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ABSTRACT: Previous studies have shown that the mobility of nitroxide side chains in a protein, inferred
from the electron paramagnetic resonance (EPR) spectra, can be used to classify particular sites as helix
surface sites, tertiary contact sites, buried sites, or loop sites. In addition, the sequence dependence of
mobility can identify regular secondary structure. However, in the most widely used side chain, an apparent
interaction of the nitroxide ring with the protein at some helix surface sites gives rise to EPR spectra
degenerate with those at tertiary contact sites. In the present study, we use selected sites in T4 lysozyme
to evaluate novel nitroxide side chains designed to resolve this degeneracy. The results indicate that the
reagent 3-(methanesulfonylthiomethyl)-2,2,5,5-tetramethylpyrrolidin-1-yloxy reacts with cysteine to give

a nitroxide side chain that has a high contrast in mobility between helix surface and tertiary contact sites,
effectively resolving the degeneracy. The reagent 3-(iodomercuriomethyl)-2,2,5,5-tetramethyl-2,5-dihydro-
1H-pyrrol-1-yloxy reacts with cysteine to provide a mercury-linked nitroxide that also shows reduced
interaction with the protein at most helix surface sites. Thus, these new side chains may be the preferred
choices for structure determination using site-directed spin labeling.

Site-directed spin labeling (SDSLs emerging as a new  and the spectral second mome®it (These measures do not
tool for determination of structure and conformational discriminate among different populations in multicomponent
dynamics of both water-soluble and membrane proteins of spectra, although the line width measure more heavily weighs
arbitrary molecular weight (for reviews, see refs3). The the mobile component and the second moment measure more
basic strategy of SDSL is to introduce a paramagnetic heavily weighs the immobile component.
nitroxide side chain at a specific site in a protein sequence Nitroxide scanning through a region provides a set of
and to analyze the EPR spectrum of the spin-labeled proteinenvironmental parameters that identify sequence-correlated
in terms of a set of environmental parameters that character-secondary structure, and batkhelical and3-sheet proteins
ize the site in the protein fold. of known structure have been analyz2e-4, 6). In a detailed

The most useful parameters to date have proven to be sidestudy of T4L, interhelical loop sites, helix surface sites,
chain solvent accessibility and side chain dynamics. The tertiary contact sites, and buried sites were partially resolved
solvent accessibility is proportional to the Heisenberg on the basis of nitroxide side chain mobility alone. For
exchange frequency of the nitroxide side chain with para- solvent-exposed helix surface sites, it appears possible to
magnetic reagents in solution, a quantity that can be further distinguish interior sites (those away from the ends
determined experimentall2(4). A quantitative description  of the helix), N-terminal sites, and C-terminal sit&. (
of the dynamic modes of the nitroxide side chain requires  Nitroxide side chain accessibility and mobility provide
simulation of the EPR spectr&)( preferably at multiple  |ocal structural information. Global information can be
frequencies, and this remains a goal for future developmentgptained from the introduction of two paramagnetic sites and
in SDSL. At a qualitative level, the term “mobility” is  determination of the interspin distance through magnetic
employed to grossly characterize the motion of the nitroxide gpin—spin interactionsg—12). The combination of local and
side chain as inferred from general features of the EPR gjopal information from SDSL can provide sufficient con-
spectrum, such as the width of the = 0 resonance line  straints to model the structure of a protein at the level of the

backbone fold.
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Ficure 1: Reactions of the spin-labeled reageintl , IV, andV to generate the corresponding side chains designated R1, R3, R4, and
R5. The curved arrows in R1 indicate bonds with the greatest freedom of rotation (see text).

in real time in the millisecond domain with conventional EPR perhaps being enhanced by backbone fluctuations that differ
spectrometers. At the present time, SDSL has been employedrom site to site. In the absence of other interactions,
to time-resolve specific conformational changes associatedimmobilization of the nitroxide is expected to arise only from
with photoexcitation of rhodopsir88) and bacteriorhodopsin  tertiary steric constraints that modulate bond rotations in the
(34—36), with membrane binding in colicin E137), and side chain. For the majority of sites investigated in T4L, this
upon folding of T4L @) and cytochrome (38). is the case. For example, R1 side chains buried in the protein
To date, most SDSL studies have employed the disulfide- core are strongly immobilized, while those at solvent-exposed
linked nitroxide side chain designated R1, generated by thetertiary contact sites have multicomponent spectra, one of
reaction of cysteine with the methanethiosulfonate spin label which reflects some degree of immobilization. Thus, in the
| (Figure 1). An analysis of spin-labeled T4L in solution context of this model, mobility alone is sufficient to
showed that the spectra of R1 at most of the helix surface distinguish helix surface sites, tertiary contact sites, and
sites investigated corresponded to a single population of spinsburied sites §).
undergoing anisotropic motion. Moreover, the mobility of However, apparent ambiguities arise in particular cases.
R1 at these sites was found to be essentially independent ofFor example, the EPR spectra of R1 at some fully solvent
the molar volume of the nearest-neighbor side chaimns 3t exposed helix surface sites have two components, one
i+4. To account for these results and others, the motion of corresponding to a relatively immobilized state. These spectra
the R1 side chain at helix surface sites was suggested to beare essentially degenerate with those at tertiary contact sites
constrained by interaction of the disulfide bond with main (6). The origin of the immobilized component is unknown,
chain atoms, effectively immobilizing the,€Cs—S,—S; but it presumably arises from attractive interactions of the
atom group on the X-band EPR time scag K-ray crystal nitroxide ring with nearby groups. The presence of such
structures of R1 at helix surface sites in T4L support this interactions makes it difficult to distinguish tertiary contact
conclusion (R. Langen, K.-J. Oh, D. Cascio, H. Mchaourab, sites from helix surface sites on the basis of side chain
and W. L. Hubbell, unpublished data). In this model, the mobility alone. Moreover, the interpretation of changes in
motion of R1 at helix surface sites is limited to rotation about R1 mobility in terms of changes in protein structure may be
the two terminal bonds nearest the ring (Figure 1), and ambiguous. One approach to solving this problem is through
nearest-neighbor side chain interactions would be minimal the use of novel nitroxide side chains that limit local
because the nitroxide is constrained to move in a limited attractive interactions.
volume. In the present communication, the nitroxide side chains
In this simple picture, the motion of the R1 side chain is designated R3, R4, and R5 (Figure 1) are examined on helix
expected to be similar at all exposed helix surface sites, surface sites, and R4 and R5 are also examined at tertiary
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contact and buried sites. The thioether-linked R3 side chainraphy (Kieselgel 60, 0.0400.06 mm), eluting with hexane

was previously investigated, and it was found that the diethyl ether, to give the 3-(iodomethyl)-2,2,5,5-tetrameth-

nitroxide in R3 has a higher mobility than that in R1 at the ylpyrrolidin-1-yloxy radical as yellow crystals (1.27 g, 45%

same helix surface sites, even though R3 has fewer bondsyield). This compound (846 mg, 3.0 mmol) and Na$SO

linking it to the backbone. This is presumably due to the CH; (800 mg, 6.0 mmol) were dissolved in dimethyl

lack of the disulfide bongtmain chain interactiong). Here sulfoxide (DMSO) (10 mL) and heated cautiously at°tD

we show that R3 apparently interacts with the nearest- for 30 min. The DMSO was evaporated, water was added

neighbori+4 residue on the surfaces of helices at sites where (30 mL), the mixture was extracted with CHQB x 20

R1 shows no similar interaction. Thus R3 mobility depends mL), and the organic phase was dried with MgS®he

on primary structure of the protein. solvent was then evaporated, and the residue was purified
The alkylmercury-linked side chain R4 has approximately by silica gel chromatography (Kieselgel 60, 0-®06 mm),

the same length as R1 and essentially the same volume, bueluting with hexanesethyl acetate, to give the 3-(methane-

has a different geometry due to the linearity of thet&—C sulfonylthiomethyl)-2,2,5,5-tetramethylpyrrolidin-1-yloxy radi-

bond. It is shown here that the nitroxide in R4 does not cal as a brown solid (240 mg, 30% yield). The melting point

experience immobilizing interactions to the same degree aswas 85-87° C, and theR: on TLC (hexane/ethyl acetate,

R1 at helix surface sites and is more suitable for unambigu- 2:1; Kieselgel 60 bs,) was 0.24. The calculated composition

ous identification of tertiary contact interactions. (Wt %) for CioH20NOsS, is C, 45.09; H, 7.57; N, 5.26; and
The R5 side chain is a saturated analogue of R1 and isS: 24.07. The analytical composition was C, 44.89; H, 7.55;
expected to have the same configuration of the-Cs— N, 5.27; and S, 24.21.

S,—Ss atom group. Nevertheless, the nitroxide in R5 shows Preparation of Cysteine Substitution Mutants, Spin Label-
significantly higher mobility and reduced interactions with ing, and EPR SpectroscopyMutants of T4L will be

the protein at helix surface sites, compared with R1, and, designated by giving the single letter code for the original
like R4, is useful in distinguishing helix surface from tertiary residue, the sequence number, and the single letter code for

contact sites. the new residue. For example, in the T4L mutant D72C, the
native Asp residue at position 72 is replaced with Cys.
EXPERIMENTAL PROCEDURES The mutants D72C, D72C/R76A, D72C/R76A/Q69A/

N68A, V131C, V131C/K135A, D61C, and T109C, all
prepared in a cysteine-less psuedo-wild-type background,
. . . . were previously reported6). Single cysteine substitution
Synthesis of Spin Lab&V. To a stirred .solut|on of the mutants D72C/Q69A, D72C/N68A, R119C, and R119C/
3-(bromomethyl)-2,2,5,5-tetramethyl-2,5-dihydrd-pyrrol- Q123A were prepared and purified in the same cysteine-

lyloxy radical 40) (1.65 g, 5.0 mmol) in dry tetrahydrofuran less back d dina t iouslv d ibed d
(40 mL) under N was added Nal (1.50 g, 10.0 mmol), the (%;S ackgrotind according fo previously described procedures

mixture was stirred fol h atroom temperature, Hg (2.0 g,
10.0 mmol) was added, and the stirring was continued for . .
another 3 h. The reaction mixture was decanted from the label reagents was carried out in 20 mM MOPS and 100

remaining Hg, and the organic phase was washed with Wa'[erm'vI NaQI, pH 7.2. For Iabeling witht or V, the mutants
(2 x 10 mL) and dried over MgSO After removal of the were typically incubated with a 10-fold molar excess of the

solvent, the residue was purified by flash chromatography Ieagent. Thef reacltlon \r/]v?s alliawed to prQC(Iaed_ at room
on silica gel (Kieselgel 60, 0.640.06 mm) with hexanes empgrature or gt ei'm or so vent-accessible sites and
ethyl acetate to give 950 mg of the 3-(iodomercuriomethyl)- overnight for buried sites. Labeling of T4l mutants with
2.2.5,5-tetramethyl-2,5-dihydrd-tpyrrol-1-yloxy radical as =~ V&S carried out in the presence of a 10-fold molar excess of
a yellow crystalline solid (yield 39%). The melting point reagent for 12 h at room temperature. _For labeling with
was 165-167°C, and theR on TLC (hexane/ethyl acetate, reagentV the mutants were incubated with a 5-fold molar
2:1; Kieselgel 60 k4 was 0.68. The calculated composition excess of the reagent at room tempergture fqr 2 h. In eag:h
(Wt %) for CoHasHgINO is C, 22.49: H, 3.15; and N, 2.91. case, excess reagent was removed using a Hi-trap desalting
The analytical composition was C, 22.54; H, 3.04; and N, column (Pha_rmama_\ Am.erSh?m) and c_oncentrated as neces-
289 sar_y_by centrifugal filtration using antncon 10 concentrators
(Millipore). EPR spectra of all spin-labeled mutants were
recorded at X-band in 30% w/w sucrose solution in 20 mM
MOPS and 100 mM NaCl, pH 7.2, at ambient temperature
in quartz capillaries as previously describ&). (

Synthesis of Spin Labdlsandlll . The spin label reagents
I andlll were prepared as previously describ88,(40.

In all cases, the modification of TAL mutants with the spin-

Synthesis of Spin Lab&l. To a stirred solution of the
3-(hydroxymethyl)-2,2,5,5-tetramethylpyrrolidin-1-yloxy radi-
cal (1.72 g, 10.0 mmol) and triethylamine (1.11 g, 11.0
mmol) in dry CHCI, (30 mL) was added methanesulfonyl
chloride (1.26 g, 11.0 mmol) dropwise at78 °C. The RESULTS
mixture was then allowed to warm to room temperature and
stirred for another 1 h. The organic phase was washed with Motion of R1, R3, R4, and R5 at Helix Surface Sites and
brine, dried over MgS@ and evaporated. The residue was Effects of Nearest-Neighbor Side Chain Substitutibfedix
taken up in dry acetone, and Nal (2.25 g, 15 mmol) was surface sites are those for which the side chains have a
added. The mixture was stirred and refluxed for 24 h. The fractional solvent accessibility approaching unity. Figure 2
acetone was evaporated, and the residue was taken up ishows the crystal structure of T4L and the locations of the
brine (40 mL), extracted with diethyl ether (8 15 mL), helix surface sites investigated in this study (D72, R119,
and dried over MgS® The organic solvent was evaporated, V131). The N-terminal helix surface sites 61 and 109 will
and the oily residue was purified by silica gel chromatog- be discussed separately below.
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i+4 Lys residue at 135 can project downward toward V131

and might be expected to interact directly with spin-labeled

side chains at this site. Thus, an Ala substitution at 135 was
examined for effects on the mobility of the side chains at

131.

A qualitative analysis of mobility and the influence of
nearest-neighbor substitutions are presented below for each
of the nitroxide side chains.

(A) R1 Side ChainThe data in Figure 3a extend the
previous study of nearest-neighbor side chain substitutions
around 72R1 to include new single Ala substitutions at site

N68 or Q69. The EPR spectra for D72R1 and D72R1/R76A
Ficure 2: Structure of T4 lysozyme showing the locations of were previously reporteds) and are included in Figure 3a
solvent-exposed helix surface sites selected for introduction of ¢4, comparison. The spectrum of 72R1 with wild-type nearest
nitroxide side chains. . . . . . . .
neighbors is characteristic of a single population of nitroxides
undergoing simple anisotropic motiof#4). As shown in the
'figure, a single Ala substitution for N68-4), Q69 (—3),

Site 72, in the middle of the long interdomain helix, was
e e ot o s S0 e Uy R7 14) s e efct n the PR spectu
interactions. Substitution of the native Asp residue at 72 by and hence on the motion of the nitroxide.

R1 has little effect on the thermal stability or enzymatic ~ An unusual result is found for the R1 side chain at 119
activity of the protein §). In investigating the interaction of ~ (Figure 4a). With wild-type nearest-neighbor residues, the
spin labels with the nearest-neighbor residues;#& site 119R1 spectrum reflects two populations of nitroxide, one
(V75) was not mutated, because it is located at a tertiary ©f which is relatively immobilized (arrow). Moreover,

contact site that may result in structural changes of the proteinSubstitution of an Ala residue for Q123iat4 produces an

(41). The i—3 and i+4 neighbors are solvent exposed, increase in the population of the more immobilized state.
making no obvious tertiary contacts in the structure. This behavior illustrates the potential complexity of interac-

Arginine 119 is not an important structural resid4e)( tion of the R1 side chain with the protein at specific sites.
making it a suitable host site for introduction of spin-labeled  The spectrum of R1 at site 131, like that at 72, reflects a
side chains. This site was selected here to illustrate thedominant population of spin undergoing anisotropic motion.
existence of an immobilized state of R1 at a helix surface However, 131R1 has a higher mobility, as reflected in the
site. smaller separation of the hyperfine extrerdd)(and nar-

Matthews and co-workers have carried out extensive rower central line width (Figure 5a). Substitution of thet
mutagenesis at site V1343). In general, substitutions at Lys residue by Ala results in only subtle changes in the
this site have little effect on the protein stability, reflecting spectrum, retaining the essential features of the anisotropic
only the individual amino acid helix propensities. The bulky line shape.

a b C
w3 &

72R1

Ficure 3: EPR spectra of the nitroxide side chains at site 72 with wild-type nearest neighbors (top spectrum) and with the indicated
substitutions by alanine (shaded circles): (a) R1; (b) R3; (c) R4; (d) R5.
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the wild-type residues at the nearest-neighbor sites, R3 has
a complex multicomponent spectrum, one of which corre-
sponds to a strongly immobilized state (arrow). As can be
seen, the single Ala replacement for the buiky Arg at

76 dramatically reduces the immobilized component, sug-
gesting a direct interaction with the-4 side chain.

A similar effect is noted for substitutions at the-4
position around R3 at sites 119 and 131 (Figures 4b and
5b). At 119, R3 again has a multicomponent spectrum, the
less mobile component of which is eliminated by the
R119/Q123A R119/Q123A substitution of Ala for GIn 123 at+4. At 131, the R3
spectrum can be described by a single population of nitroxide

o
&3

i

a Ri1

R119

T

C R4 ad R5 undergoing anisotropic rotation similar to 72R1, but with a
higher mobility. Substitution of thet4 Lys residue by Ala
%05 + apparently removes a constraint on that motion as evidenced
by the essentially isotropic motion in the spectrum of 131R3/
R119 R119
K135A.
Substitution at the—3 position has little effect on the
spectrum of R3 at position 72 (Figure 3b). However,
x0.5 substitution for Ala at N68i(-4) leads to an increase in the
mobility of the more immobilized component of R3 at site
R119/Q123A R119/Q123A 72, suggesting that botiH-4 and i—4 interactions are
significant.

(C) R4 Side ChainThe reaction of the alkylmercury
FicurRe 4: EPR spectra of the nitroxide side chains at site 119 with reagentll with sulfhydryl groups generates the spin-labeled
wild-type nearest neighbors (top spectrum) and vx_nth the ' side chain designated as R4. Figure 3c shows the spectra of
glutamine substituted by alanine (bottom spectrum): (a) R1; (b) 72R4, again with the same nearest neighbor substitutions as
R3: (c) R4; (d) R5. ' 8g ame r 9 .

for 72R1. For 72R4 with wild-type nearest-neighbors, the
spectrum reveals two populations of nitroxides with different
motional states, one being relatively immobilized (arrow).
Substitution of thei+4 Arg or thei—3 GIn with Ala has
essentially no effect on the spectrum. Substitution at-ti#e

Asn results in a loss of the immobilized component.

At site 119, R4 has a significantly higher mobility than
that for R1 at the same site, with no evidence of multiple
populations (except for a minor amount of free nitroxide in
solution; Figure 4c). Similarly, the spectrum of R4 at 131 is
characteristic of a single population, although the “tail” in
the low-field resonance line may arise from rapid exchange
between multiple states (Figure 5c). At both sites, substitution
of thei+4 residue by Ala results in little change in the R4
R4 d RS spectra.

(D) R5 Side ChainThe EPR spectrum of R5 at site 72
with wild-type nearest-neighbor side chains apparently
consists of a single component with significantly sharper
features than that for R1 at the same site (Figure 3d). The
sharper features imply that the motion of R5 more effectively
averages the anisotropy in the nitroxide hyperfine and
g-factor tensors compared to R1. Nearest-neighbor side chain
substitutions by Ala have little effect at any position.

The spectrum of 119R5 with wild-type nearest neighbors,
like 119R1, is apparently multicomponent. However, in this
Ficure 5: EPR spectra of the nitroxide side chains at site 131 with case the more immobile component is reduced relative to
wild-type nearestpneighbors (top spectrum) and withithé lysine R1, showing up only as a shoulder on the low-field resonance

substituted by alanine (bottom spectrum): (a) R1: (b) R3: (c) R4: line (arrow). Unlike the situation for R1, replacement of the
(d) R5. i+4 GIn by Ala results only in a modest change in line shape,

with a decrease in the population of the more immobile
(B) R3 Side ChainThe R3 side chain is linked to the component.
backbone by a thioether bond rather than by a disulfide as The spectrum of 131R5 is very sharp, indicating effective
in R1 (Figure 1). Figure 3b shows the spectra of 72R3 with isotropic motion of the nitroxide with little effect of
the same nearest-neighbor substitutions as for 72R1. Withsubstitution of thé+4 Lys by Ala.

a K

V131 V131

{é
77
77

V131/K135A V131/K135A

@)

V131 V131

V131/K135A

ik
T

V131/K135A
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Table 1: Effects of Nearest-Neighbor Substitutions on Side Chain

Motion? g
134_AS
mutant R1 R3 R4 R5 w L F=
72IR76A (+4) 0 St 0 0 130 150
72/Q69A {—3) 0 0 0 0 A |
72/NGBA (—4) 0 + + 0 X gl
119/Q123A {(+4) - + 0 + & .
131/K135A (+4) 0 + 0 0 (Y .,,'u* e
aEach entry gives the effect of the listed Ala substitution on the F g1 '

mobility of the side chain at the indicated sitet)(an increase;{+)
a large increase;~«) a decrease.

a Ri1 b R3 V75
_i/\A/w
D61 D61
MNE1
T109 T109
A130
C R4 d R5
D61 ﬁﬂ/\ﬁ/
A134
T109 #\/\/\ﬁ
Pt s |150
—
FiGure 6: EPR spectra of the nitroxide side chains at sites 61 and — B
109: (a) R1; (b) R3; (c) R4; (d) R5. -

A qualitative summary of the effects of nearest-neighbor rigure 7: (a, top) Structure of T4 lysozyme showing the location
substitutions by Ala on mobility is provided in Table 1. of the tertiary contact sites investigated. (b, bottom) Superposition
N-Terminal SitesN-Terminal sites are those located in of the EPR spectra for the R1, R4, and R5 side chains at each
the first turn of aro-helix. R1 residues located at N-terminal ~ Position.
helix surface sites have characteristic spectra indicative of more immobile population and yield spectra characteristic
two motional states of the nitroxide, distinguishing them from of rapid isotropic motion. The spectrum of the R5 side chain
R1 residues at the C-terminal end of the helix and from most marginally resolves two states at 61, but not at 109.
interior sites €). Figure 2 shows the location of two Tertiary Contact SitesTertiary contact sites are defined
N-terminal sites, 61 and 109, and Figure 6 shows the as sites at which the nitroxide side chain has unavoidable
corresponding EPR spectra for the nitroxide side chains atinteractions with residues other than those immediately
those sites. The spectra of R1 at these sites were previoushadjacent in the primary sequence. Such interactions constrain
reported 6) and are included for comparison. the motion of the nitroxide, distinguishing them from helix
At site 61, the spectrum of R1 is clearly resolved to reveal surface sitesg). Locations of the tertiary contact sites 75,
a highly immobilized (arrow) and a mobile population 81, 130, 134, and 150 and the corresponding EPR spectra
(Figure 6a). At 109, two motional states are also resolved for R1, R4, and R5 are shown in Figure 7. These sites are
for R1, but with a smaller difference in mobility. The located at helixhelix contact faces and have fractional
structural origin of the two states is unknown, but it was solvent accessibilities, calculated by the method of Lee and
found that replacement of the N-cap residue with one Richards 45), in the range of 0.20.3. The reactivity of the
incapable of capping the helix resulted in disappearance ofalkyl iodide reagentll is low at such sterically constrained
the more immobilized component. This effect was attributed sites, and it was not possible to examine the properties of
to dynamic “fraying” of the helix terminus with concomitant the R3 side chain. The R1, R4, and R5 side chains all have
increase in motional freedom of the R1 side chah ( spectra indicating a reduced mobility relative to typical
As shown in Figure 6b,c, the R3 and R4 side chains exposed helix surface sites, some having multiple compo-
completely lack the interactions necessary to produce thenents. However, the line shapes of R1 at contact sites 81
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0.2
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Residue Number
99 L[99 FIGURE 9: Mobility of the nitroxide side chains R1, R4, and R5,

measured by the inverse central line widthHp) %, as a function
of sequence position through the 2-turn helix +285 in T4
lysozyme: @) R1; (a) R4; @) R5.
L133 L133 DISCUSSION
The results presented above represent the first study of

the influence of nitroxide side chain structure on mobility
FIGURE 8: (a) Structure of T4 lysozyme showing the location of in helical proteins. The quantitative analyses of the spectra
buried sites 99 and 133. {lal) EPR spectra of R1, R4, and RS at  of R1, R3, R4, and R5 in terms of detailed motional models
sites 99 (top spectrum) and 133 (bottom spectrum). at particular sites will be the subject of future studies.
However, qualitative considerations will serve to understand

helix surface sites. For example. the spectra of R1 at sitesthe salient features of the spectra for the various side chains
: Pe, P in the simplest case, that is, for the side chains at noninter-

72 (Figure 3a) and 81 are similar, as are the spectra of R1_ . ; :

. acting helix surface sites.
a]E éég (F|gl,!re 4|a). and ;?O O?ntthe ﬁtherthatnd'i the Spect:ja As indicated in Figure 1, the dominant motions of R1 at
0 are uniquely Immobiiized at each contact Sit€ compared , o iy surface sites are rotations about the-S, and C—C;

to helix surface sites. _ . bonds of the side chain, due to the stabilizing interaction of
Thus for unambiguous identification of contact sites in @ e disulfide with the mainchain. as discussed above.

structure based solely on nitroxide side chain mobility, RS nolecular models indicate that rotation about the-8.

is apparently the most suitable and removes the spectralyong js relatively unrestricted. Because this axis of rotation

degeneracy between contact and exposed sites previouslys approximately parallel to the nitroxidemolecular axis

noted. Only at surface site 72 does R4 show any sign of ;op; orbital axis) in the minimum energy conformation,

immobilization of the nitroxide ring. Thus, it also provides giation about this bond only averages the smafly

a useful tool for resolving these sites. anisotropy of the nitroxideA (hyperfine) andg tensors.

Buried SitesBuried sites are defined as solvent-inacces- Rotation about the G-C: bond, approximately perpendicular
sible sites within the core of the protein fold. Figure 8a shows to the nitroxidez axis, produces “wobbling” of the 2p

the location and spectra for two such sites, 99 and 133. Asorbital and averages the large x andz—y anisotropies in

expected, R1, R4, and R5 at these sites have spectrap andg. However, rotation about & C: is constrained due
corresponding to an immobilized nitroxide (Figure-81). to the steric interaction of the bulky nitroxide-methyl
Again, the alkyl iodide reageri shows poor reactivity at  substituent and the ring 4-H atom with the sulfurs of the
these sites due to steric constraints and was not studied. disulfide. Thus the overall motion is a large amplitude

Secondary Structure DeterminatioBide chain mobility oscillation about the-axis with a constrained wobble of the
provides specific information on both tertiary and secondary z-axis itself. Anisotropic motion of this type has been
structural features of a protein. For example, the periodic previously analyzed for the nitroxide, and the general features
variation of R1 side chain mobility with sequence position of the spectral line shapes of R1 at sites 72 and 131 are
has been found to identify-helical structures and-struc- consistent with this motion (Figures 3a and 5&)( Within
tures @). As shown above, the R5 side chain shows the the context of this model, the angular amplitude of wobble
highest apparent mobility at most solvent-exposed sites of the 2pr orbital in 131 is greater than at 72, as indicated
investigated, although it has the same immobilized state asby the smaller separation of the outer hyperfine extrema in
R1 and R4 at buried sites. Thus the R5 side chain has thethe former, perhaps reflecting additional motional contribu-
largest dynamic range in mobility. This is illustrated in Figure tions from backbone fluctuations. The lack of interaction of
9 for a nitroxide scan through the short helix 285 in R1 with nearest-neighbor side chains on the helix surface
T4 L. Here the mobility, estimated by the central line width (Figures 3a and 5a) is rationalized by this model, because
measureg), is plotted versus sequence position for the R1, the dominant bond rotations constrain the motion of the
R4, and R5 side chains. Clearly, the contrast between buriednitroxide to a localized volume which does not significantly
and exposed sites is greatest for R5, making this side chainoverlap the preferred conformational space of the nearest
the choice for secondary structure determination. neighbors.

and 130 are not clearly distinguishable from some of the
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In R5, the saturated analogue of R1, rotations about the119, 61, and 109 in T4L as exposed helix surface sites, in
Ss—C. and C—C: bonds are relatively unrestricted and agreement with the high fractional solvent accessibility
restricted, respectively, as in R1. However, due to the sp computed from crystal structure. On the other hand, the
geometry of the 3-carbon in the saturated ring of R5, the spectra of R1 at these sites are degenerate with those at
axis of the $—C. bond is now approximately perpendicular tertiary contact sites, leading to ambiguity in structural
to the molecularz-axis of the nitroxide. Thus, unlike the assignment based on mobility alone.
situation in R1, motion about the;SC. bond effectively At present, the reason for the apparent reduction in
averages the largest magnetic anisotropies giving rise to muchnteraction of R4 and R5 with the protein compared to R1
sharper spectral features for R5 relative to R1 at the sameis as uncertain as the nature of the interaction itself, and an
sites. This situation emphasizes that care must be exercise@xplanation must await structure determination of the labeled
in relating line shapes to mobility when comparing different proteins. However, the difference in behavior is undoubtedly
side chains. In the case of R1 and R5, both nitroxides arerelated to the different geometry of each of the side chains.
likely to have similar mobility, but the spectra are very In the simplest view, the linear-8Hg—C group in R4 and
different due to the different bonding structure in the side the sg ring carbon in R5 could result in conformations that
chains. The motional model again rationalizes the lack of limit the ability of the ring to make maximal contact
nearest-neighbor side chain interaction with R5 (Figures 3d interactions.
and 5d). While R4, like R5, exhibits simple spectra at most helix

Whether the SHg group in R4 interacts with main chain  surface sites, 72R4 is a notable exception (Figure 3c) with
atoms in a fashion similar to that of the-S of R1 is an EPR spectrum exhibiting a strongly immobilized com-
unknown. However, in R4, there is relatively free rotation ponent. The interaction giving rise to the immobilized state
about the bonds in the linear group-31gs—C, both of is apparently with N68 at thie-4 position, because mutation
which are roughly perpendicular to the nitroxide molecular of that site to Ala eliminates the immobilized component
z-axis. Thus this rotation produces effective averaging of the (Figure 3c). The mutation N68A does not in itself change
main magnetic anisotropies, consistent with the relatively the structure of the protein around 72, because the spectra
sharp spectral features of R4 at all sites except 72 (seeof 72R1 and 72R1/N68A are similar. Modeling of the R4
below). side chain in a helix indicates that a direct interaction of the

Side chain R3 has relatively unrestricted rotation about ring with N68 is possible due to the geometry of the R4
the G—S, bond. Together with rotations about the more side chain, and at the present time this is the favored
distal bonds adjacent to the nitroxide ring, the overall motion interpretation of the data.
can be of high amplitude, effectively averaging the nitroxide ~ While R1, R4, and R5 generally show weak or absent
magnetic anisotropies and giving rise to rather sharp spectrahearest-neighbor interactions, at helix surface sites (with the
line shapes at sites where specific ring interactions do notexception noted above), R3 shows a consistent increase in
occur (Figures 3b, 4b, and 5b). However, the motions allow mobility upon replacement of the-4 residue by Ala at the
the ring to explore a large volume of conformational space, three sites investigated (72R3/K76A, 119R3/Q123A, 131R3/
making the probability of local interactions significant (see K135A). The lack of effect of the same Ala substitutions
below). for R1, R4, or R5 at these sites indicates that no structural

The above considerations generally account for the spectrachange in the protein is produced by tie4 substitution.
of the various side chains at exposed helical sites. However,In addition, no effect is produced in the motional state of
there are interesting exceptions. For example, the spectrumR3 (or any of the side chains) by substitution of Ala for the
of R1 at the fully exposed helix surface site 119 does not i—3 residue. These results are in accord with models of the
correspond to the expected simple motion described above R3 side chain on a helical surface. Cysteine occupies one of
Rather, it has multiple components, one of which correspondstwo rotomeric states about the€Csz bond,X; = —180 and
to a relatively immobile nitroxide on the EPR time scale —60, and the R3 state probably has similar conformations.
(Figure 4a). Moreover, the fraction of the immobile com- In the X; = —180 state, the nitroxide would be in direct
ponent increases in the mutant 119R1/Q123A. Likewise, the contact with the+4 residue, but in neither value & can
spectra of R1 at the N-terminal helix surface sites 61 and the nitroxide contact the-3 residue.

109 are also multicomponent (Figure 6a). The specific origin ~ Collectively, the data presented in this paper indicate that,
of the immobile components in these spectra is uncertain, of the residues examined, R5 has the least propensity for
although it is likely due to attractive interactions of the interaction with nearby structures in the protein. As a result,
nitroxide ring with its environment. The interaction could its mobility is primarily determined by tertiary contact
be due to the hydrophobic nature of the nitroxide ring, the interactions, and R5 is the clear choice for experiments
hydrogenbond forming capacity of the nitroxide itself, or designed to mdap topography and secondary structure by
electrostatic interactions involving the nitroxide dipole mo- nitroxide scanning. This latter application is illustrated in
ment. Figure 9. The greater contrast in mobility as measured by

The immobilized component observed for R1 at 119, 61, inverse line width between buried and helix surface sites
and 109 is dramatically reduced or absent in the spectra ofafforded by R5 compared to R1 and R4 is due to the more
R4 or R5 at those same sites (Figures 4c,d and 6¢,d), anceffective averaging of the magnetic anisotropies in R5 at
the spectra are now consistent with expectations for thesesurface sites.
side chains at noninteracting helix surface sites, as can be
seen by comparison of the various spectra in Figure8.3 SUMMARY AND CONCLUSIONS
This result is of practical importance for structure determi-  In summary, the results presented here emphasize potential
nation by SDSL, because R4 and R5 unambiguously identify interactions of the unsaturated nitroxide ring in the side chain
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R1 that can occur with the protein at particular solvent-
exposed helix surface sites. The interaction results in
immobilization of the nitroxide ring, which may lead to
ambiguity in interpreting protein topography from mobility
data. This ambiguity may be resolved by the use of the

saturated analogue R5 that appears to lack the complicating

interaction, at least at the sites studied. The mercury-linked
side chain R4 may prove useful in this regard as well, but
this side chain also showed an immobilizing interaction at
one of the sites investigated (72).

Due to the bonding geometry in R4 and R5, the spectral

line shapes are much sharper compared to those of R1 at21-
surface sites. Thus, the spectral contrast between buried and
surface sites is greater for these side chains compared to R1, 5.

and they are preferred for determination of secondary
structure by nitroxide scanning experiments.
The R3 side chain is of limited use, due to its low reactivity

at tertiary contact and buried sites. Nevertheless, it has the

advantage of chemical stability conferred by the thioether
bond and shows interactions with the4 nearest-neighbor
residues at helix surface sites. Thus it may find use in
situations where modulation of nearest-neighbor side chain
interactions are of primary interest.
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