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Abstract
A disulfide-linked imidazoline nitroxide side chain (V1) has a similar and highly constrained
internal motion at diverse topological sites in a protein, unlike that for the disulfide-linked
pyrroline nitroxide side chain (R1) widely used in site directed spin labeling EPR. Crystal
structures of V1 at two positions in a helix of T4 Lysozyme and quantum mechanical calculations
suggest the source of the constraints as intra-side chain interactions of the disulfide sulfur atoms
with both the protein backbone and the 3-nitrogen in the imidazoline ring. These interactions
apparently limit the conformation of the side chain to one of only three possible rotamers, two of
which are observed in the crystal structure. An inter-spin distance measurement in frozen solution
using double electron-electron resonance (DEER) gives a value essentially identical to that
determined from the crystal structure of the protein containing two copies of V1, indicating that
lattice forces do not dictate the rotamers observed. Collectively, the results suggest the possibility
of predetermining a unique rotamer of V1 in helical structures. In general, the reduced rotameric
space of V1 compared to R1 should simplify interpretation of interspin distance information in
terms of protein structure, while the highly constrained internal motion is expected to extend the
dynamic range for characterizing large amplitude nanosecond backbone fluctuations.

Keywords
Spin labeling

Site-directed spin labeling (SDSL) is a powerful technique to study protein conformational
equilibria [1-5] and dynamics [6-9] under physiological conditions. In the most common
implementation, a nitroxide side chain is introduced at a selected site in a protein by
mutating the residue of interest to a cysteine followed by modification with a sulfhydryl
specific nitroxide reagent [10, 11]. Recently, it has been shown that a nitroxide may be
introduced without the use of cysteine via a genetically encoded unnatural amino acid [12,
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13]. In any case, the EPR spectrum of a nitroxide attached to a protein reflects overall
Brownian rotational diffusion of the protein and internal motion of the nitroxide side chain,
the latter of which can be augmented by backbone dynamics on the ns time scale [3, 6]. The
internal motion may be modulated by tertiary interactions of the side chain within the
protein, providing information on local structure [14-18].

To isolate the contributions from internal and ns backbone motions, it is necessary to
remove the influence of overall Brownian diffusion. For proteins larger than 50 kDa, the
contribution from Brownian diffusion is negligible at X-band microwave frequencies; for
small globular proteins, the contribution can be effectively eliminated by recording the
spectra in a viscous solution [2, 14], by attaching the protein to a solid support [2], or by
using high-frequency EPR [19, 20, 21]

The internal motion depends on the structure of the nitroxide side chain. The nitroxide side
chain designated R1 (Figure 1A) has been widely used in EPR studies and numerous crystal
structures have been determined for the side chain in T4 Lysozyme [13-16], the β protein
GB1 [22] and in the membrane proteins BtuB [23] and the leucine transporter LeuT [24].
The structures for R1 and quantum mechanical calculations reveal a consistent set of
preferred rotamers which are apparently stabilized by interaction of the disulfide with
backbone atoms [25]. To a first approximation, this interaction restricts the internal motion
to torsional oscillations of the X4 and X5 dihedrals (see Figure 1A for definition of the
dihedral angles) [6, 11]. Because of the hindered internal motion, the anisotropies in the
magnetic Zeeman and hyperfine interaction are not completely averaged, and R1 retains
significant order reflected in an EPR spectrum characteristic of an anisotropic motion [11].
On one hand, the internal modes of R1 bias the nitroxide motion to a region of maximum
sensitivity for detecting small differences in amplitude and rate on the ns time scale, making
R1 ideal for monitoring site dependent backbone motion in well-ordered proteins [9]. On the
other hand, the internal modes reduce the dynamic range over which the amplitudes of
backbone motions can be measured [7]. In addition, the internal motions and multiple
rotamers lead to uncertainty in the spatial location of the nitroxide, complicating the
interpretation of inter-spin distance measurements in terms of protein structure. To constrain
the internal motion, side chains with a 4-substituent on the nitroxide ring have been
investigated [7, 11, 26]. In each case the presence of the substituent increased the order and
decreased the effective rate of the internal motion, thus extending the dynamic range for
characterizing large amplitude backbone motions. The most constrained nitroxide side chain
is TOAC in which the nitroxide ring is fused to the peptide backbone, but so far has only
been introduced by peptide synthesis or peptide ligation methods [27-31].

In this report an imidazoline nitroxide side chain, designated V1 (Figure 1B), is shown to
have a highly ordered internal motion and restricted rotameric space relative to R1 and thus
should be useful to extend the dynamic range for detection of backbone motions and to
provide a more localized nitroxide for interspin distance measurements either by linewidth
methods [32, 33] or pulsed dipolar spectroscopy [34, 35]. Crystallographic and
computational studies reveal an intra-residue N-S interaction as the structural origin of the
high order.

MATERIALS AND METHODS
Preparation, expression and spin labeling of mutant T4L protein

T4 Lysozyme cysteine substitution mutants employed in the study were prepared as
previously reported in a cysteine-less pseudo-wild type background having C54T and C97A
substitutions [12, 14-16]. All mutant proteins were at least 95% pure as judged by SDS-
PAGE electrophoresis. Dithiothreitol (DTT) was added to the purified protein in 50mM
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MOPS, 25mM NaCl pH 6.8 to a final concentration of 5mM and the protein was stored at
-20°C in 20% glycerol.

The spin labeling reagent bis(2,2,5,5-tetramethyl-3-imidazoline-1-oxyl-4-il)-disulfide
(IDSL), was prepared as previously described [36]. The reagent 2,2,5,5-tetramethyl-
pyrroline-1-oxyl methanethiosulfonate (MTSL) was a generous gift of Prof. Kalman Hideg
(University of Pecs, Hungary). Before spin labeling, the protein was loaded onto a 5ml
HiTrap desalting column (GE Healthcare) equilibrated with 50mM MOPS, 25mM NaCl pH
6.8 and eluted with the same to remove DTT. The eluted protein was immediately reacted
with 5-10 fold excess of spin labeling reagent overnight at room temperature. The excess
spin label was removed on a HiTrap desalting column. The spin labeled protein was
concentrated to ~200μM using an Amicon Ultra centrifugal filter Device (10kDa cutoff)
(Millipore, Bedford, MA) and stored at -20°C.

EPR spectroscopy and spectral simulations
EPR measurements were performed on a Bruker Elexsys E580 fitted with a high sensitivity
resonator. Protein solutions of 5μl were contained in quartz capillaries (0.60mm ID ×
0.84mm OD) and spectra were recorded using 20mW incident microwave power at 298K.
Unless otherwise noted, spectra were recorded in 30% w/v sucrose to reduce the rotary
diffusion rate of the protein [2].

For lineshape fitting studies, mutant T4L72 was immobilized on cyanogen bromide
activated Sepharose 4B beads as previously described [3]. The EPR spectrum for T4L 72V1
immobilized on Sepharose was fit to the MOMD model of Freed and coworkers [37]. The
principle components for the A (hyperfine interaction) and g tensors used were determined
from a least-squares fit to the spectrum of T4L 72V1 in frozen solution at 193K. The values
are: Azz = 34.9 Gauss, Axx = 5.9 Gauss, Ayy = 5.18 Gauss; gzz ≡ 2.0023, gxx = 2.0089,
gyy = 2.0062.

Four pulse Double Electron Electron Resonance (DEER) was conducted on a Bruker Elexys
580 spectrometer operated at Q-band and fitted with an Bruker EN5107D2 resonator.
Samples of 150-200 μM spin labeled T4L containing 20% glycerol (v/v) were loaded into
borosilicate capillaries (1.4mm ID × 1.7mm OD), and then flash-frozen in liquid nitrogen;
data were collected at 80 K. Observe pulses were 16ns (π/2) and 32ns (π), respectively and
the pump pulse was 36ns as optimized for the instrument. The pump pulse was centered on
the low-field peak and the observe pulses were placed 50MHz upfield for the R1 labels. To
test for the presence of orientation selection, all V1 samples were measured at three
frequency offsets, namely at 45, 69, and 90MHz, again while keeping the pump pulse on the
low-field peak. Detailed analysis of the data in terms of distance probability profiles was
done using the program LongDistances (Download information can be found at http://
chemistry.ucla.edu/directory/hubbell-wayne-l).

X-ray Crystallography
T4L65V1/76V1 was crystallized using the hanging drop vapor diffusion method. Reservoir
buffers were prepared in three different concentrations of the precipitant (1.8M - 2.2M Na/
KPO4) all having 0.15M NaCl and 100mM 1,6 hexanediol at four different pH’s (6.2, 6.6,
6.8, 7.2) with or without the additive 3% 2-propanol. Initial crystallization trials were
prepared by mixing 2μl of purified labeled protein (5 - 10mg/ml in 50mM MOPS, 25mM
NaCl, pH 6.8) with 2μl of reservoir buffer and by suspending the drop over 1ml of the same
buffer. The conditions were further optimized to obtain better diffracting crystals. Final
crystallization condition was 2.2M Na/KPO4, pH 7 without 2-propanol. Crystals appeared in
two days.
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The crystals of T4L65V1/76V1 were cyroprotected using mineral oil and were flash frozen
at 100K with a nitrogen gas stream. Data was collected at 100K on a RAXIS-IV++ image
plate detector (RIGAKU), processed with DENZO [39] and reduced with SCALEPACK
[39]. T4L65/76V1 crystals grew in space group P3221 and were isomorphous with the wild
type T4 Lysozyme crystals with similar cell dimensions [40]. The data sets showed only one
molecule in the asymmetric unit.

The structure was determined by molecular replacement method using PHASER [41]. PDB
accession code 1C6T [42] was used as a starting model. A randomly selected 5% of the data
was set aside before the start of the refinement to calculate Rfree. Models were refined using
REFMAC [43] or PHENIX [44] and rebuilt using COOT [45]. The refinement quality was
monitored using the Rfree. The final structures were validated with COOT, PROCHECK
[46], ERRAT [47], and WHAT_CHECK [48]. X-ray data collection and refinement
statistics are reported in Tables 1 and 2, respectively.

Quantum Mechanical Calculations
Conformations for V1 in a model helix were optimized and relaxed scans were performed at
the B3LYP/6-31G (d) level using the Gaussian 03 package (Gaussian, Inc.) as previously
described [25]. For the model helix, the backbone φ, ψ and ω angles were fixed at -60°, -40°
and 180° respectively; energies reported are relative gas phase conformational energies.

RESULTS
The V1 side chain

The reagent used to generate V1 via reaction with cysteine (IDSL, Figure 1B) was
introduced by Volodarsky and coworkers for in vitro and in vivo measurement of thiols by
EPR based techniques [36, 49-51,]. As shown in Figure 1B, a thiol-disulfide exchange
process is possible in the reaction mixture [36]; the thioamide tautomeric form of the thiol
product is apparently strongly preferred [52] and overall the desired V1 species dominates
the mixture [49].

Although molecular models show that the V1 side chain should have essentially free rotation
about X4 (see Figure 1B for definition of side chain dihedral angles) the EPR spectra at all
sites examined in folded protein structures reflect strongly hindered motion of the nitroxide,
but also contain a minor sharp component corresponding to a rapidly tumbling isotropic
motion, possibly the monothiol in Figure 1B; an example is shown in Figure 2. The sharp
component typically amounts to only 0.1 to 3% of the total signal after removal of excess
IDSL reagent and increases slowly in time at the expense of the bound signal (over a period
of days). Under any circumstance, this minor component does not complicate lineshape
analysis of the dominant immobile component which corresponds to the V1 side chain in the
protein; it can be removed if desired by spectral subtraction using the EPR spectrum of
IDSL obtained after reduction of the disulfide by an equimolar amount of DTT (Figure 2).

Figure 3A shows the location of sites in T4L where V1 was introduced in this study for
comparison with R1. The sites include each of the topological classes of sites defined earlier
[14], namely solvent exposed sites in helices (sites 65, 68, 72, 76, 131), an inter-helical loop
site (site 82), a buried site (site 118) and a tertiary contact site (site 81, 134). The EPR
spectra of R1 and V1 in T4L at the indicated sites are shown in Figure 3B and 3C,
respectively. The spectra for R1 have been previously published [11, 14, 16-18] and are
shown here for comparative purposes. The motion of the R1 side chain varies greatly from
site to site, reflecting both differences in backbone dynamics [3, 11] as well as tertiary
interactions with the protein that modulate the internal modes [16-18]. On the other hand,
V1 is universally immobilized as revealed in the well-resolved hyperfine extrema of the
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EPR spectra, although there are site-dependent differences as revealed by small variations in
the apparent hyperfine splitting (Azz’) (Figure 3C).

The internal motion of V1
To isolate the internal motion of V1 in a protein, the side chain was introduced at site 72 in
the long helix of T4L, and the rotational diffusion of the protein was eliminated by covalent
coupling of the protein to a solid Sepharose support [2, 9]. Site 72 in T4L has been used
extensively as a reference because it lies in a relatively rigid region of the protein and little
contribution to side chain motions are expected from backbone fluctuations [11]. Moreover,
the site is fully solvent exposed and nearest neighbor side chains have been shown to have
little interactions with the R1 side chain [14]. Thus, the EPR spectrum of T4L 72V1
immobilized on the Sepharose support should be dominated by internal modes in the side
chain itself.

The spectrum of T4L 72V1 attached to Sepharose (solid line) and a best fit to the
microscopic order macroscopic disorder (MOMD) model of motion (dotted line) [35] are
shown in Figure 4. This model allows for anisotropic motion of a nitroxide due to a restoring
potential determined by the properties of the side chain (microscopic order), but with a
random distribution of the protein with respect to the external field (macroscopic disorder).
The best fit requires a fast internal motion with a correlation time τR ≈ 0.7 ns, but with a
high degree of order that can be described as motion confined within a cone of half-angle ≈
19°. In principle, this high ordering could be caused by interactions with or constraints
imposed by neighboring side chains. This is unlikely considering that the sites selected for
V1 substitution throughout T4L (Fig. 3A) have different neighbors but are all motionally
constrained. Moreover, mutation of the nearest neighbor residues, one at a time, to alanine
has essentially no effect on the motion of 131V1 as reflected in the EPR spectra (Figure 5),
demonstrating that the motion is not dependent on the nearest neighbor identity and is
apparently determined by internal side chain interactions. Thus, it is clear that the internal
motion of V1 is highly constrained, and to identify the structural origins of the constraint the
crystal structure was determined for V1 at two sites in T4L.

Crystal Structures of V1 in T4L
Figure 6A shows the electron density map for T4L containing V1 side chains at positions 65
and 76; electron densities of native side chains at other positions are also shown in the helix
C to indicate the quality of the structure. Remarkably, electron density is resolved for the
entire V1 side chain, consistent with the high ordering reflected in the CW EPR spectra.
This in contrast to electron density maps of R1 at solvent exposed sites in helices, where
electron density is not resolved for the nitroxide ring due to disorder about the X4 and X5
dihedrals [15-18].

Rotamers of V1 will be discussed with respect to the set of dihedral angles {X1, X2, X3},
and designated using the same convention employed for R1. In this convention, a dihedral is
either t (trans), p (plus) or m (minus), the plus and minus referring to the sign of the angle.
For native side chains nominal values for t, p, m are 180°, +60° and -60° [53], but variations
of ±20° (or more) are common for experimentally determined rotamers [54]. The X4
dihedral in V1 is uniquely determined by an intra-side chain interaction and will be
discussed separately below.

The V1 side chain adopts different rotamers at sites 65 and 76, namely {t, p, p} and {t, m,
m}, respectively (Table 3). Given the common chemical structure of the R1 and V1 side
chains with respect to the Cβ-S-S- fragment (Figure 1), it is expected that the favored
rotamers about X1 and X2 would be similar for the two side chains, and that is indeed the
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case; the {t,p} and {t,m} rotamers found for V1 are those favored for R1 as well. These
rotamers are apparently stabilized by non-covalent attractive interactions within the side
chain as evidenced by inter-atomic distances approximately equal to the sum of the van der
Waals radii of the atoms in question. For the {t, p} rotamer of V1 the Sγ•••HCα and
Sδ•••HCα distances meet this criterion, while for {t, m} Sγ•••HCα, Sγ•••O=C and
Sδ•••O=C interactions are expected to be stabilizing (see Table 3). These are the same
interactions that stabilize the rotamers in R1, as discussed in detail previously [18, 25].
Where it can be determined from the structures, the X3 disulfide dihedral in R1 typically
adopts values of ± (90° ±20°) [16], determined by steric interactions of the nitroxide ring
with the environment; for V1, X3 is ± (78±1°) (Table 3). Whether or not other rotamers of
V1 can be populated remains to be determined in future crystal structures.

The interesting new feature of V1 in both rotamers is an additional N•••Sγ interaction
involving the imidazoline ring nitrogen (Table 3) that apparently fixes the final dihedral X4,
leading to both the high order in the crystal structure and the strong ordering of the motion
of the ring in solution. Figures 6B and C show electron density maps and space filling
models of the 65V1 and 76V1 structures with a view that reveals the N•••Sγ interactions. To
verify the existence of the ring N•••Sγ interaction, gas phase quantum mechanical
calculations were performed using density functional theory, as was previously done for R1
[25].

QM calculations of V1 in a model helix
Conformations of V1 attached to a model peptide unit [25] were built initially by setting the
{X1, X2} angles to the most probable values ({m, m}, {t, p}, {t, m}) previously determined
by X-ray crystallography for R1 [15-18] and by quantum mechanical calculations [25]. The
X3 dihedral was set either to +90 ({p}) or -90 ({m}) [53, 55]. The {m, m, p}, {t, p, m} and
{t, m, p} conformations could not be built due to steric clashes with the backbone atoms.
The X4 angle was changed in 60° increments for {m, m, m}, {t, p, p} and {t, m, m}, and the
conformations obtained were optimized at the B3LYP/6-31G(d) level as previously
described [25]. Conformational energies for each observed minimum in the energy surface
are reported relative to the lowest energy conformer ({m, m, m}) in Table 4. The important
point is that for each of the three possible rotamer groups, the rotamer with the ring nitrogen
within van der Waals interaction distance of the Sγ atom is ≈ 4kCal lower in energy than
the next most favorable. The predicted lowest energy rotamer {m, m, m} is not observed in
the crystal structure, and a possible reason for this is discussed below. For the
experimentally observed rotamers, the predicted conformations and interatomic distances
are close to those observed in the crystal structure (Table 4).

Experimental inter spin distances in T4L 65V1/76V1
Figure 7 shows the 65V1/76V1 interspin distance determined from the crystal structure
along with the dipolar evolution function and derived interspin distance distribution
determined by DEER (also known as PELDOR) in frozen solution at 80K, close to the
temperature at which the structure was determined (100K). The most probable distance
(MPD) from DEER is in good agreement with the interspin distance measured from the
crystal structure, supporting the view that the rotamers observed in the structure are not
imposed by the lattice. The full width of the distance distribution at half maximum (FWHM)
is ≈ 6.5 Å. For comparison the dipolar evolution function and distance distribution for
65R1/76R1 are included in Figure 7 as red traces. The FWHM for 65R1/76R1 is ≈ 6.6Å and
the MPD is ≈ 2Å greater than for the corresponding V1 pair.

An additional comparison between V1 and R1 is shown in Figure 8 for R1 and V1 pairs at
68/81. The MPD is ≈ 2 Å greater for R1 compared to V1. The distance probability
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distribution for 68R1/81R1 has multiple peaks spread over 8 Å while 68V1/81V1 forms
essentially a single narrow peak with a FWHM of about 2 Å. In summary, the widths for the
V1 pairs measured are less than or similar to R1 pairs, and the most probable distances are
shorter. Interestingly, the measured interspin distances for 68V1/81V1 are compatible with
the distance modeled using {t, p, p, -22°} rotamers of V1 at both sites (Figure 8B); the
native residues at these sites have X1 in the t configuration. For each V1 double mutant, The
DEER data (dipolar evolution functions) obtained at three different pump-observe
separations (see Methods) could each be well fit assuming absence of orientation selection
and giving the same result. The rigidity of the V1 side chain is expected to exhibit
orientation selection under ideal geometric and experimental conditions and this has been
observed for V1 at other sites (to be reported elsewhere), but not for the double mutants in
this study.

The widths of the distance distributions arise from structural heterogeneity in both the side
chain and the protein, and presumably reflect dynamic disorder in solution at ambient
temperatures. Although V1 is more ordered than R1 at the same site, there is residual
internal motion in the side chain (Fig. 4) that must contribute to the width of the interspin
distance distribution. The extent of this contribution depends on the directionality of the
motion relative to the interspin vector and cannot be deduced from single distances, but
requires multiple distance measurements from a single site [38] in a rigid protein. T4
Lysozyme is an inherently flexible protein [56], and the interspin distance distributions in
Figures 7 and 8 are likely to have contributions from protein structural heterogeneity as well.
Indeed, the lack of orientational selection in the DEER data reflects some level of disorder,
although it need not be large since observation of orientational effects requires highly
ordered nitroxides, even with high frequency EPR where the effect is the greatest [57]. It is
beyond the scope of the present study to resolve the different contributions to the
distribution widths; the main point to be made that the smaller size of the rotamer library
relative to R1 will simplify model-based analysis of interspin distance distributions [58].

DISCUSSION
The results presented here show that the internal motion of the disulfide-linked V1 side
chain is strongly ordered, apparently as a result of intra-side chain interactions between the
disulfide and main chain atoms, and between the Sγ sulfur and the N atom at the 3 position
of the imidazoline ring. The high degree of internal motional order is expected to extend the
dynamic range for measuring large amplitude fast backbone fluctuations.

Quantum mechanical calculations and modeling suggest that three rotamers with regard to
{X1,X2,X3} should be preferred, namely {m, m, m}, {t, p, p} and {t, m, m}, and the latter
two of these are observed in the crystal structure of T4L 65V1/76V1; the configuration
about X4 is to optimize the N•••Sγ interaction. The fundamental interactions that determine
the preferred X1 dihedral are not entirely understood, even for native side chains [59].
However, so far it has been observed that the X1 of the native residue at a given site is
preserved in the R1 side chain [22]. This is also the case for two V1 structures reported here;
X1 for both K65 and R76 is in the {t} configuration (Table 3). This may be the reason that
the lowest energy {m, m, m} rotamer is not observed in the structures. If the “native X1 =
V1 X1” rule turns out to be general it may be possible to a priori select a unique {m, m, m}
rotamer for V1 by picking a helical site with a native X1 = {m} configuration, because this
is apparently the preferred state (Table 4). Specification of a unique rotamer would be of
great value for inter-spin distance determinations, because the existence of multiple rotamers
gives unwanted complexity in attempting to relate derived distance distributions to specific
structures, or to interpret widths of distributions in terms of molecular flexibility. If the
native residue has X1 = {t}, only two allowed rotamers are predicted, {t, p, p} and {t, m, m},
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but it is not be possible a prior to determine which is favored. Nevertheless, the highly
restricted and known rotameric space of V1 will improve the interpretation of distance
measurements in terms of structure. Nitroxide spin labels of the related imidazolidine class
have already been employed in proteins to map local electrostatic potentials with high
frequency EPR [60, 61]. Thus, spin labeled side chains containing imidazoline or
imidazolidine nitroxides are valuable additions to SDSL technology.
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• A disulfide-linked imidazoline nitroxide side chain has constrained internal
motion

• The sulfur atoms interact with both the backbone and 3-nitrogen in the ring

• The reduced rotameric space should simplify interpretation of inter-spin
distances
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Figure 1.
Introduction of nitroxide side chains via cysteine substitution mutagenesis. In each case, a
cysteine residue is introduced at the site of interest, followed by reaction with the desired
sulfhydryl specific reagent. (A), reaction with 1-Oxyl-2,2,5,5-tetramethypyrroline-3-methyl
(MTSL) to generate R1. (B), reaction with bis(2,2,5,5-tetramethyl-3-imidazoline-1-oxyl-4-
il)-disulfide (IDSL) to generate V1. Numbering of dihedral angles (X) is shown for each
side chain.
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Figure 2.
The EPR spectrum of T4L 72V1 in 30% sucrose solution. (A) The EPR spectrum was
obtained immediately following reaction with IDSL and separation of excess reagent. (B)
The EPR spectrum obtained after cleaving the IDSL disulfide bond with equimolar DTT.
(C) The result of subtracting the spectrum in (B) from that in (A); the sharp component in
this case amounts to ≈ 2.5% of the total spin concentration.
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Figure 3.
Comparison of EPR spectra of R1 and V1 at sites in T4L. (A) A ribbon Model of T4L,
showing the investigated sites. (B) Room temperature spectra of sites labeled with R1. (C)
Room temperature spectra of sites labeled with V1; the residual free signal has been
subtracted. The definition of 2Azz’ is shown for 134V1 and all values of 2Azz’ are indicated.
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Figure 4.
EPR spectrum and simulation of T4L 72V1 attached to CNBr activated Sepharose. The EPR
spectrum was recorded at 298K in buffer without sucrose. The best fit (Materials and
Methods) was obtained with an isotropic nitroxide diffusion of R =108.39 and with
coefficients of the ordering potential being C20 = 2.0, C40=2.7; these values give a strong
localization of the Z axis of the director along the 2p orbital of the nitroxide.
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Figure 5.
Influence of nearest neighbor side chains on the motion of 131V1. (A) Model of the H helix
of T4L showing the nearest neighbors. (B) EPR spectrum of 131V1 and the corresponding
spectra for single alanine substitution mutants at the indicated sites.
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Figure 6.
Crystal structure of T4L 65V1/76V1 at 100K. (A) Electron density map for V1 and
neighboring side chains are shown for the C helix. The electron density (blue mesh) was
calculated as an unweighted 2Fo-Fc map contoured at 1.0σ. (B) and (C) Space filling CPK
models and electron density maps of 65V1 and 76V1, respectively, showing intra-side chain
van der Waals interactions of the ring 3-N atom with the Sγ sulfur. The structure is
deposited to the RCSB Protein Data Bank (PDB ID: 3K2R)
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Figure 7.
Comparison of the interspin distance in 65V1/76V1 determined from the crystal structure
and DEER spectroscopy. (A) A model of the C helix containing 65V1 and 76V1, showing
the interspin distance determined from the crystal structure. (B) Dipolar evolution functions
and (C) derived distance distributions are shown for 65V1/76V in blue. The interspin
distance from the crystal structure is shown as a vertical dotted line. For comparison, the
data for 65R1/67R1 is shown in red. The best fit dipolar evolution function is overlaid in (B)
using the corresponding colors.
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Figure 8.
Interspin distance distributions determined from DEER for the indicated V1 labeled double
mutant and comparison with R1. (A) Dipolar evolution functions and (B) derived distance
distributions are shown for 68V1/81V (blue) and 68R1/81R1 (red). The best fit dipolar
evolution function is overlaid in (A) using the corresponding colors. (C) T4L with V1
modeled in the {t, p, p, -22°} configuration at sites 68 and 81. The interspin distance from
modeling is indicated and agrees closely with the experimental value.
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Table 1

X-ray Data Collection statistics for T4 Lysozyme K65V1/R76V1

K65V1/R76V1

Wavelength (Å) 1.5418

Temperature (K) 100

Resolution (Å) 80-1.50

Space group P 3221

Highest Resolution Shell (Å) 1.55-1.50

Unit cell dimensions

 a (Å) 59.547

 b (Å) 59.547

 c (Å) 95.280

Reflections

 Total 176930

 Unique 30957

Rsym(%) 5.8 (36.8)

Completeness (%) 96.8 (76.2)

I/σ 25.9 (2.2)

Statistics for the highest-resolution shell are shown in parentheses

J Magn Reson. Author manuscript; available in PMC 2014 July 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Warshaviak et al. Page 22

Table 2

Refinement Statistics for T4 Lysozyme K65V1/R76V1 mutant

K65V1/R76V1

Resolution (Å) 1.50

Number of non-H atoms

 Protein 1302

 Non-protein 190

Rwork (%) 19.8

Rfree (%) 21.2

Average B-factor (Å2)

 Protein 18.0

 Non-Protein 26.8

Ramachandran analysis (%)

 Most favored 98.1

 Additionally allowed 1.9

 Generously allowed 0

 Disallowed 0

RMS deviation

 Bond lengths (Å) 0.007

 Bond angle (°) 1.160

PDB ID 3K2R

Rwork=(Σ|Fo - Fc|/Σ|Fo|) × 100 where Fo is the observed structure factor amplitude and Fc is the calculated structure factor amplitude

Rfree is Rwork calculated using 5% of the data, randomly chosen and omitted from refinement

J Magn Reson. Author manuscript; available in PMC 2014 July 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Warshaviak et al. Page 23

Table 3

Structures of the T4L 65V1 and 76V1 side chains

Dihedral angle or distance (d) Å T4L 65V1 {t,p,p}a T4L 76V1 {t,m,m}a

X1 180 180

X2 87 -79

X3 77 -79

X4 -22 -7

d(3N---Sγ) 3.19 (3.35) 3.23 (3.35)

d(Sγ---HCα) 3.00 (3.00) 2.99 (3.00)

d(Sδ---HCα) 3.40 (3.00) 4.22 (3.00)

d(Sγ---O=C) 3.56 (3.35) 3.36 (3.32)

d(Sδ---O=C) 4.72 (3.35) 3.35 (3.32)

a
the value in parentheses is the sum of the van der Waals radii of the atoms in question. No value indicates a distance much greater than the van der

Waals sum.
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