
Structural origin of weakly ordered
nitroxide motion in spin-labeled proteins

Mark R. Fleissner,1 Duilio Cascio,2 and Wayne L. Hubbell1*

1Jules Stein Eye Institute and Department of Chemistry and Biochemistry, University of California,
Los Angeles, California 90095-7008
2UCLA-DOE Institute for Genomics and Proteomics, University of California, Los Angeles, California 90095-1570

Received 9 December 2008; Accepted 3 February 2009

DOI: 10.1002/pro.96
Published online 23 February 2009 proteinscience.org

Abstract: A disulfide-linked nitroxide side chain (R1) used in site-directed spin labeling of proteins

often exhibits an EPR spectrum characteristic of a weakly ordered z-axis anisotropic motion at
topographically diverse surface sites, including those on helices, loops and edge strands of b-
sheets. To elucidate the origin of this motion, the first crystal structures of R1 that display simple

z-axis anisotropic motion at solvent-exposed helical sites (131 and 151) and a loop site (82) in T4
lysozyme have been determined. Structures of 131R1 and 151R1 determined at cryogenic or

ambient temperature reveal an intraresidue CaAH���Sd interaction that immobilizes the disulfide

group, consistent with a model in which the internal motions of R1 are dominated by rotations
about the two terminal bonds (Columbus, Kálai, Jeko, Hideg, and Hubbell, Biochemistry

2001;40:3828–3846). Remarkably, the 131R1 side chain populates two rotamers equally, but the EPR

spectrum reflects a single dominant dynamic population, showing that the two rotamers have
similar internal motion determined by the common disulfide-backbone interaction. The anisotropic

motion for loop residue 82R1 is also accounted for by a common disulfide-backbone interaction,

showing that the interaction does not require a specific secondary structure. If the above
observations prove to be general, then significant variations in order and rate for R1 at

noninteracting solvent-exposed helical and loop sites can be assigned to backbone motion

because the internal motion is essentially constant.
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Introduction
Site-directed spin labeling (SDSL) is a general method

for characterizing protein topography, local and global

structure, and dynamics,1–6 and has recently been

extended to include nucleic acids.7 SDSL can be

applied to both soluble and membrane proteins of

arbitrary molecular weight, and studies performed

under biologically relevant conditions.8–12 In SDSL a

unique cysteine residue is introduced into a recombi-

nant protein via site-directed mutagenesis, and sub-

sequently reacted with a sulfhydryl-specific nitroxide

reagent to generate a paramagnetic side chain. The

paramagnetic side chain designated R1 [Fig. 1(a)] is

widely used in SDSL studies as it has been shown to

be well-tolerated in proteins.14,15

The EPR spectrum of a protein containing R1

reflects the overall motion of the nitroxide ring on the

nanosecond time scale, with contributions from:

(i) the internal motion of the side chain, modulated by

interactions with the local environment; (ii) protein

backbone dynamics; and (iii) rotational diffusion of

the protein. The contribution of overall rotational dif-

fusion to the nitroxide motion is negligible for mem-

brane proteins or soluble proteins with a molecular

weight greater than about 50 kDa; for smaller pro-

teins, its effect can be minimized by increasing the vis-

cosity of the solvent.14,15 One goal in the development
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of SDSL is to sort out the remaining contributions to

nitroxide motion, which would enable the spectra to

be interpreted in terms of local structure and confor-

mational changes (via interactions with the environ-

ment) and backbone dynamics. To that end, crystallo-

graphic studies of spin-labeled T4 lysozyme (T4L)

revealed interactions of the R1 nitroxide ring with the

environment, providing an understanding of the com-

plex EPR spectra in terms of the local structure.16–18

The present study is focused on R1 residues at the

protein surface where there are apparently no or weak

interactions of the nitroxide ring with the environment

(noninteracting sites). Such sites are of interest

because the motion of the nitroxide is determined

solely by internal motion within the side chain and

backbone dynamics. In fact, site-dependent contribu-

tions to R1 motion correlate with some expected char-

acteristics of backbone dynamics.4,19 However, to put

this strategy for measuring backbone dynamics on a

more quantitative footing, the structural determinants

of the internal motion must be known.

Information on the internal motion of R1 at non-

interacting sites in a-helices, loops and edge strands of

b-sheets has come from analysis of the EPR spectra.

Generally, the spectra are well-fit by a model of simple

anisotropic motion involving an order parameter for

the z-axis of the nitroxide (0 � S � 1) and a correla-

tion time (s) for reorientation about the molecular

axes [Fig. 1(b)].15,20 Typically, S varies from site-to-

site, but is less than about 0.5; hence such motion will

be referred to as ‘‘weakly ordered.’’ Mchaourab et al.21

showed that the weakly ordered motion for R1 at helix

surface sites in T4 lysozyme (T4L) is essentially inde-

pendent of the nearest neighbor identity within the

helix (i.e. i � 3 and i � 4 residues), suggesting that

the restricted motion arises from within the side chain

itself. It was proposed that the anisotropic motion

might result from an immobilization of the disulfide

bond through an interaction with the protein back-

bone.14 Subsequently, this proposal was supported by

crystallographic studies of the R1 side chain at several

helix sites in T4L. In these structures, an intraresidue

CaAH���Sd interaction was observed that effectively

immobilized the entire CbAScASd group,16 allowing

motion only about the disulfide (X3) and two terminal

bonds [X4 and X5, Fig. 1(a)]. A first-order approxi-

mation assumed that motions of X4 and X5 are most

important, and this ‘‘X4/X5 model’’ was found to

account for the experimental spectra.20 Systematic var-

iations of the nitroxide ring structure provided strong

support for the X4/X5 model and identified motions

about X5 as particularly important.20 Recent theoreti-

cal studies are consistent with the model.22

While support for the X4/X5 model of internal

motion is strong, no crystal structure has yet been

reported for an R1 residue having a weakly ordered

z-axis anisotropic nitroxide motion, and the corre-

sponding rotamers have not been identified. Here we

report the structures of three R1 residues in T4L that

have this motion, two in a-helices (131R1, 151R1), and

one in a short loop connecting two helices (82R1). All

three side chains extend into the solvent at sites where

no contact is made with a symmetry related T4L mole-

cule in the crystal lattice. In each case, including those

determined at room temperature, the structures reveal

immobilization of the R1 disulfide due to an intraresi-

due CaAH���Sd interaction, adding strong support for

the X4/X5 model of internal motion for R1 in helices

and loops. In addition, the structures presented here

add to the growing rotamer library of R1 at solvent-

exposed sites, and reveal that R1 adopts the same rota-

meric states (with respect to X1 and X2) at both non-

contact and lattice-interacting sites. A complete

rotamer library of R1 at solvent-exposed sites is impor-

tant not only for understanding the internal motion of

R1, but also for reliable modeling of the R1 conforma-

tional space for use in distance determinations.11,23

Figure 1. The R1 side chain and coordinate frames used in

describing z-axis anisotropic motion. (a) Structure of the R1

side chain with designations of atoms and dihedral angles

used in the text. (b) Molecular model of the nitroxide ring

where xM, yM, and zM define the molecular frame, with xM
along the NO bond of the nitroxide and zM along the 2p

orbital of the nitrogen atom. zR is the z-axis of the diffusion

frame, and bD the tilt angle with respect to the molecular

frame (see Ref. 13 for a compete description of the

coordinate frames). Simple z-axis anisotropic motion arises

from restricted diffusion of zR within a cone as indicated.
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Results

To investigate the structural basis of weakly ordered,

z-axis anisotropic nitroxide motion within the R1 side

chain, T4L sites 131 and 151 were selected for crystalli-

zation as model a-helix surfaces sites, and site 82 as a

model loop site (see Fig. 2). The EPR spectra of T4L

mutants 131R1 and 82R1 have been reported,14 and

are reproduced along with the spectrum of 151R1 in

Figure 3. Each of these spectra can be fit reasonably

well by a simple one-component z-axis anisotropic

motion (dashed traces, Fig. 3), characterized by an

order parameter of less than 0.5; thus the nitroxide

motion is weakly ordered.

Crystals of all three mutants were found to be iso-

morphous with wild type T4L crystals, with similar

unit cell dimensions (Table I). Indeed, at the level of

the backbone fold, each of the spin labeled mutants

are similar to the pseudo wild type protein (WT*, PDB

1L63 from Ref. 24, with an average backbone atom

root mean square (RMS) deviation of 0.23, 0.29, and

0.21 Å for 131R1 (100 K), 151R1 (100 K), and 82R1

(100 K), respectively. For each of the structures

reported here, no intermolecular interactions between

the R1 side chain and a symmetry related lysozyme

molecule were observed, indicating that the spin label

conformations observed in the X-ray crystal structures

are determined solely by intramolecular forces.

Structures of T4L 131R1 at 100 K and 291 K
The structure of 131R1 at 100 K was determined and

refined to 1.8 Å resolution, with an R-factor of 19.2%

(Table I). The 2Fo-Fc composite omit map of the elec-

tron density reveals two equally populated rotameric

states of the 131R1 side chain [Fig. 4(a)]. In both

states, only the ACbAScASd atoms of the side chain

were resolved, allowing just the first two dihedral

angles (X1 and X2) to be determined (Table II). The

convention used here for designating the dihedral

angles is based on the nomenclature proposed by

Lovell et al.,25 in which m ¼ �60�, p ¼ þ60�, and t ¼
180�; this notation is retained for X angles that are

within about 20� of these nominal values. By

this notation, one conformation of 131R1 is {m,m}

(X1 ¼ �69�, X2 ¼ �60�) and the other {t,p} (X1 ¼
175�, X2 ¼ 80�).

Figure 2. Ribbon model of the wild type T4L structure

(PDB ID 1L63),24 highlighting sites 82, 131, and 151 with

spheres at a-carbons. All three sites are solvent-exposed.

Figure 3. EPR spectra of T4L mutants A82R1, V131R1,

and T151R1. All spectra were recorded with a 100 G scan

width at 293 K, and are normalized to the area for ease of

comparison. The spectrum designated ‘‘131R1 crystals’’ is

that of a polycrystalline suspension of T4L 131R1 crystals

in mother liquor. Other spectra were recorded in 30%

sucrose to increase the solution viscosity. Overlaid on each

solution spectrum (solid trace) is a nonlinear least squares

fit of the EPR spectrum to the MOMD model (dashed trace;

see Methods). Best fits of the 131R1 solution spectrum

were obtained with S ¼ 0.35 and hsi of �2 ns, similar to

previously published values.20 Fits of the 82R1 and 151R1

EPR spectra were obtained with S ¼ 0.42, hsi ¼ 1.4 ns,

and S ¼ 0.39, hsi ¼ 2.4 ns, respectively.
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When hydrogen atoms are modeled in the struc-

ture, the Sd sulfur and CaAH atoms are in proximity

in both rotamers [Fig. 4(b)], a situation previously

observed in X-ray crystal structures of R1 spin-labeled

T4L mutants.16,17 The hydrogen–sulfur distance

(CaAH���Sd) in {m,m} and {t,p} is 2.8 and 3.3 Å,

respectively (Table III). For the {m,m} conformation,

this distance is less than the sum of the hydrogen and

sulfur van der Waals radii (3.1 Å), and is thus indica-

tive of an attractive interaction, possibly a nonclassical

CAH���S hydrogen bond (see Discussion). No other

interatomic distances less than 4 Å were observed

involving Sd for either conformation. The absence of

electron density for the remaining atoms of either side

chain conformation, including the Ce carbon, precludes

determination of the remaining dihedral angles (X3,

X4, and X5). The nitroxide rings in Figure 4(b) are

modeled based on previously observed values for X3–

X5 in ordered R1 side chains (see Discussion section).

In a previous study of 131R1 in solution, a rela-

tively immobilized state was found to appear in the

EPR spectrum at temperatures of about 288 K and

below.20 The immobilized state identified in low tem-

perature solution studies of 131R1 raises the possibility

that conformations observed in the low temperature

structure may result from interactions of the nitroxide

ring stabilized at 100 K, a situation that was encoun-

tered in structural studies of T4L 115R1.17 To directly

evaluate the role of temperature in possible rotamer

selection of 131R1, the X-ray crystal structure of 131R1

was determined at 291 K (18�C).

Comparison of the unit cell dimensions (Table I)

for the 291 K (RT) and 100 K (LT) crystal structures

of 131R1 reveals that a 2% contraction of the unit cell

volume occurs following flash-cooling of 131R1 crys-

tals, a common result of flash-cooling protein crys-

tals.26 The RT crystal structure of 131R1 was refined to

2.1 Å resolution and an R-factor of 15.2% (Table I),

and is essentially identical to that at 100 K, with equal

populations of {m,m} and {t,p} rotameric states

(Table II) and lacking electron density for the nitro-

xide rings [Fig. 4(c)]. Although recent theoretical work

predicts additional rotameric states of 131R1 at ambi-

ent temperature,27 no evidence for electron density

corresponding to such states is present in the Fo-Fc

composite omit map. The similarity between the

low and room temperature structures of 131R1 demon-

strates that the rotamers (with respect to X1 and X2)

Table I. X-ray Data Collection and Refinement Statistics for T4L mutants A82R1, V131R1, and T151R1a

A82R1 V131R1 LT V131R1 RT T151R1 LT T151R1 RT

Data Collection
Reflections observed 213,135 381,252 257,068 140,604 28,187
Unique reflections 22,843 21,086 12,597 18,230 9,516
Temperature (K) 100 100 291 100 291
Wavelength (Å) 1.5418 1.5418 1.5418 1.5418 1.5418
Resolution (Å) 80–1.70 100–1.75 80–2.10 80–1.80 80–2.30
Highest Resolution Shell (Å) 1.76–1.70 1.81–1.75 2.18–2.10 1.86–1.80 2.38–2.30
Space group P3221 P3221 P3221 P3221 P3221
Rsym (%) 5.7 (31.4) 5.5 (36.8) 12.3 (48.3) 4.1 (16.2) 15.9 (50.1)
I/r 41.2 (5.98) 48.9 (8.1) 31.2 (8.2) 39.2 (6.1) 9.6 (3.3)
Completeness (%) 99.8 (99.9) 99.8 (100) 99.8 (100) 97.8 (86.7) 98.7 (98.3)
Unit cell dimensions
a (Å) 60.293 60.405 60.868 59.486 60.657
b (Å) 60.293 60.405 60.868 59.486 60.657
c (Å) 96.079 96.055 96.818 95.086 96.448

Refinement
Resolution (Å) 52.20–1.70 51.99–1.75 35.70–2.10 31.7–1.80 26.27–2.30
Reflections used 21,562 19,921 12,558 18,197 9,410
Rcryst

b (%) 18.7 19.2 15.2 18.6 17.3
Rfree

c (%) 20.6 22.4 19.9 22.4 21.6
Number of non-H atoms
Protein 1337 1351 1346 1329 1311
Non-protein 236 220 107 179 53

RMS deviations
Bond lengths (Å) 0.009 0.010 0.007 0.004 0.004
Bond angles (�) 1.286 1.658 1.202 0.905 0.871

Average B-factor (Å2)
Protein atoms 17.2 19.7 26.8 16.9 26.2
Non-protein atoms 27.8 29.6 37.4 24.4 31.9

PDB accession code 1ZYT 2CUU 3G3V 3G3X 3G3W

a Highest resolution shell data shown in parenthesis.
b Rcryst ¼

P
||Fobs|�|Fcalc||/

P
|Fobs|, where Fobs and Fcalc are the observed and calculated structure factor amplitudes,

respectively.
c Rfree is Rcryst calculated using 5% of the data, randomly chosen and omitted from refinement.
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observed are not the result of low temperature selec-

tion, and conclusions drawn for the low temperature

structure are applicable to the room temperature state.

Interactions of 131R1 in solution

Although the EPR spectrum of 131R1 in solution at

room temperature is consistent with a single, weakly

ordered motion (see Fig. 3), a relatively immobilized

state was found to appear at reduced temperatures, as

mentioned earlier. This is illustrated by the spectra in

Figure 5(a), with the immobilized state identified by

an arrow at 273 K. Presumably the new state results

from favorable interactions of the nitroxide ring with

nearby groups in the structure that are stabilized at

lower temperatures, although the nature of such inter-

actions was not revealed in the crystal structure deter-

mined at 100 K (i.e., the nitroxide ring was unresolved

in both conformations observed).

To evaluate the role of nearby side chains in

immobilizing 131R1 at low temperature, seven residues

with potential for interaction with 131R1 were individ-

ually mutated to alanine (Ala) and their effects on the

EPR spectrum studied in the range of 273–313 K. Spe-

cifically, solvent-exposed residues within helix H

(D127, E128, and N132) and in close proximity to

131R1 in the tertiary structure (K135, Y139, K147, and

T151) were selected for Ala substitution [Fig. 5(b)]. It

was previously shown that T4L is thermodynamically

and structurally tolerant to single and multiple alanine

substitutions at solvent-exposed sites in the sequence

127–141, so it is likely that the native fold is retained

for the Ala mutants in this region.28

Figure 5(c) shows the EPR spectra of 131R1 with

WT* neighbors compared with those of the alanine

mutants, recorded at 298 K (left panel) and 273 K

(right panel). The EPR spectra for 131R1/E128A and

131R1/K135A at room temperature were previously

reported,14,21 and spectra obtained in this study are

similar. It is evident that the spectra for the mutants

are all very similar to that for 131R1 with WT* neigh-

bors at the same temperature, with subtle differences

being seen only for E128A, K135A, and Y139A at both

temperatures. The EPR spectra of weakly ordered

states are exquisitely sensitive to subtle changes in

motion,20,29 and the small spectral differences between

Figure 4. Structure of T4L 131R1 at 100 K and 291 K.

(a) Electron density map for T4L 131R1 determined at

100 K calculated as an unweighted 2Fo-Fc composite omit

map (marine mesh) and contoured at 1.3 r. For clarity, only
a stick model and electron density of 131R1 and selected

nearby residues are shown (as indicated), with the protein

backbone shown as a ribbon model. Two distinct

conformations of the R1 side chain were observed, each

with a unique orientation of the disulfide bond defined by

the torsional angles X1 and X2 [Fig. 1(a)]. (b) Space-filling

models of the {m,m} and {t,p} conformations of the 131R1

side chain with modeled H atoms, showing the proximity of

the Sd sulfur atom to the backbone Ca hydrogen atom in

both states. (c) Electron density map for T4L 131R1

determined at 291 K calculated as an unweighted 2Fo-Fc
composite omit map (marine mesh) and contoured at 1.5 r.
In each panel, the unresolved atoms of the nitroxide ring

and the Ce carbon are not unique, and are modeled in a

configuration free from steric interference.

Fleissner et al. PROTEIN SCIENCE VOL 18:893—908 897



the mutants and WT* reflect very small changes in

nitroxide motion that could result, for example, from

changes in local solvation due to the mutation. Collec-

tively, these results indicate that the weakly ordered

state of the nitroxide at 298 K and the immobilized

state at 273 K are not the result of interaction with

any single neighboring side chain, at least with chemi-

cal moieties beyond Cb.

It is possible that the removal of one interacting

side chain is compensated by a similar favorable inter-

action with another neighboring side chain, so the

effect of replacing multiple residues near 131R1 with

Ala on the spectrum of 131R1 was studied. In a polya-

lanine 131R1 mutant (designated 4Ala), residues 127,

128, 132, and 135, those physically closest to 131R1,

were replaced by Ala. Remarkably, the EPR spectrum

of this mutant [Fig. 5(c)] is again very similar to 131R1

with WT* neighbors at both 298 and 273 K, support-

ing the above conclusion that the side chains of these

residues (exclusive of Cb) contribute little-if at all-to

the overall motion of 131R1. It is likely that the immo-

bilized state populated at low temperature arises from

interactions between the nitroxide of 131R1 and a

hydrophobic patch formed in part by I150 and A130

[see Fig. 5(b) and Discussion].

Structures of T4L 151R1 at 100 K and 291 K
Like 131R1, the EPR spectrum of 151R1 in solution

reflects weakly ordered motion (see Fig. 3). The X-ray

crystal structure of 151R1 at 100 K was solved and

refined to 1.8 Å resolution with an R-factor of 18.6%

(Table I). In the 2Fo-Fc composite omit map of the

electron density [Fig. 6(a)], the CbAScASd atoms of

the 151R1 side chain were resolved in an {m,m} con-

formation (50% occupancy, X1 ¼ �83�, X2 ¼ �72�,

Table II). As for the {m,m} conformation of 131R1,

the atoms of the Sd sulfur and Ca hydrogen of 151R1

reside in close contact [Fig. 6(b)]. Indeed, with hydro-

gen atoms modeled onto the 151R1 structure, the

CaAH���Sd distance (2.9 Å, Table III) is less than the

sum of the sulfur and hydrogen van der Waals radii,

just as in the {m,m} conformation of 131R1.

In addition to the density for the {m,m} confor-

mation, weak electron density was observed in the vi-

cinity of 151R1 (unmodeled and denoted by an arrow

in Figure 6(a). It is likely that this density corresponds

to the Sc of an unreacted cysteine, but in principle

could be another minor X1 ¼ t conformation of R1

with disorder beyond the Sc sulfur atom. However, the

nitroxide of such a rotamer would be expected to have

a high mobility in solution, and there is no evidence

Table II. Summary of R1 Dihedral Angles

T4L Mutant Rotamer Temp. (K) X1 X2 X3 X4 X5 Occupancy (%)

82R1 {m,m} 100 –68� –56� 101� 100
131R1 {m,m} 100 –69� –60� 50
131R1 {t,p} 100 175� 80� 50
131R1 {m,m} 291 –75� –57� 50
131R1 {t,p} 291 175� 83� 50
151R1 {m,m} 100 –83� –72� 50
151R1 {m,m} 291 –82� –72� 70

Table III. Geometries Associated with {m,m} and {t,p} Conformations of R1a

Conformation Mutant
Ca���Sd
(Å)

CaAH���Sd
(Å)

\CaAH���Sd
(�)

44R1CHAIN A
b 3.4 2.7 123

44R1CHAIN B
b 3.3 2.7 124

80R1c 3.8 3.3 109
82R1 3.4 2.8 117

115R1 (RT)d 3.6 3.0 121
{m,m} 115R1 (LT)d 3.7 3.2 112

119R1c 3.3 3.0 111
131R1 (LT) 3.4 2.8 119
131R1 (RT) 3.5 2.9 116
151R1 (LT) 3.5 2.9 114
151R1 (RT) 3.5 2.9 116

41R1b 3.6 3.2 105
65R1c 4.0 4.0 87

{t,p} 119R1c 3.3 3.0 110
131R1 (RT) 3.7 3.3 101
131R1 (LT) 3.7 3.3 105

a Bold residues are in contact with another lysozyme molecule in the crystal lattice.
b Data from Ref. 18.
c Data from Ref. 16.
d Data from Ref. 17.
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for a second population in the solution EPR spectra.

An interesting feature of the 151R1 structure is that the

i þ 3 arginine residue (R154) moves from its position

in the WT* structure,24 possibly to avoid steric clash

with the (unresolved) nitroxide ring.

As for 131R1, the question arises as to whether the

{m,m} rotamer of 151R1 observed at 100 K is selected

by attractive interactions favored at low temperature.

In order to detect such interactions, the spectrum of

151R1 was studied as a function temperature (see Fig.

7). As the temperature is decreased, the rate and order

of anisotropic motion decrease and increase, respec-

tively. However, at the lowest temperature investigated

(273 K) a new and relatively immobilized state is

revealed as a shoulder in the spectrum (arrow, Fig. 7).

Thus, low temperature does populate a new state, and

to explore the role of temperature in possible rota-

meric selection of the 151R1 side chain the room tem-

perature (291 K) crystal structure was determined.

The structure of 151R1 at 291 K was refined to

2.3 Å resolution and an R-factor of 17.3% (Table I).

Like 131R1, comparison of the unit cell dimensions for

151R1 at 100 and 291 K reveals that a contraction of

the unit cell occurs upon flash cooling of 151R1 crystals

(Table I). The structures of 151R1 at 100 K [Fig. 6(a)]

and 291 K [Fig. 6(c)] are remarkably similar, in that

the ACbAScASd atoms of the side chain were resolved

in a {m,m} conformation (70% occupancy, X1 ¼
�82�, X2 ¼ �72�, Table II) with the remaining side

chain atoms unresolved. Thus conclusions drawn from

the low temperature structure apply to that at room

temperature.

Figure 5. Interactions of 131R1 in solution. (a) EPR spectra of T4L 131R1 recorded at temperatures ranging from 273 K to

313 K in 5 degree increments, as indicated. (b) Model of T4L 131R1 showing the 131R1 side chain as a stick model,

neighboring side chains in the structure as space-filling models, and the protein backbone as a ribbon model. Residues I150

and A130 form a small hydrophobic patch (highlighted in yellow). (c) Spectra of T4L 131R1 with WT* neighbors (131R1) and

with the indicated Ala replacement (e.g., 127A) recorded at 298 K (left) and 273 K (right). The mutant designated 4Ala is a T4L

131R1 mutant with the following substitutions: D127A, E128A, N132A, and K135A. The arrows mark the position of a

relatively immobilized component, and a dashed line has been added to guide the eye. All spectra were recorded for the

protein in a 30% (w/v) sucrose solution.
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Structure of T4L 82R1 at low temperature (100 K)
To investigate the structural origin of the weakly

ordered nitroxide motion for R1 at a solvent-exposed

loop site, the X-ray crystal structure of 82R1 was

determined. The structure was solved and refined to

1.7 Å resolution with an R-factor of 18.7%. A previous

study of R1 in helical peptides concluded that R1 has a

high helical propensity similar to alanine, leucine, and

methionine.30 However the R1 substitution at site 82

does not alter the native structure at this site, as the

backbone torsional angles of 82R1 (/ ¼ �68.6�, w ¼
�19.6�) are similar to wild type A82 of T4L (/ ¼
�67.3�, w ¼ �23.7�).

In the crystal structure of 82R1, the CbAScASdACe

atoms of the spin label side chain were resolved in a sin-

gle conformation, allowing X1–X3 to be determined [Fig.

8(a)]. The dihedral angles X1 and X2 of 82R1 (�68� and

�56�, respectively) are similar to those in other {m,m}

rotameric states of R1 previously reported16,17 including

131R1 and 151R1. As noted above, in this conformation

the Sd sulfur and Ca hydrogen atoms lie in close contact

[Fig. 8(b)], and, with hydrogen atoms modeled onto the

structure, the CaAH���Sd distance is 2.8 Å (Table III),

again closer than the sum of the hydrogen and sulfur

van der Waals radii (3.1 Å). Although the CaAH���Sd
interaction had previously only been observed for R1 at

solvent-exposed helical sites, the structure of 82R1 dem-

onstrates that this intraresidue interaction is also possi-

ble at solvent-exposed loop sites.

Although the nitroxide ring of 82R1 was not

resolved, the dihedral angle X3 ¼ 101� places the ring in

van der Waals contact with R80 and K85 for any steri-

cally allowed X4/X5 combination [a space-filling model

of one possible conformation is shown in Fig. 8(c)].

Although interactions of the ring with either (or both) of

these residues is expected, disorder of the nitroxide ring

can be explained by the presence of nonspecific (i.e.

hydrophobic) interactions that accommodate multiple

X4/X5 states. If such interactions were significant for

82R1 in solution, a component of the EPR spectrum cor-

responding to an immobilized state would be expected,

but none is observed at room temperature (see Fig. 3).

However, decreasing the temperature below ca. 288 K

reveals the appearance of an immobilized state in the

EPR spectrum of 82R1 in solution (arrow, Fig. 9) that

could correspond to weak interactions with R80 or K85.

Discussion

Structural determinants of R1 internal motion at

noninteracting sites and the X4/X5 model
The X4/X5 model for R1 internal motion was originally

proposed to explain weakly ordered, z-axis anisotropic

Figure 6. Structure of T4L 151R1 at 100 K and 291 K. (a)

Electron density map for T4L 151R1 determined at 100 K

calculated as an unweighted 2Fo-Fc composite omit map

(marine mesh) and contoured at 1.3 r. For clarity, only a

stick model and electron density of 151R1 and selected

nearby residues are shown (as indicated), with the protein

backbone shown as a ribbon. (b) Space-filling model of the

151R1 side chain, showing the proximity of the Sd sulfur

atom to the backbone Ca hydrogen atom. (c) Electron

density map for T4L 151R1 determined at 291 K calculated

as an unweighted 2Fo-Fc map (marine mesh) and contoured

at 1.5 r. In each panel, the unresolved atoms of the

nitroxide ring and the Ce carbon are modeled in a

configuration free from steric interference.
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nitroxide motion observed for R1 at non-interacting

helix surface sites.20 This first-order model posits that

the motion arises primarily from torsional oscillations

of X4 and X5, while torsions of X1 and X2 are restricted

by immobilization of the disulfide group due to inter-

action with backbone atoms.

The structures reported here are the first for R1

side chains having a weakly ordered z-axis motion in

solution (see Fig. 3) and serve to directly examine the

structural basis of the X4/X5 model at solvent-exposed

helical (131 and 151) and loop (82) sites in T4L. These

sites were selected for crystallographic studies because

each site is far from crystal contacts in the WT* crystal

Figure 7. EPR spectra of T4L 151R1 recorded in 30% (w/v)

sucrose solution at temperatures ranging from 273 to 313 K

in 5 degree increments, as indicated. The arrow identifies a

component arising from a relatively immobilized state.

Figure 8. Structure of T4L 82R1 at 100 K. (a) Electron

density of 82R1 (marine mesh), calculated as an

unweighted 2Fo-Fc composite omit map contoured at 1.0 r.
For clarity, a stick model and the electron density for 82R1

(green carbons) and selected nearby residues (marine

carbons) are shown, with the protein backbone displayed

as a ribbon model. (b) Space-filling model of T4L 82R1,

showing the proximity of the Sd sulfur atom to the

backbone Ca hydrogen atom. (c) Space filling model of

82R1 with nearby residues R80 and K85 shown. In each

part, the unresolved atoms of the nitroxide ring and the Ce

carbon are modeled in a configuration free from steric

interference.
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form, which minimizes the potential for the crystalline

environment to influence the conformational state of

the substituted R1 side chain. Indeed, no interactions

between R1 and symmetry related lysozyme molecules

were observed. Moreover, the EPR spectra of 131R1 in

solution and a polycrystalline suspension are very sim-

ilar (see Fig. 3), suggesting that the crystalline envi-

ronment has little influence on the dynamic state of

131R1. Thus, it is highly likely that the conformations

of R1 observed in the crystalline state (at 291 K) corre-

spond to those in solution and give rise to the

observed nitroxide dynamics reflected in the EPR

spectrum.

Two features of the R1 side chains in both the low

and room temperature structures of 131R1 and 151R1

are consistent with expectations of the X4/X5 model

for R1 motion on helical surfaces. First, the well-

resolved electron density for the ScASd atoms reveals

strong localization of the disulfide group, even at am-

bient temperature (Figs. 4 and 6); this requires a cor-

respondingly strong constraint on torsions of X1 and

X2. Second, the lack of electron density beyond Ce is

due to disorder of the nitroxide ring that arises from

torsional oscillations of X4 and/or X5 at ambient tem-

perature. These are the basic features of the X4/X5

model. The similar EPR spectra and conformations for

82R1, 131R1, and 151R1 suggest generality of the model

for R1 in ordered loops as well as helices.

Preferred rotamers of R1 at solvent-exposed
sites and origins of disulfide

bond immobilization

The preferred {X1,X2} rotamers of R1 at solvent-

exposed helical sites, based on previously reported

structures16–18 and those reported here, are shown in

Figure 10. Consistent with a previous study,18 only

{m,m}, {t,p}, and {t,m} rotamers are observed. It is

interesting that although some of the data in the figure

are derived from structures in which R1 interacts with

neighboring T4L molecules in the crystal lattice (solid

circles, Fig. 10), the rotamers are the same as those at

non-contact sites (open circles, Fig. 10) suggesting that

Figure 9. EPR spectra of T4L 82R1 recorded in 30% (w/v)

sucrose at temperatures ranging from 273 to 313 K in five-

degree increments, as indicated. At temperatures of 288 K

and lower, a second, less mobile component of the EPR

spectrum is observed (indicated by the arrow).

Figure 10. Preferred {X1,X2} rotameric states of the R1 side

chain on solvent-exposed helical sites. Rotamers observed

at lattice contact and noncontact sites are shown as filled

and open circles, respectively. The figure includes data

from twelve previously reported structures of the R1 side

chain at helical surface sites in T4L,16–18 and the six

structures of 131R1 and 151R1 observed in this study. This

number includes structures of R1 obtained at a given site at

two different temperatures (i.e., 115R1, 131R1, and 151R1),

different rotamers at a given site (e.g., 131R1), and the

structure of R1 at a given site differing by an alanine

substitution at a nearby residue (i.e., 115R1/R119A).
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the {X1,X2} rotameric states of R1 are independent of

such interactions.

The data of Figure 10 show that the {m,m} and

{t,p} states are strongly preferred over the {t,m} state

and the {m,t} and {t,t} states are absent despite

recent theoretical work that predicted stability of these

states for R1 at helical sites.22,31 These points are

emphasized by the interesting structure of 131R1, in

which the 131R1 side chain exists in equal populations

of the {m,m} and {t,p} states. There is no electron

density present in Fo-Fc omit maps that would corre-

spond to other rotameric states of 131R1, even though

the {m,t} and {t,t} rotamers are sterically allowed.

Why are the {m,m}, {t,p}, and to a lesser extent

{t,m}, states favored while other sterically allowed

rotamers have yet to be observed experimentally at

solvent-exposed helical sites? Modeling reveals that of

the nine possible {X1,X2} rotamers, the X1 ¼ {p} and

the {m,p} state are sterically forbidden on nearly all

helical sites. Of the remaining five, only {m,m} and

{t,p} allow the CaAH���Sd interaction (see Fig. 11),

which is apparently responsible for stabilizing these

states.16–18 The CaAH���Sd interaction is sufficiently

strong to order the disulfide atoms in 151R1 and both

rotamers of 131R1 at room temperature in the absence

of lattice contacts or other intramolecular interactions

[see Figs. 4(c) and 6(c)]. Further evidence for the exis-

tence of the CaAH���Sd interaction comes from varia-

tion of the side chain structure; elimination of one of

the sulfur atoms in R1 would be expected to decrease

nitroxide mobility, but, remarkably, a thioether linkage

replacing the disulfide actually increases the mobility

of the nitroxide although one fewer bond is present.21

The Sd sulfur also has putative interactions with back-

bone atoms of the i þ 1 residue in the {t,m} state of

R1,17 but there is no such interaction to stabilize the

remaining {m,t} or {t,t} states wherein Sd is moved

away from the backbone (see Fig. 11). The absence of

the CaAH���Sd interaction would permit increased

mobility about X2, and thus the {m,t} and {t,t} states

would be expected to be disordered, but the EPR spec-

tra of R1 at noninteracting helical surface sites reflect

a strongly dominant weakly ordered motion at room

temperature (see Fig. 3) consistent with disulfide

immobilization and the X4/X5 model.20

The nature of the CaAH���Sd interaction in {m,m}

and {t,p} is unknown, although it has been suggested

that it might be a nonclassical hydrogen bond

(H-bond).16 Current views of H-bonds in proteins have

broadened the definition to include nonclassical

H-bonds involving sulfur as an H-bond donor and

acceptor, and CAH groups as H-bond donors.32 As

shown in Table III, the geometry of some {m,m} but

none of the {t,p} rotamers observed to date meet

criteria set forth for a CAH���S hydrogen bond (C���S
distance <3.5 Å and a CAH���S angle �120�).33 None-

theless, the proximity of the CaAH and Sd atoms

suggests an attractive interaction, especially as many

of the CaAH���Sd distances are less than the sum of the

van der Waals radii for sulfur and hydrogen (3.1 Å);

simple hydrophobic interaction of the disulfide with

the backbone also likely plays a role. Interestingly, the

EPR spectrum of 131R1 in solution can be fit with a

single dynamic component, so the internal motion

that arises within the {m,m} and {t,p} conformations

of 131R1 must be very similar. This suggests that the

CaAH���Sd interaction must be similar in the two

rotamers.

Given the equal populations of {m,m} and {t,p}

rotamers of R1 at 131, it is of interest that only the

{m,m} state is found at 82. The backbone dihedrals

of 131R1, u ¼ �64� and w ¼ �41�, are typical of an a-

Figure 11. Models of the {m,m}, {m,t}, {m,p}, {t,m}, {t,t}, and {t,p} rotamers of the R1 side chain fragment (terminated at the

Sd sulfur) on a polyalanine helix. Rotamers with X1 ¼ {p} (not shown) are sterically forbidden at most helical sites, as is the

{m,p} state due to steric clashes involving the Sd sulfur (as shown). The hydrogen atom of the Ca carbon and the Sd sulfur are

identified, and are only in contact in the {m,m} and {t,p} states.
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helical structure, while for loop residue 82R1 u ¼
�69� and w ¼ �20�. For �40� < w < 0�, the carbonyl

oxygen of R1 has a steric clash with the Sc atom for X1

in a {t} configuration, thus favoring the {m,m}

rotamer; variations in u should have little influence on

the relative stability of the rotamers. Indeed, only {m}

conformers of cysteine are generally observed for

�40� < w < 0�.34 This effect can also account for the

single {m,m} rotamer of T4L 80R1 previously pub-

lished,16 where u ¼ �85�, w ¼ �8�.

The earlier discussion has emphasized the interac-

tion of the disulfide with the R1 main chain atoms as

the determinant of internal motion, and the similarity

in this regard of the {m,m} and {t,p} rotamers. Were

this the complete story, the EPR spectra of R1 at all

noninteracting surfaces sites would be identical, dic-

tated entirely by the internal motions that arise within

the amino acid. In reality, the EPR spectra of R1 at

noninteracting sites have been found to be diverse,

reflecting site-to-site variation in the order and rate of

nitroxide motion (see Fig. 3). It has been suggested

that this variation is due to dynamic contributions

from backbone fluctuations on the nanosecond time

scale,4,20 which is apparently the case where large

differences in backbone flexibility exist.19 Smaller site-

to-site variations could have more subtle origins

involving details of the local structure.

Probable conformations of R1 and the origin
of immobilized states at low temperature

in solution

The crystal structures presented earlier define X1 and

X2 for each R1 side chain, with values for X3 being

defined only for 82R1. Crystallographic studies of the

R1 side chain at other sites where X3 could be deter-

mined suggest that the minimum energy conform-

ations are near the expected values of �90�.35 The

disulfide rotamer adopted by 131R1 and 151R1 can be

explored using modeling and constraints suggested by

the motion of the nitroxide.

As discussed above, the room temperature EPR

spectra of 82R1, 131R1, and 151R1 are all are consistent

with the X4/X5 model, in which motions about X4 and

X5 are unconstrained by interactions of the nitroxide

ring with the protein. Models of R1 at a solvent-

exposed helix site reveal that the {m,m,�90} and

{t,p,þ90} rotamers position the nitroxide ring away

from the backbone where interactions of the ring are

unlikely. Thus, these conformations can be invoked to

account for the room temperature spectra of both

131R1 and 151R1. On the other hand, the {m,m,þ90}

and {t,p,�90} states position the ring close to the

backbone where interactions are possible, and these

rotamers could account for the immobilized states

observed for 131R1 and 151R1 at low temperature

(<288 K). In the case of 131R1, interaction of the

nitroxide ring with a hydrophobic patch formed by

Ile150 and Ala 130 is likely (see Fig. 5). Although a

previous study has shown that an immobilized state

can result from favorable interactions between R1 and

neighboring side chains within the same helix,17 this

does not seem to be the case for 131R1 because sys-

tematic mutations of the neighboring side chains to

alanine have little effect on the nitroxide motion at

any temperature [Fig. 5(c)].

For 82R1, dihedrals X1–X3 can be assigned from

the 100 K structure (Table II), and the values place

the nitroxide ring in close contact with the side chain

of K85 and backbone atoms of R80 [Fig. 8(c)]. If this

configuration exists at room temperature in solution,

then the nitroxide would undoubtedly be immobilized

rather than having the weakly ordered motion

observed. An immobilized component is observed in

the EPR spectrum of 82R1 only at temperatures below

288 K, so it is likely that this immobilized state corre-

sponds to the configuration observed in the 100 K

crystal structure. The environment around 82 is not

highly restrictive, and modeling shows that isomeriza-

tion of the 82R1 disulfide bond (from þ90� to �90�)

yields a conformational state fully compatible with the

simple, non-interacting, anisotropic motion inferred

from simulation of the room temperature EPR spec-

trum. As noted earlier, the nitroxide ring is positioned

away from the protein surface in this {m,m,�90�}

conformation.

Summary of the key points
Collectively, the data presented here suggest that the

weakly ordered, z-axis anisotropic motion for the

nitroxide in R1 at solvent-exposed sites in ordered hel-

ices and loops arises primarily from the internal

motion of the side chain with minimal influence from

interaction with the local environment at ambient

temperature. The internal motion within the R1 side

chain is dictated primarily by an intraresidue sulfur-

backbone interaction (CaAH���Sd) that immobilizes the

disulfide group and gives rise to the anisotropic nitro-

xide motion via torsions of X4 and X5. The disulfide

immobilization is observed in crystal structures deter-

mined at both ambient and cryogenic temperatures,

and in R1 at sites far from lattice contacts. The struc-

tures reveal that the CaAH���Sd geometry meets criteria

established for a nonclassical CAH���S hydrogen bond

in some cases, but regardless of its physical origin,

it is sufficiently strong to completely immobilize the

disulfide at room temperature without other interac-

tions involving the side chain. Thus, it seems prudent

for future modeling studies to recognize the impor-

tance of the CaAH���Sd interaction, and for molecular

dynamic simulations of the R1 side chain to use force

fields that reproduce it.

The common origin of disulfide immobilization in

the {m,m} and {t,p} states suggests that the internal

motion should be similar for these rotamers at nonin-

teracting helical and loop sites, and the single dynamic

mode for 131R1 supports this suggestion. If these
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conclusions prove to be general for R1 at noninteract-

ing helical sites, then significant variation in motion

from site-to-site can be assigned to backbone contribu-

tions on the nanosecond time scale.

The structures reported here add to the growing

rotamer library for the R1 residue at solvent-exposed

helical sites in which only three {X1,X2} rotamers are

represented. Interestingly, these rotamers are the same

whether or not the side chain is engaged in inter- or

intramolecular interactions within the crystalline envi-

ronment, and have been observed at both cryogenic

(100 K) and ambient temperature. Thus, these three

{X1,X2} rotamers permit rational modeling of the R1

side chain at solvent-exposed helical sites to interpret

interspin distances and distributions determined from

low temperature, pulse dipolar EPR spectroscopy36,37

in terms of protein structure.

Methods

Preparation of T4L cysteine mutants

The T4L mutants described here are in the ‘‘pseudo’’

wild type genetic background (WT*), which contains

the mutations C54T and C97A.38 The genetic construct

containing the pseudo wild type T4L gene was a gift of

Dr. F.W. Dahlquist (University of California, Santa

Barbara), and carries the bla gene for selection.39

Expression of the T4L gene is under the transcrip-

tional control of a lacUV5 and multiple tac promoters,

which is induced by isopropyl-thio-b-D-galactopyrano-
side (IPTG). The single cysteine mutants A82C, V131C,

V131C/D127A, V131C/K135A, and T151C in the WT*

background have been previously reported.14,40 The

T4L mutants, V131C/E128A, V131C/N132A, V131C/

Y139A, V131C/K147A, V131C/T151A, and V131C/

R154A, and V131C/D127A/E128A/N132A/K135A were

constructed in the WT* background using the

QuikChangeVR site-directed mutagenesis kit (Strata-

gene, La Jolla, CA) according to suggested protocol or

by the overlap extension method.41

All mutants of T4L were expressed and purified as

previously described.16 Briefly, single colony trans-

formants of E. coli BL21 cells (Stratagene), trans-

formed with a vector containing the mutant T4L gene,

were grown overnight in �10 mL LB medium contain-

ing 100 lg/mL ampicillin at 37�C. The overnight cul-

ture was used to inoculate 1 L of LB medium (contain-

ing 100 lg/mL ampicillin), and the resulting culture

grown at 37�C to an OD600 of 1.0–1.2. Cells were

induced with 1 mM IPTG, shaken for 1.5 h at 37�C,

and then harvested by centrifugation. A minimal vol-

ume of lysis buffer (25 mM Tris/MOPS, 0.1 mM

EDTA, pH 7.6) was used to suspend cell pellets; mix-

tures were stored at �20�C.

Cell lysis was begun by allowing cells to thaw on

ice. After thawing, the mixture was placed on ice and

sonicated for 5 min (standard disruption horn, 50%

output, duty cycle 4). The resulting cell lysate was cen-

trifuged at 30,000g at 4�C for 30 min, and the soluble

fraction loaded onto a cation exchange column

(HiTrapTM, SP SepharoseTM HP, GE Healthcare) equi-

librated with lysis buffer containing 5 mM dithiothre-

itol. A 1M NaCl gradient was used to elute T4L, and

fractions pooled that corresponded to its molecular

weight (as judged by SDS-PAGE). Glycerol was added

to the purified lysozyme preparation to a final concen-

tration of 20% by volume, and the purified mixtures

were stored indefinitely at �20�C.

Spin labeling of T4L mutants

T4L mutants purified as described above were passed

over a desalting column (HiPrepTM 26/10, GE Health-

care) equilibrated with labeling buffer (50 mM MOPS,

25 mM NaCl, pH 6.8), diluted to a final concentration

of approximately 10 lM, and immediately reacted with

a 10 fold molar excess of 2,2,5,5-tetramethyl-pyrro-

line-1-oxyl methanethiosulfonate,42 a generous gift of

Kalman Hideg (University of Pecs, Hungary). Labeling

reactions were allowed to proceed overnight at 4�C.

Excess spin reagent was removed using the above

mentioned desalting column, eluting with labeling

buffer. Spin-labeled T4L was concentrated to �1 mM

in an AmiconVR Ultra-15 concentrator fitted with Ultra-

cel-10 membrane (Millipore). Samples for crystalliza-

tion trials were further purified by passage over a gel

filtration column (SuperdexTM 75, GE Healthcare)

equilibrated with labeling buffer. Final protein purity

was greater than 95% as judged by SDS-PAGE.

X-band EPR spectroscopy and
spectral simulations

For solution spectra, a 5 lL sample (typically 400 lM
protein in labeling buffer containing 30% w/v sucrose)

was contained in a quartz capillary (0.6 mm i.d. �
0.84 o.d., VitroCom, Mountain Lakes, NJ) sealed at

one end. Polycrystalline suspensions in mother liquor

were contained in the same capillary sealed at both

ends with a non-paramagnetic sealant (X-seal,

Bruker). All EPR spectra were collected at X-band

over 100 G on a Bruker Elexys 580 fitted with a high

sensitivity resonator using 20 mW incident microwave

power and 1 G field modulation amplitude at 100 kHz.

Spectra were fit using the MOMD model of Freed

and co-workers as implemented in the NLSL pro-

gram.13 The experimental spectra to be fit are from R1

at solvent-exposed sites, and appropriate starting val-

ues for the elements of the A and g magnetic tensors

in aqueous media were taken as: gxx ¼ 2.0078, gyy ¼
2.0058, gzz ¼ 2.0022 and Axx ¼ 6.2, Ayy ¼ 5.9, Azz ¼
37.0.43 In the MOMD model, anisotropic motion is

simulated by a restoring potential that produces spa-

tial ordering of the diffusion tensor. For noninteract-

ing solvent-exposed R1 side chains, EPR spectra are

adequately fit by an ordering potential dependent only

on a single parameter, C2
0; this corresponds to the

familiar ‘‘diffusion in a cone’’ model for the z axis of
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the rotational diffusion tensor (zR), and defines the

z-axis anisotropic motion. Reasonable fits are obtained

with an axially symmetric motion where Rz : Rpar

and Rx ¼ Ry : Rperp, where Rpar and Rperp are

(respectively) the parallel and perpendicular compo-

nents of the rotational diffusion tensor.15 In a modified

spherical representation, axially symmetric motion is

specified by the isotropic diffusion rate R and the

asymmetry parameter N, where R ¼ (RparR
2
perp)

1/3 and

N ¼ Rpar/Rperp. For z-axis anisotropic motion

[Fig. 1(b)], the diffusion tilt angles bD and cD were set

to 36� and 0�, respectively.20

Least-square fits of the spectra were obtained with

C2
0, R, and N as adjustable parameters. Once these

three parameters were optimized (i.e., yielded the low-

est v2 value), the principal values of the hyperfine and

g tensors were allowed to vary slightly (�0.5 G or

0.0005, respectively) from their initial value if the fit

could be improved. The effective correlation time

(denoted hsi) is defined as 1/6 R; the order parameter

(S : S20) is computed directly from C2
0.

13

Crystallization of R1 spin-labeled T4L
For crystallization trials, spin labeled T4L mutants

were concentrated to 10–20 mg/mL with AmiconVR

Ultra-4 concentrators fitted with the Ultracel-10 mem-

brane (Millipore). Crystals of 131R1 and 151R1 were

grown by the hanging drop method by mixing equal

volumes of spin-labeled T4L (in labeling buffer) and

mother liquor to a total volume of 5 lL, and then sus-

pended over 1 mL mother liquor. Diffraction quality

crystals of 82R1 could not be obtained by the hanging

drop method. Instead, crystals were grown by the sit-

ting drop method, in which a drop was made by mix-

ing equal volumes of protein and mother liquor (to a

total volume of 2 lL), then overlaid by a 10 lL mix-

ture of mineral and silicon oils (Hampton Research

Corp., Aliso Viejo, CA). The mother liquor consisted of

1.8M to 2.2M mixtures of NaH2PO4 and K2HPO4

(ranging from pH 6.2 to 7.2), 0.25M NaCl, 0.04%

NaN3, and saturated 2-hydroxy ethyl disulfide. The

hanging drop plates were incubated at 4�C; crystals

appeared in 2–4 weeks, and typically grew to a size of

200–300 microns (along the greatest dimension). Sit-

ting drop plates were incubated at ambient tempera-

ture, and crystals appeared in 4–6 weeks.

X-ray diffraction studies and model refinement

For diffraction studies conducted at 100 K, single crys-

tals were retrieved with a nylon loop (20 l in diame-

ter) fitted into a CrystalCap Copper MagneticTM pin

(Hampton Research Corp., Aliso Viejo, CA), cryopro-

tected in mineral oil, flash frozen under a stream of

100 K nitrogen gas, and then maintained in the cryo-

stream during X-ray exposure. For diffraction studies

at 291 K, single crystals were transferred into a glass

capillary together with a small droplet of mother liq-

uor. The structures of T4L 151R1 at 291 K and 100 K

were obtained from crystals grown in the same hang-

ing drop.

X-rays were generated from a rotating Cu/Ka
anode (Rigaku, Corp.), and the diffraction collected on

a RAXIS-IVþþ image plate detector (Rigaku, Corp.).

Diffraction data were processed with DENZO,44 and

reduced with SCALEPACK44; data collection statistics

are listed in Table I. All three spin-labeled mutants

were found to crystallize in the same space group

(P3221) and have similar unit cell dimensions as wild

type T4L.

An initial set of phases was found by molecular

replacement using rigid-body refinement or the pro-

gram PHASER.45 For molecular replacement, a modi-

fied model for the pseudo wild type T4L structure was

used-PDB accession code 1C6T46-wherein, at the site

of R1 substitution, the native residue was replaced by

glycine. Five percent of structure factors were set aside

prior to the start of refinement; these structure factors

were used to calculate Rfree in Table I. Structural mod-

els were iteratively refined with REFMAC47 or PHE-

NIX48 and rebuilt with the graphics software O49 or

Coot.50 After each model was refined to an R-factor of

less than 22%, the spin label side chain was manually

built-in and subject to further refinement iterations.

Final refinement statistics for each model are reported

in Table I.

Following refinement, each final structure was

validated with the programs PROCHECK,51 ERRAT,52

WHAT_CHECK,53 and SFCHECK.54 The final models

from refinement and the corresponding structure fac-

tors were deposited into the Research Collaboratory

for Structural Bioinformatics (RCSB) Protein Data

Bank under the identification codes listed in Table I.
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