxide ring hinders rotational about Hue to a It is instructive to compare the above activation energies
steric clash of the substituent withy 8f the disulfide, thus  with predictions for diffusive processes in solution and with
accounting for the increase in the order parameter by theother relevant experimental values in the literature. For
substituent. example, the activation energy for simple rotary diffusion

Interestingly, the first atom in the linear substituent in a viscous medium is close t,, the activation energy
series R1(ayR1(d) is the most effective in reducing the for viscous flow of the solvent38). For 30% sucroses,, ~
angle of oscillation (Figure 7, trace b). Thus, the {Qjtoup 6 kcal/mol, as computed from the temperature dependence
of 72R1(b) reduces the RMS angle of oscillation&{#0) of viscosity 39). This is a lower limit for the activation
~ —15° relative to R1(a). Additional increases in the energy expected for rotational diffusion in the tethered
substituent size produce only small incremental changes ofnitroxide side chain, assuming that the side chain is normally
A(BD < —5° relative to R1(b). Again, théX4/Xs model solvated. Because the activation energies for solvent flow
offers an explanation for this effect, because the first atom and side chain internal motion in 72R1(a) are similar, internal
in the substituent is the determinant of the steric interaction barriers to rotation must be small. A quantitative analysis
with the S atom, thereby modulating motion of sX (40) gives the experimental activation energy for bond rotary
Additional atoms in a linear substituent simply project diffusion (Eeyx) aSEexp = E, + Ei, whereE; is the internal
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activation energy for bond rotation. Thus, the internal perature (Figure 7). Inspection of a minimized structure of
activation energy for the bond rotation(s) giving rise to the the R5 side chain reveals that the important difference
spectral averaging for 72R1(a) in 30% sucrosé&ise 0. between R1(a) and either enantiomer of R5(a) is the
Thus, torsional oscillations aboutsXconstrained by the  orientation of the bond 4 and 5 axes with respect to the
restoring potential, are essentially damped only by solvent nitroxide p orbital axis Z,) and the steric constraints on
interactions. A similar conclusion was reached for the rotations about these axes (Figure 12). For purposes of an
rotational motion of a nitroxide side chain in poly(methacry- approximate discussion, the rotation axes afaxd X in
lamide)-type copolymers in methanell). In addition, the both enantiomers (Figure 12, panels B and C) are roughly
experimentally determined activation energy for torsional perpendicular4£110°) and parallel £20°) to the nitroxide
oscillations about the C-C bonds in lysine side chains in p orbital, respectively. This situation is essentially opposite
water has been reported to fe4 kcal/mol @2). Subtraction  to that in R1(a), and corresponds to the axis of the

of E, ~ 4 kcal/mol for water gives€; ~ 0, similar to that diffusion tensor being closer to perpendicular rather than
deduced above for rotations in the R1(a) side chain. For parallel to the nitroxide p orbital. Indeed, the spectrum of
72R1(b), E; ~ 4 kcal/mol, presumably arising from the 72R5(a) can be simulated with the same parameter set used
additional interaction of the -Cfyroup with S of the side  for 72R1(a), except that the diffusion anglg is increased
chain. This value is in the range observed for nitroxide side from 36 to any value in the range 8C< ffp < 12C°. For
chain rotations in sterically constrained environments in the orientation of ther axis defined bygp in this range
polymers. For example, Bullock and Camerdaid)(report (essentially perpendicular to the nitrogen 2p orbital), the
an E; for nitroxide rotations in spin labeled polystyrene in Major anisotropiesiz—Ayy, g0z are effectively averaged
cyclohexane of 3.5 kcal/mol. Moreover, they noted an py rotations about bond 4, giving rise to the narrow resonance
increase inE; of ~ 1 kcal/mol due to the addition of an lines.

a-CHz group to the phenyl ring of styrene in toluene  (b) The %/Xs model offers an explanation for the absence
solutions. of the 4-substituent effect in the R5(x) SeriEse effect of

4-substituents in the R5(x) series is particularly revealing.
In the saturated R5(x) series with 4-substituents, each
member has four possible isomers. There are two enantio-
meric pairs: 3R/4S, 3S/4R and 3R/4R, 3S/4S, where the
numerals refer to the carbon in the nitroxide ring. In the later
pair, the 3- and 4-substituents are in a cis configuration and
are excluded on the basis of the synthetic method used to
prepare the corresponding reagents, which gives exclusively
the trans configuration2@). Thus, the racemic mixture
employed contains and equal mixture of 3R/4S and 3S/4R.
These enantiomers can be visualized by adding a trans
4-substituent to the enantiomers of Figure 12, panels B and

In addition to rotations aboutXXs, other modes that could
contribute to the mobility of nitroxide side chains at site 72
include torsional oscillations about bonds 1, 2, and 3 within
the nitroxide side chain, torsional oscillations within the
backbone and rigid body rocking motions of the helix.
Collectively, the evidence discussed above clearly implicates
torsional oscillations about bonds 4 and 5 as key contributors
to the mobility of the side chains. The relatively high
activation free energy reported for disulfide bond isomer-
izations in small molecules in solutio\(Z%ctivation= 6.6—

9.0 kcal/mol @1)] give rates in the range & 1P to 7 x

10" s1, as compared to the ratesaf5 x 10° s™* deduced
from spectral simulations. For the R1 series (or the R5 series)
on a helix, the interaction of thesSvith the backbonel(0)
would likely reduce isomerization rates even further. Nev-
ertheless, small amplitude torsional oscillations af Znd

X1 and X% as well, probably contribute to the nitroxide
motion to some extent. At site 72, motions originating in

the backbone are assumed to be relatively small, for the ;o a1 votation model. As discussed above, the 4-substituent

reasons discussed in the introduction. Backbone contributions:hinders rotation about bond 5 in the series R1(x), and thereby
to the motion of R1(a) at 131 and other sites will be discussed defines the ordering potential. In the saturated R5(x) series,

below. the substituent in either enantiomer doesbump into either
Motion of the R5(x) Side Chain and the Absence of a sulfur atom under rotation about bond 4 or 5, but simply
4-Substituent Effect. (a) Thes/Xs Model Accounts for the  orbits the sulfur as illustrated for one isomer in Figure 13,
Effect of Ring Geometry on the EPR Spechdurther test panel B. However, larger substituentsgin the 72R5(x)
of the X4/Xs model for internal motion is afforded by series do lead to an immobilization of the side chain greater
changing the ring geometry through saturation of the double than expected from the model discussed above, although the
bond. In the saturated analogue R5(a), there are twoimmobilization is still generally less than in the 72R1(x)
enantiomers (R and S) due to the chiral 4-carbon of the counterpart (Figure 7). The immobilization due to these bulky
nitroxide ring, as shown in Figure 12, panels B and C. In substituents could arise from interactions with nearest
the present experiments, a racemic mixture of the spin neighbor side chains, with main chain atoms, or possibly
labeling reagent V was employed. The racemic mixture has interactions with the disulfide or tethering regions of the
been resolved, and preliminary studies show that both nitroxide side chain.
enantiomers give nearly identical spectra at site 724diKa Site-Specific Side Chain Motion: Contributions from
Columbus, Hubbell and Hideg, unpublished observations). Backbone DynamicsThe internal anisotropic motion of
Experimentally, the EPR spectrum of 72R5(a) reveals a 131R1(a) can be accurately simulated using the same
striking increase in averaging of the nitroxide magnetic parameters as for 72R1(a), but with a smaller order parameter
anisotropies relative to that for 72R1(a) at the same tem- corresponding to a slight increase in the mean angular

The effect of 4-substituents in the R5(x) series of side
chain motion is fundamentally different than that observed
for the R1(x) series. For example, 72R1(b) with a 4-methyl
group is rather strongly immobilized relative to 72R1(a),
while 72R5(b) is only slightly different in mobility from
72R5(a). Again, this difference is expected from XugXs
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displacement of thes diffusion axis A([#0) ~ 5°) and hence
a higher amplitude of motion.
The origin of the mobility difference between 72R1(a) and
131R1(a) at physiological temperature is of particular interest.
The mobility difference could arise from different rotameric Colicin 414 ———
states of the side chain stabilized by different interactions
with the immediate environment. However, at physiologic
temperatures, there is no evidence for such interactions at
either site. Indeed, previously published data showed that
mutation of nearest neighbors around 72R1(a) and 131R1-
(a) to create the same immediate side chain environment at
these solvent-exposed sites does not cause the mobility to
become similar to each othef)( A more attractive proposal TdL 72—
is that the mobility difference reflects dynamic differences
in the helical backbone itself, arising from structural and
environmental differences between the two helices. For Ficure14: Experimental EPR spectra of R1(a) on solvent-exposed
example, the 131 helix consists of only two and a half-turns, ?732”)0;5:: gietifeg‘;iﬁ%”gir'&;lof(ﬁg%} Iil-;lf_ro(r?tlo)ﬁ) ?ggiﬁtignglﬁ_?‘)é ;:lal_y
hardly long enough for end effects to decay at the central } 7/ " &~ . : :
131 site #3, 44). On the other hand, site 72 is located in the vertical line is drawn as a reference to guide the eye for comparison.
center of a long 5-turn helix. The 72 helix has a stabilizing limit for X-band EPR. Rather, the differences likely reflect
threonine N-cap, while the 131 helix has two positively different amplitudes and possibly rates of backbone motions.
charged residues in the N-capping box, which are poor helix The structural origins of these differences will be discussed
caps #5). Perhaps most importantly, the segment of the helix elsewhere.
that contains site 72 is located near the tightly packed Interaction of the Nitroxide Side Chain with the #mon-
hydrophobic core of a helix bundle. These features, in ment: A Probe of Tertiary Structur&he structure of 119R1-
addition to experimental data such as higher crystallographic(a) at 1.4 A resolution was recently published and revealed
Debye-Waller factors 12) and H exchange rated3) at the existence of two equally populated rotameric states of
131 as compared to 72, lead to the intuitively reasonable R1(a) corresponding to two sets of values 3 and Xo.
view that the higher mobility of 131R1(a) may have its origin One rotameric stateX(, X, = 175, 54) is apparently
in larger amplitude backbone fluctuations near 131 due to stabilized by interaction of the disulfide with ant4
an intrinsically lower thermodynamic stability of the second- glutamine. The environment of the nitroxide in the rotamers
ary structure. is different, resulting in a two-component EPR spectrum at
For example, the higher mobility of 131R1(a) relative to room temperature (Figure 11). Mutation of tHe4 glutamine
72R1(a) could be due to backbone fluctuations of the type to alanine results in a redistribution of the spectral popula-
detected in NMR through the N-H bond order. In fact a tions ). Thus, 119R1(a) is a relatively well understood
maximum difference in order parameter corresponding to an model system for exploring the nature of the R1(a) nitroxide-
angular amplitude difference e¢5° was detected between environment interaction. In the present study, this site is used
two helices ¢ and ag) in ribonuclease H 46). This for comparative purposes and to illustrate the use of
amplitude difference is very similar to that observed between temperature in revealing or abolishing interactions.
131R1(a) and 72R1(a\(@0) ~ 5°), but it is not possible The temperature dependence of 119R1(a) clearly reveals
to decide if the backbone modes characterized by NMR could the two-state nature of the spectrum, particularly at temper-
account for the EPR data without having more information atures below 24C (Figure 11), where one component is
on the nature of the modes and the orientation of the nitroxide essentially immobilized, clearly distinguishing it from a
ring relative to the helix axis. It is also possible that the helix second spectral feature that has features characteristic of an
dynamic mode observed in the EPR spectra is rigid-body anisotropic motion. At higher temperature, above about 32
rocking @7) or a local unfolding (i.e., “fraying” of the helix)  °C, the more immobilized component disappears, leaving
(43, 44). However, it is not likely that the latter is the origin  an apparently single population of mobile spins.
of the difference between 131 and 72 considering the high In a similar fashion, the spectrum of R1(a) at site 131 (but
activation energy and lower frequencies involved in hydrogen not 72) clearly reveals a second component at reduced
bond breaking (i.e., partial unfolding of helix 1318]. temperatures but not at room temperature (Figure 9).
Figure 14 compares the EPR spectra of R1(a) on solvent-Presumably, the two-component nature of the spectrum of
exposed helical sites of colicin ET)( annexin XII @), and 131R1(a) at low temperature arises from a weak interaction
sites 72 and 131 of T4 lysozyme. Remarkably, each site of the ring with the protein environment as in 119R1(a),
displays the characteristic anisotropic line shape, which canalthough not necessarily corresponding to two rotameric
be simulated by the same model for anisotropic motion and states.
rationalized by th&X,/Xs model. However, each site differs In 119R1(a) and 131R1(a), the two populations are roughly
quantitatively in the order parameter and perhaps rates, withequal arounde 159~ 297 K (24°C) andTe 131~ 273 K (0
site 72 being the most ordered based on the overall breadthi’C), respectively. At these temperatures, the equilibrium
of the spectrum. The difference in mobility between these constant~ 1 andAH® = TAS’, where the thermodynamic
sites is not due to differences in overall correlation times of parameters refer to differences between the interacting
the proteins, because the spectra were recorded in high(immobilized) and noninteracting states. Thligy19Te131 =
viscosity where the correlation time is in the slow-motion [AH°/AS]11J[AH°/AS 119 ~ 1.1. With the reasonable

T4L 131 ——r”’

Annexin 140 ——
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assumption that the entropy difference between the mobile either torsional oscillations about main chain bonds, or rigid-
and immobile states for the same side chain are similar in body helix motions.

the two cases, this ratio is approximately the ratio of The 4-methyl substituent in R1(b) attenuates internal
interaction energies. Thus, about a 10% difference in the motion within the side chain by hindering internal bond
enthalpy of interaction can account for the difference in rotations. Therefore, the contribution to the overall motion
observing or not observing the interaction in the spectrum from backbone modes is enhanced. This being the case, the
at a particular temperature. R1(b) derivative may prove to be a useful probe for backbone

As an order of magnitude estimate, the entropy change dynamics, although the motion may have to be analyzed by
for R1(a) may be computed according to Kauzma#9),( means other than CW X-band EPR, because of the low
assuming that the immobilized state has a single configu- spectral sensitivity to small differences in motion near the
ration and the mobile state has two degrees of freedomslow motion limit.

(bonds 4 and 5) with two configurations for each. TIAS; The internal mode of motion of R1(a) can be additionally
~ RIn22. Assuming a similar entropy loss for a native side modulated by tertiary interaction of the nitroxide with the
chain in the protein due to the immobilizing interaction with protein environment. The interaction can be effectively
the spin label, this gived\Scon ~ —5.4 cal/kmol. For titrated with temperature and enhanced by the addition of a
119R1(a), the correspondidgH® = TAS’ ~ —1.6 kcal/mol sufficiently bulky 4-substituent. For the purposes of detecting
(at 297 K). Although highly approximate, these calculations conformational changes through modulation of tertiary
emphasize the sensitivity of the EPR spectra to weak interactions, the R1(x) series of spin labels offer a novel
interactions and to small differences in interaction energy. approach. For large 4-substituents, local interactions strongly
Clearly, temperature is an important variable that can be usedimmobilize the side chain. Thus, the R1(g) reagent may find
to titrate weak interactions with the environment. use as a monitor for the rotational motion of the whole

The weak interaction observed in 131R1(a) at lower prote_in. This _cgpability is particularly useful_in monitor_ing
temperatures is also apparent at physiological temperaturesorOte'”__pmt?'” |nteract|pns thrqugh changes in the rotational
for R1(x) side chains bearing 4-substituents, as evidencedcorrelation time of the interacting species.
by the unusually broad lines that cannot be simulated by a In the R5(x) series, unlike the case for the R1(x) series,
single dynamic population of side chains (Figure 10). It is small 4-substituents do not significantly reduce the amplitude
likely that the substituents establish tertiary interactions with Of internal motions within the side chain. Thus, the R5(x)
nearby structures (or within the same helix), and the spectrumseries has an important practical application based on a
represents a Superposition of mob|||ty states, which may be nitroxide side chain that mimics the properties of the native
in exchange on the EPR time scale. Even at site 72, the largeside chain. For example, a positively charged 4-substitutent
phenyl and phthalidimido substituents of R1(f) and R1(g) mMay mimic the electrostatic properties of a lysine or arginine
probably establish interactions with the environment and give residue. Because the mobility of the side chain is not strongly
rise to EPR spectra in the slow motion regime (Figure 6). affected by the presence of the substituent, modulation of

For the R5(x) series, the effect of nitroxide interaction with the moplhty may b? L.Jsed to dgtect Sa't‘b“dge.fmm"%‘“o.”-
the environment may also be reflected in the EPR spectra.other side chain mIMmICS would include thosc_a with anionic
For example, although the smaller methyl and carboxamido carboxylate substituents and hydrogen bonding capabilities
substituents have little effect on mobility of R5(x) at 72, the [such as R1(h)].
larger substituents are anomalously immobile (Figure 7), ACKNOWLEDGMENT
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