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Abstract

X- and W-band EPR spectra, at room and low temperatures, are reported for nitroxide spin labels attached to cysteine residues selec-
tively introduced into two proteins, the DNase domain of colicin-E9 and its immunity protein, Im9. The dynamics of each site of attach-
ment on the individual proteins and in the tight DNase-Im9 complex have been analysed by computer simulations of the spectra using a
model of Brownian dynamics trajectories for the spin label and protein. Ordering potentials have been introduced to describe mobility of
labels restricted by the protein domain. Label mobility varies with position from completely immobilised, to motionally restricted and to
freely rotating. Bi-modal dynamics of the spin label have been observed for several sites. We show that W-band spectra are particularly
useful for detection of anisotropy of spin label motion. On complex formation significant changes are observed in the dynamics of labels
at the binding interface region. This work reveals multi-frequency EPR as a sensitive and valuable tool for detecting conformational

changes in protein structure and dynamics especially in protein—protein complexes.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The EPR spectra of nitroxide spin labels, selectively
attached to specific amino acid residues, termed site-direct-
ed spin labelling (SDSL), has found a wide range of appli-
cations in the analysis of protein structure, function and
dynamics. It has proved particularly useful for studies of
high molecular weight proteins and membranous systems
not always accessible to X-ray or NMR methods [1-6].
Three fundamental types of information can be obtained,
the dynamics of the nitroxide label and its protein environ-
ment, the distance of the nitroxide from a second radical or
bound paramagnetic metal ion and the accessibility of the
label to collision with paramagnetic reagents in solution.
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Analysis of protein backbone dynamics and estimates of
distances between selected sites on proteins can, however,
be problematical because the spin label is invariably
attached via a flexible linker to the protein [7-10].

In this paper we explore the use of a nitroxide label as a
motional probe. Fig. 1 shows the attachment of the cys-
teine-specific nitroxide formed by reacting methane thi-
osulphonate reagent (MTSL) with the thiol side chain of
cysteine, the label of choice for the majority of SDSL stud-
ies [11-13]. Spin label EPR spectra are sensitive to different
types of molecular motion, which may be anisotropic and
can include contributions from the flexibility of the label
side-chain relative to the protein, rotary diffusion of the
protein and, in some cases, local protein backbone fluctua-
tions [10]. The motions of the spin label itself can be very
complex and general dynamic models are needed to ratio-
nalise EPR data. An X-ray crystallography study has
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Fig. 1. Attachment of an MTSL side chain to a cysteine residue showing:
(a) the molecular structure and (b) its relationship to the protein backbone
defining the co-ordinates of the molecular axes system.

reported on the structures of MTSL labelled cysteine-con-
taining variants of T4 lysozyme [14]. Different conforma-
tions of spin label were observed for some sites resulting
from interactions between the nitroxide ring and its neigh-
bouring protein residues. It was concluded that weak inter-
actions between the disulphide attachment group and the
protein backbone constrain the motion of the nitroxide
side chain at surface sites. Therefore, at buried and tertiary
contact sites, the MTSL side chain is able to access different
conformations to minimise steric hindrance. In some cases,
there was evidence in spin label EPR spectra for equilibria
between two distinct conformations [3,15].

The aims of this study are to use X-band (9.5 GHz) and
W-band (95 GHz) EPR to probe the motions of the spin
label MTSL attached to different sites on the proteins coli-
cin E9 DNase, its immunity protein Im9 and the protein—
protein complex formed between them. Using computer
spectral simulation we provide quantitative assignments

relating to the local environment and mobility of the label
and protein. We then apply the methods to observe chang-
es that follow the formation of the protein—protein com-
plex. Consideration of motional effects involves a variety
of adjustable parameters and unique spectral simulations
can be difficult to achieve, especially when the local protein
environment limits the independent mobility of the label
[16,17]. By using multiple EPR frequencies, spectra can
be obtained that are sensitive to different time scales thus
helping the de-convolution of the various motional contri-
butions. The increasing availability of W-band (95 GHz)
spectrometers are making this more common [15,18-20].
An alternative approach to this problem has been the addi-
tion of a thickening agent, often the polysucrose Ficoll,
which is used to increase the solvent viscosity hence slow-
ing down the rotary diffusion of the protein [21].

Colicin E9 DNase and its immunity protein, Im9, were
chosen for this study because they are relatively small,
water-soluble proteins, already well-characterised by
NMR and X-ray crystallography [22,23]. Colicin E9
DNase is the cytotoxic domain of an endonuclease, colicin
E9, produced by Escherichia coli to act against competing
Enterobacteria [24,25]. Colicin-producing cells are protect-
ed against suicide by immunity proteins which specifically
bind to, and inactivate, the cytotoxin [26]. Following recep-
tor binding, the immunity protein, which in the case of the
E9 DNase is Im9 [22,23], is thought to be released from the
protein complex, allowing the cytotoxic domain to translo-
cate into the target and initiate cell death [27]. Fig. 2 shows
the crystal structure of the colicin E9 DNase-Im9 complex

Fig. 2. Ribbon diagram showing the X-ray structure of Colicin E9 DNase
(red) and Im9 (grey) complex (22). C23 of Im9 is marked. Serines 3, 30 and
80 are the sites of cysteine mutation in E9 DNase.
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highlighting the sites selected for cysteine-specific spin label
attachment, namely, S3, S30, S80 on E9 DNase and C23 on
Im9. C23 is the only Cys residue on Im9 whereas E9 DNase
is naturally Cys-free and it was necessary to prepare the
variants S3C, S30C and S80C by site-directed mutagenesis.
Studying the individual proteins and the protein—protein
complex provided a variety of differently conformed sites
for spin label attachment. These included sites at solvent-
exposed, and protein-buried, o-helical regions, plus sites
on a loop and an N-terminal strand. Once the sensitivity
of SDSL has been established for conformational changes
associated with these protein domains, the technique can
be applied to the study of larger colicin systems and com-
plexes with lower binding affinities that are difficult to
study by other methods.

2. Materials and methods
2.1. Experimental techniques

2.1.1. Materials

1-Oxyl-2,2,5,5-tetramethyl-A>-pyrroline-3-methyl (MTSL)
was purchased from Toronto Research Chemicals, Canada.
HEPES, CHELEX 100 and Dithiothreitol (DTT) were
from Sigma-Aldrich, UK. De-salting columns filled with
Sephadex G-25 (PD10 columns) were obtained from Amer-
sham Biosciences, UK. The polysucrose, Ficoll 400, was
purchased from Avocado Organics, UK.

2.1.2. Expression and purification of Im9 and colicin E9
DNase cysteine variants

Im9 was prepared and purified as described by Wallis
et al. [28]. Colicin E9 DNase variants S3C, S30C and S80C
were constructed by site-directed mutagenesis and the
proteins purified essentially as described previously [29].
Purified proteins were Amicon exchanged into 20 mM
HEPES pH7 that had been de-ionised by passage over
CHELEX 100 resin. Protein concentrations were deter-
mined by absorption at 280 nm using previously reported
extinction coefficients: for Im9 e,g0 = 11,400 M~! cm™!; for
E9 DNase e50 = 17,550 M~! cm™'[28,30].

2.1.3. Spin labelling of colicin Im9 and E9 DNase variants

In order to ensure the reduction of any disulfides that
may have formed, the E9 DNase variants were treated
with DTT prior to spin labelling. This procedure was not
necessary for Im9 as the natural Cys 23 residue is known
not to crosslink. Treatment with DTT was carried out in
an anaerobic glove box where 1 ml of DTT solution
(I mg/ml) was added to a 1.5 ml protein solution. After
mixing, excess DTT was removed using a PD10 de-salting
column. MTSL was stored at —80 °C as a 40 mM stock
solution in acetonitrile. Small aliquots of MTSL stock were
added to 2.5 ml protein solution to give a 4:1 label:protein
ratio. The mixture was foil wrapped and incubated at room
temperature for 4 h with gentle mixing. Excess spin label
was removed by treatment with two successive PD10

columns followed by concentration using centrifuge-spun
micro-concentrators. Protein concentration was determined
by absorption at 280 nm and spin label concentration was
checked by comparing the integrated EPR absorbance
spectrum of a spin labelled protein with that of an MTSL
standard. The degree of labelling was greater than 95% in
every case. The purity of the spin labelled products was
ascertained by mass determination using electrospray mass
spectrometry. The molecular mass determined for purified
Im9 was 9580 without label and 9765 with spin label
attached. For the E9 DNase variants, the mass was
15,105 without label and 15,290 with spin label attached.

2.1.4. Addition of polysucrose thickening agent

A stock solution of 60% w/w Ficoll 400 was prepared in
20 mM HEPES pH 7 buffer. This was used as the additive
to prepare polysucrose thickened solutions of the spin
labelled proteins.

2.1.5. EPR spectroscopy

Room temperature X-band EPR spectra were acquired
using a Bruker, EleXsys 500 spectrometer fitted with an
ER4123D resonator with samples contained in 0.6 mm
i.d. X 0.84 mm o.d. quartz tubes [31,32]. A Bruker EleXsys
580 system with an ER4118X-MD resonator was used in
the continuous-wave mode to record X-band EPR at
170 K. For this system 3 mm i.d. x4 mm o.d. quartz tubes
were used. All W-band, EPR spectra were acquired using a
Bruker, EleXsys 680 spectrometer with samples contained
in 0.lmm i.d. x 0.5 mm o.d. quartz tubes.

3. EPR simulation of protein-bound spin labels undergoing
motion

Currently, there are two general theoretical approaches
to the simulation of the EPR of spin labels undergoing
anisotropic motions with orientational constraints. First,
the model developed by Freed and co-workers is based
on the stochastic Liouville approach [16,33] and has been
widely applied to study proteins, amorphous polymers
and nucleic acids with remarkable success [6,15,35,36].
The advantage is the relative ease of simulation and analy-
sis when simple forms of ordering potential, which can be
expressed analytically, are considered. The second,
described by Robinson et al. [34], is based on the simula-
tion of EPR spectra from Brownian rotational diffusion
trajectories of spin-label orientations which is more suit-
able for complex potential energy surfaces obtained say
from Molecular Dynamics simulations [17]. This approach
has been successfully used by Steinhoff and Hubbell for the
simulation of X-band EPR spectra of a spin labelled poly-
leucine a-helix trimer [17].

Simulations of EPR spectra reported in this paper were
performed using the module EPRSSP_DYN of an EPR
computer simulation program developed in our laboratory.
This procedure is based on a general method for the direct
numerical simulation of CW EPR spectra of nitroxide spin
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labels from Brownian rotational dynamics trajectories of
protein and spin label orientations [34]. Our program con-
siders the general case in which the overall spin label
motion is the superposition of Brownian rotational diffu-
sion of the protein and the independent motion of the spin
label. These are described by two rotational diffusion ten-
sors characterised by principle values and orientations.
We have combined the Brownian dynamics approach with
the introduction of ordering potentials for restricted mobil-
ity which are expressed using spherical harmonics. A
motion in an axially symmetric potential along a single
mode is associated with an order parameter S, calculated
from the dynamical trajectories generated according to:

S =1/2(3(cos f*) — 1)

where £ is the angle between the z-axis of the spin label and
the vector of the mode of the motion directed along the
minima of a restricted potential in the protein domain.
The average is taken over all dynamical trajectories and
all points of time along the trajectory until the rotational
correlation function relaxes.

In order to describe multi-modal dynamics of spin label
we have introduced into our simulation program a so-
called “hopping” model of the spin label. This assumes
an additional slow component in the spin label motion
due to transitions between localised modes described by
forward and backward hopping rates between each pair
of discrete rotameric states. In the case of only two modes
of motion this model reduces to the two-jump problem
(TJP) described in [34]. For ordered, or non-evenly distrib-
uted, samples each “jump” between a pair of states would
require a unitary transformation of the spin label orienta-
tion described by a rotational matrix connecting the dirtec-
tions of two modes of motion within a protein domain. For
randomly oriented molecules this operation is not neces-
sary since all possible orientations relative to magnetic field
are taken into consideration at each particular time step. In
the “hopping” model the overall motion of the spin label
becomes a superposition of the fast motion contribution,
when the label explores the conformations about a central
dynamic mode of restriction, and a slow motion, when spin
label samples different modes. In order to obtain the evolu-
tion in time associated with the “‘jumps’ between different
states the dynamic Monte Carlo simulation algorithm has
been applied [37].

4. Complementarity of X- and W-band EPR in the
deconvolution of spin label and protein motions

The rotational diffusion of a moderate size protein on
the EPR lineshape is significant [38]. Hubbell and co-work-
ers have shown that in the case of an axially symmetric
ordering potential along the nitroxide z-axis, the so-called
microscopic order macroscopic disorder (MOMD) model,
which is the equivalent of randomly distributed protein
molecules with no motions present, was inadequate to
reproduce EPR spectra at X-band of SL T4 lysozyme

[15]. The slowly relaxing local structure (SRLS) model pro-
vided a much better fit. In their numerical and qualitative
analysis of EPR spectra of a relatively small protein, neu-
rotoxin, Timofeev and Tzvetlin have shown that the X-
band spectra of five spin labelled derivatives recorded at
different conditions are sensitive to the overall protein
motion [38].

To illustrate the effect of protein rotational diffusion on
the EPR spectra we have calculated spectra at X- and W-
band for a variety of motional parameters using the simu-
lation method described in the previous section. Fig. 3(a)
shows the results at X-band (solid line) when the rotational
diffusion of a protein molecule with an isotropic correlation
time of 7. = 7.5 ns is taken into account assuming the spin
label is rigidly bound compared with the simulation
(dashed line) presenting the rigid limit. The dramatic differ-
ence between the two spectra shows that averaging of the
shape of the first spectrum is caused by the motional con-
tribution from the protein domain. Fig. 3(b) compares
W-band spectral simulations using a range of protein rota-
tional correlation times between 1 and 50 ns. The rigid limit
at 95 GHz is attained for proteins with rotational diffusion
correlation times longer than ~50ns. In order to slow
down the overall tumbling of the protein a thickening
agent, such a w/w Ficoll 400 can be used [21]. The other
way to separate motions is to measure EPR at different fre-
quencies. Hyperfine interactions are intrinsic to the molec-
ular environment of the paramagnetic moiety and are
therefore independent of the applied magnetic field, thus
giving the same frequency splittings at X-band and W-
band. However, Zeeman interaction is field dependent
and g-value anisotropy thus becomes more significant con-
tribution to the W-band spectra. Fast motions average g-
anisotropy at W-band in accordance with the condition:
7, <3 (voAgy; +2.8A4;)"", where 1; is correlation time of
rotational diffusion along the i-axis, vq is the resonance fre-
quency of the EPR spectrometer and Ag; and AA; (in
Gauss) represents the deviation of the principle values from
the average values of g and A tensors, respectively. Hence,
W-band EPR line shapes are sensitive to a different dynam-
ic range than X-band lineshapes. This is valuable in the
analysis of spin label dynamics since slow motions that
contribute to line shape changes at X-band are less likely
to cause averaging effects in the W-band spectrum [15,19].

5. Results and discussion

In this section we present X- and W-band EPR spectra
in frozen and liquid states of MTSL labelled E9 DNase
variants S3C, S30C and S80C and C23 of Im9. Spectra
were recorded for each spin labelled sample alone. In addi-
tion, samples were prepared containing equimolar spin
labelled E9 DNase with non-labelled Im9 and vice versa,
so that spin labelled sites on the on the E9-Im9 complex
could be compared with those on individual proteins.
Room temperature X-band EPR of labelled E9 DNase
variants were also recorded in the presence of 30% Ficoll



G.F. White et al. | Journal of Magnetic Resonance 185 (2007) 191-203 195

0342 0344

0.346

0.348  0.350

b T 1T T T T 1
W

]

1ns

5ns

10ns

30ns

50ns

70ns

(AT

T I T ] T I T
3.350 3.355 3.360 3.365
Field (Tesla)

Fig. 3. Spectral simulation of the EPR spectra of a protein-bound
nitroxide radical at X and W-bands undergoing rotational diffusion. (a) X-
band. Solid line—isotropic rotational diffusion of a protein with an
isotropic correlation time t.=7.5ns. Dashed line—with no protein
motion. The parameters describing the spin label motion are:
T(Xx) = 1y) = 7(z) = 1 ns and an order parameter S =0.87 (see text).
(b) W-band. Spectral simulations using a range of protein isotropic
rotational correlation times as indicated. The spin label is taken to be
rigidly bound to the protein molecule. Vertical lines represent the positions
of the high and low field peaks in the spectrum under “rigid limit”
conditions.

400. The spectra are not shown but the correlation times
derived from the best-fitting simulations are given in Table
1. The motional parameters describing the dynamics of the
spin label and protein are derived from the computer sim-
ulation described earlier. The effect of the formation of
protein—protein complex on the changes of EPR line

shapes for some of the sites of attachment has also been
analysed.

5.1. Low temperature EPR spectra

X- and W-band EPR spectra of spin labelled Im9 and
E9 DNase variants were recorded at 170 K, the tempera-
ture at which molecular motions, both label and protein,
are frozen giving rigid limit spectra. The spectra were sim-
ulated, using a method developed by VSO, taking into
account the random distribution of molecules in frozen
solution at low temperature [39,40]. There is little variation
between the spectral features of the nitroxide label as a
function of points of attachment to the proteins at either
frequency. Fig. 4 shows the spectrum of one spin labelled
variant, E9 DNase S3C, with its simulation. Firstly, the
magnetic parameters were adjusted manually in the
spectral simulation to reproduce the main features of the
experimental EPR spectra. Then a standard non-linear
least-squares fitting routine was applied to minimise the
RMS between theoretical and experimental points. The fol-
lowing parameters were derived for both colicin E9 and
Im9: g, = 2.0085, g,, = 2.0063, g.. = 2.0025, 4., = 6.0 G,
A,,=6.0G, 4..=36.6 G. At X-band the frozen solution
spectrum is determined by the anisotropy of the hyperfine
tensor. On the other hand, at W-band the hyperfine tensor
is small compared to the anisotropy of the Zeeman interac-
tion and all three principle components of the g-tensor are
clearly resolved, each with its associated hyperfine splitting.
The anisotropy of the hyperfine splitting arises because the
pr orbital of the unpaired electron is asymmetric, making
dipolar interactions between the electron and nucleus ori-
entation dependent. The hyperfine interactions are stronger
when the z-axis of the p, orbital is aligned with the magnet-
ic field, A4.., and weaker when the field is aligned perpendic-
ular, A, and 4,,. These values of the magnetic parameters
of g and A tensors have been used in the simulation of
room temperature EPR spectra.

5.2. Room temperature EPR spectra

5.2.1. Colicin E9 DNase variants S3C and S80C

Room temperature EPR spectra at both X- and W-band
reveal fast, unconstrained motion of the spin label on vari-
ants S3C and S80C of the E9-DNase, Fig. 5(a) and (b) and
S2 of Supporting information, respectively. As shown in
Table 1, successful simulations at both frequencies require
only a single isotropic rotation of 7.,=0.46ns and
7. = 1.15 ns, respectively, for S3C and S80C arising from
the motion of the label. Because of the fast and unre-
strained motion of the spin label relative to the protein nei-
ther the X- or W-band spectra appear sensitive to the
overall motion of the protein. Indeed, the spectra calculat-
ed from spin-only rotational diffusion dynamics were indis-
tinguishable from spectra that included the dynamics of the
E9-DNase protein. Note that our computer model is able
to reproduce all the essential features of the EPR spectra
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Table 1
Parameters of protein and label dynamics from the simulation of room temperature EPR spectra of MTSL labelled colicin E9 DNase, Im9 and the E9-Im9
complex
Site (protein) Component To(x) (ns) T(y) (ns) 7(z) (ns) S* 7. (ns) T, X-band T, W-band »°
label label label protein (ps) (ps)
S3C (E9) 1 0.46 0.46 0.46 0 — 0.0467 0.0260 0.0386
0.0687
S3C (E9-Im9) 1 0.46 0.46 0.46 0 — 0.0467 0.0260 0.0344
0.0666
S80C (E9) 1 1.15 1.15 1.15 0 7.7 0.0362 0.0260 0.0358
0.0669
S80C(E9-Im9) 1 50% 0.83 0.83 0.83 0.85 9.5 0.0304 0.0270 0.0654
2 50% — — — 1 9.5 0.0322 0.0304 0.1413
S30C (E9) 1 40% 1.15 1.15 1.15 0 7.7 0.0210 0.0255 0.0648
2 60% — — — 1 7.7 0.0303 0.0255 0.0776
S30C (E9-Im9) 1 40% 1.15 1.15 1.15 0 9.5 0.0210 0.0255 0.0459
2 60% — — — 1 9.5 0.0303 0.0255 0.0788
C23 (Im9) 1 0.40 11 11 0 4.8 0.0304 0.0397 0.0390
0.0852
C23 (E9-Im9) 1 25% 1.15 1.15 1.15 0 9.5 0.0210 0.0255 0.0432
2 75% — — — 1 9.5 0.0303 0.0255 0.0777
S3C (E9) 30% 1 0.60 0.60 0.60 0 — 0.0467 0.0260 0.0340
ficoll 0.0700
S80C (E9) 30% 1 1.66 1.66 1.66 0 — 0.0362 0.0260 0.0378
ficoll 0.0650
C23 (Im9) 30% 1 0.52 14.4 14.4 0 — 0.0467 0.0260 0.0391
ficoll 0.0630

@ S=0and S=1 correspond to completely unrestricted (no ordering potential) and rigidly bound states of spin label, respectively.
® Standard deviations between simulated and experimental spectra at X- and W-band, respectively.

using a minimal set of adjustable parameters. For the sake
of simplicity, the bandwidth defined by the transverse
relaxation time 75 is assumed to be isotropic and indepen-
dent of hyperfine coupling. This assumption reduces the
number of adjustable parameters required to achieve satis-
factory fits of experimental spectra. Although improved fits
could be achieved by variation of bandwidth parameters,
this would not add extra information. In order to display
the quality of the simulated spectra a standard deviation
function could be introduced. However, in the majority
of cases applications of least-square fitting routines to
EPR spectra results in improvement to the deviation factor
at the cost of losing the essential characteristic features of
the spectrum. Therefore, our strategy was first to achieve
a reasonable fit of each X-band EPR spectrum by eye
and then, where appropriate, to perform additional least-
squares optimisation. We have found that, in most cases,
the accuracy estimated by eye was satisfactory. The calcu-
lated standard deviations for each spectrum are included in
Table 1.

It is reported that for molecular weights <15 kDa pro-
tein tumbling motions may contribute to motional averag-
ing effects observed in X-band EPR of spin labels [3].
Colicin E9 DNase and Im9 fall within this range. The rota-
tional correlation times for colicin E9 DNase, Im9 and the
complex formed between them, estimated from time
resolved fluorescence and anisotropy decay analysis, are
1. = 8.6 ns for colicin E9 DNase, t.=2.69 ns for Im9
and 7. = 14.0 ns for the E9-Im9 complex [41]. For spin
labels attached at sites 3 and 80 on E9 DNase, contribu-

tions from these motions must be slow compared with
the correlation times of the unrestricted spin label so that
the spin label motions are the origin of the averaging effects
observed in both X- and W-band EPR.

X-band room temperature EPR experiments were also
carried out with spin labelled S3C and S80C variants dis-
solved in 30% Ficoll 400. The correlation times derived
from X-band spectral simulations were 7. = 0.60 ns and
7. = 1.66 ns, respectively. The increase in viscosity has slo-
wed the spin label motions by factors of 1.3 and 1.4. If
overall protein tumbling were contributing to the spin label
dynamics, the slowing factor should be closer to 3 [21]. This
indicates that the spin label motions must be restrained, to
a small degree, by interactions with the protein but largely,
it has the freedom to move independently of the protein
[10,21]. Combining knowledge of the protein structure with
evidence from the spin label EPR experiments, it can be
assumed that the X-band EPR line shape observed for spin
labelled E9 DNase S80C is typical for MTSL attached to
the solvent-exposed surface of an a-helix. The fact that
the effective correlation time appears faster for the spin
label on S3C, almost by the factor of 2, is due to its posi-
tion on a flexible N-terminal strand.

5.2.2. Colicin E9 DNase variant S30C

The room temperature EPR spectra of spin labelled E9
DNase S30C, Fig. 6, present quite different results to those
of the variants S3C and S80C. The most distinctive features
are the observation, at X-band, of both a broad signal,
signifying slow and restricted spin label dynamics, and
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Fig. 4. Experimental (solid line) and simulated (dashed line) EPR spectra
of MTSL label on colicin E9 DNase S3C recorded at 170 K. Experimental
conditions: Concentration of MTSL = 200 uM, Spectra recorded at (a)
X-band, frequency =9.7 GHz, power =2.0mW, modulation ampli-
tude = 1 G; (b) W-band, frequency = 94.2 GHz, power = 0.45 uW, mod-
ulation amplitude = 1 G. Parameters used in the simulation of EPR
spectra are given in the text.

narrower central features, associated with faster motions.
The latter, sharper peaks match the positions of the three
hyperfine lines observed in the fast motional regime. Using
a two component model a satisfactory fit can be achieved.
Analysis suggests that 40% of the spin label undergoes free
rotational dynamics described by the following set of
parameters; a correlation time of 7. = 1.15 ns for the label
and 7. = 7.7 ns for the protein, while 60% of the label is in a
rigidly bound state with .= 7.7 ns for the protein (see
Table 1). The hopping rates between the two modes of
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Fig. 5. Experimental (solid line) and simulated (dashed line) room
temperature EPR spectra of MTSL attached to S3C on E9 Dnase. (a)
X- and (b) W-band. Experimental spectra were recorded under the
following conditions: X-band: concentration: 200 uM, frequen-
cy =9.7 GHz, power = 2.0 mW, modulation amplitude = 1 G, tempera-
ture=295K.  W-band:  concentration  was  500-600  pM,
frequency = 94.2 GHz, power = 0.113 mW, modulation amplitude = 1 G.
Simulations of spectra have been performed using parameters shown in
Table 1. Upon addition of Im9 to E9 no changes are observed in the EPR
spectra (data not shown).

3.37

motion used in the simulation for all sites experiencing
bi-modal dynamics were too slow (<10”s™') to affect the
EPR lineshapes which manifest themselves as the sums of
the independent contributions from two modes. The pla-
teau observed at 3580G in the first derivative X-band spec-
trum, Fig. 6(a), is due to the superposition of the positive
intensity of the fast motional component and the negative
intensity contributed by the slow motion. Because of the
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Fig. 6. Experimental (thick solid line) and simulated (dashed line) room
temperature EPR spectra of MTSL attached at S30C on E9 DNase. (a) X-
and (b) W-band. For experimental conditions see legend to Fig. 5.
Simulations have been performed using parameters shown in Table 1.
Contributions to EPR spectra from two conformations of the spin label
are shown by dotted and thin solid lines for components 1 and 2,
respectively (see Table 1).

substantial contribution from the spin label with restricted
mobility, an accurate estimate of the protein rotational cor-
relation time can be achieved. The parameters obtained
from fitting the X-band spectrum have then been used to
predict the W-band spectrum. Excellent agreement with
the experimental spectrum is achieved (Fig. 6 (b)). The con-
tributions from two components are even more apparent in
the W-band spectrum. At 94 GHz, the spectrum contains
both a motionally averaged narrow, intense band close to
the centre of the spectrum with distinct g, and g.. features
with hyperfine splittings typical of a slow spin label.

Comparison of Fig. 6(b) and Fig. 4(b) shows that the slow
component of the spin label has not reached the rigid limit
at W-band and hence the correlation time of the protein
rotational diffusion can be estimated from the simulations
of the averaging effects at X- and W-band.

5.2.3. Im9 C23

The room temperature X-band spectrum of spin label
on Im9 C23, Fig. 7(a) is similar to those observed for high
mobility sites where the spin label experiences no interac-
tions with any protein side-chains, such as S80C on E9
DNase. Indeed, the spectrum can be fitted well without

1T 1 1 17T 1T T T T T"]
0.342 0.344 0.348 0.35 0.352

b

0.346

T T T T T I
3.35 3.355 3.36 3.365
Field (Tesla)

Fig. 7. Experimental (solid line) and simulated (dashed line) room
temperature EPR spectra of MTSL attached at C23 site of Im9. (a) X-
and (b) W-band. For experimental conditions see Fig. 5. Simulations of
spectra have been performed using parameters shown in Table 1.

3.345 3.37
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including the dynamics of the protein and using only an
isotropic rotational diffusion with a correlation time
7. = 1.62 ns. This result was backed up by a Ficoll experi-
ment carried out at X-band where, in the presence of 30%
Ficoll 400, a good fit was achieved using an isotropic cor-
relation time of 7, = 2.1 ns. This corresponds to a slowing
factor of 1.3 which is the same as that found for all the sites
on colicin E9 DNase.

However, the shape of the W-band spectrum, Fig. 7(b),
is strikingly different from those observed for spin labels on
E9 DNase, such as sites S80C and S30C, Figs. S1(b) and
6(b), respectively. For the spin label on Im9 C23, the g,
and g,, magnetic features are not completely averaged
although the g, and g.. signals are. At W-band the g;
and g features are only averaged if the frequency of rota-
tion along the axis in the direction perpendicular is fast
compared with (g; — g_,»j)ﬁBh_l ~8x10%s™!. The W-band
spectrum of spin labelled Im9 C23 is a direct indication
of anisotropic rotational motion of the spin label. Similar
effects have been observed previously in the literature
[19,42] The spectral shape can be explained if, on the
W-band timescale, motional averaging in the xz plane of
the spin label is much faster than in both the xy and zy
planes, that is, the rotation along the y axis is the fastest.
Using the model of axially symmetric anisotropic mobility
of spin label we have been able to reproduce the spectral
features of the W-band spectrum (Fig. 7(b)). A good fit
was also achieved when the same parameters (shown in
Table 1) were used to simulate the X-band spectrum
(Fig. 7(a)). Although the X-band spectrum can be fitted
equally well using either isotropic or anisotropic rotational
diffusion models the W-band EPR spectrum clearly shows
the anisotropic rotation which presumably arises from
constraints imposed by the protein local structure. Our
analysis shows that, because the spin label motion is highly
anisotropic, the spectrum at W-band is also sensitive to the
overall protein diffusional dynamics. Computer simulations
reveal that protein motions with correlation times shorter
than 4.8 ns would average out the anisotropy of g and g,,,..

5.2.4. Spectra of the E9 DNase-Im9 complex

EPR spectra have been recorded of the tight complex
between E9 DNase and Im9 singly labelled at E9 DNase
sites S3C, S30C, S80C and the Im9 site C23. These spectra
are compared to those of spin labels on the individual pro-
teins. Changes are anticipated due to the increase in the
protein mass giving a slower overall tumbling time and
possibly in label motions, especially those located in, or
close to, the binding interface face region. For S3C, there
were no differences between the spectra. Slight changes
were observed in the spectra of the S30C site. Simulation
shows they correspond to an increase of the protein rota-
tional diffusion correlation time due to the increased pro-
tein mass (Fig. S2 of the Supporting information). The
spectrum still does not fit a single dynamic simulation.
Interestingly, the spectral line shape is similar to that
obtained for spin labelled E9 DNase S30C with 30% Ficoll

400 added. This confirms that a slow down in rotary diffu-
sion of the protein is influencing the EPR of the spin label
on the protein complex in this case.

The situation is markedly different for the spin label on
the S80C variant of E9 DNase complexed with unlabelled
Im9. Fig. 8(a) and Fig. S1(a) compare the spectra of the
complexed and uncomplexed proteins at X-band and
Fig. 8(b) and Fig. S1(b) at W-band. The X-band spectra
are characterised by wide asymmetric shapes for /= +1

I I I I I | I I I | I
0342 0344 0346 0.348 0.35 0.352
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3.345 3.35 3.355 3.36

Field (Tesla)

Fig. 8. Experimental (thick solid line) and simulated (dashed line) room
temperature EPR spectra of MTSL on S80C in the E9 Dnase-Im9
complex. (a) X- and (b) W-band. For experimental conditions see Fig. 5.
Spectral simulations have been carried out using parameters shown in
Table 1. Contributions to EPR spectra from two conformations of the
spin label are shown by dotted and thin solid lines for components 1 and 2,
respectively (see Table 1).

3.365
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hyperfine lines showing an increased restriction on the
mobility of the label. The shapes are close to those of a sin-
gle mode of motion with an axially symmetric restricting
potential directed along the z- axis characterised by the
order parameter, S [10]. However, simulation with only
one mode of Brownian motion does not reproduce an outer
right peak in the spectrum and a second mode of motion
with a higher degree of restriction of spin label mobility
is required. The parameters of both components of motion
contributing to the spectrum are given in Table 1. In fact,
the slower component is well described by the model of a
spin label rigidly bound to the protein complex (S =1).
In this case the overall dynamics of this mode depends only
on the rotational diffusion constant of the E9-Im9 complex.
Both components are shown in Fig. 8(a). The slow motion-
al component is also apparent in the W-band spectra
(Fig. 8(b)). Therefore, we conclude that, upon formation
of the protein complex with Im9, the overall motion of
the C80 label becomes significantly restricted consisting
of two distinct components, namely, 75% fast but axially
restricted motion along the z-axis and 25% in which the
spin label is rigidly bound to a protein.

Note that although our model is able to reproduce the
main features in EPR spectra some descrepancies between
experimental and theoretical spectra exist, especially in
some of the W-band spectra predicted from the parameters
adjusted from the fittings of X-band spectra. As mentioned
previously the simulation could be substantially improved
by introducing additional parameters describing line-
widths. This, however, would not provide extra informa-
tion. This conclusion is valid for the X- and W-band
EPR spectra of all the sites of attachment except the W-
band spectrum of spin label on S80C in the protein—protein
complex (Fig. 8(b)). Our simulations, which also have
included non-collinearity of magnetic and rotational diffu-
sion tensors of spin label, indicate that the dynamics of spin
label at this position is more complex than the one
described by axial ordering potential.

The X-band EPR spectrum of spin labelled Im9 C23 is
also markedly different in the complex, see Fig. 9(a), and
resembles that of spin labelled S30C in the E9-Im9 com-
plex. An excellent fit can be achieved using the two compo-
nent model with the parameters listed in the Table 1. The
values obtained for motional parameters in the case of spin
labelled Im9 C23 are similar to those of the E9 DNase
S30C site except that the amount of the fast component
in the spectrum is reduced to 25%. These parameters have
been used to predict the W-band spectrum and are in excel-
lent agreement with the experiment (Fig. 9(b)). The spectra
of both the E9DNase S80C and Im 9 C23 labels have a
component showing a spin label rigidly bound to the pro-
tein. The contribution of this motional mode is different
being 50% for E9 DNase S80C and 75% for Im 9 C23,
respectively. The anisotropic nature of the other mode of
the spin label is different for each site. The label on Im9
C23 is unrestricted, whereas that on E9 DNase S80C is
restricted along its x- and y-axis. This shows that in the

a
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Fig. 9. Experimental (thick solid line) and simulated (dashed line) room
temperature EPR spectra of MTSL on C23 on Im9 in the E9Dnase-Im9
protein complex. (a) X- and (b) W-band. For experimental conditions see
Fig. 5. Simulations of spectra have been performed using parameters
shown in Table 1. Contributions to EPR spectra from two conformations
of the spin label are shown by dotted and thin solid lines for components 1
and 2, respectively (see Table 1).

3.345

complex, both labels on Im9 C23 and E9 DNase S§80C
can adopt two conformations.

5.3. Structural interpretations from the spin label dynamics

This will begin with a discussion of the results observed
for spin labels on the individual proteins, followed by con-
sideration of changes observed on formation of the E9
DNase-Im9 complex.
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Although the EPR indicates that spin labels on sites S3
and S80 both have unrestricted surface motions, there is a
significant difference between the determined correlation
times. The serine residue at position 3 is solvent-exposed
on an un-structured protein strand near the N-terminus
whereas, S80, also solvent-exposed, lies at the end of the
a-helix running from Asn72 to Lys81. For S3, NMR relax-
ation studies show the N-terminal strand experiences local
backbone fluctuations that are fast compared to the rest of
the protein [43]. For S80, NMR relaxation values match
the average observed across the protein backbone and local
backbone fluctuations are not expected to contribute to
spin label mobility at this site [43]. Therefore, for a spin
label on the S3C variant, it is likely that two factors con-
tribute to the faster, isotropic motion observed in the
EPR. The spin label experiences no interactions with any
protein side-chains, only with solvent, and is attached to
a region of protein that also exhibits local backbone fluctu-
ations faster than, and independent from, the overall rotary
diffusion of the protein.

The EPR of a spin label on S30C shows two indepen-
dent motions having two different correlation times, one
fast and one slow. The observation of independent confor-
mations, such as this, is not uncommon in spin label EPR
and is usually seen where the motion of the side chain is
partially restricted but is less likely if the motion is either
highly restricted or very mobile [14,15]. This interpretation
fits well since S30C is near the surface of the protein on an
unstructured loop where interactions with other parts of
the protein are possible. The fact that the rotational diffu-
sion tensor is anisotropic for spin labelled Im9 compared to
spin labelled E9 DNase S80C indicates that there are inter-
actions with neighbouring protein residues that restrict the
surface motion in the xy and zy planes of the spin label side
chain. The structure of the Im9 protein shows that C23 lies
at the end of the a-helix running from Glul2 to Asn24.
Although it is near the surface, this section of the helix fac-
es other parts of the protein structure thus bringing the
spin label side chain into closer contact with surrounding
protein compared with S80C on E9 DNase.

It is clear from the X-ray structure, Fig. 2, that sites S3C
and S30C on the E9 DNase are not close to the binding
interface in the complex formed with Im9. This is borne
out by the spin label EPR spectra that were acquired for
the spin labels on the DNase alone and on the complex.
The spectra of spin label on S3C are identical and the slight
changes observed for the S30C site can be accounted for in
terms of the slower tumbling rate of the complex
(24.5 kDa) compared to the isolated E9 DNase (15 kDa).
These results verify that a spin label attached at S3C
rotates freely and has motion independent of the protein
tumbling rate. NMR experiments have also shown no
dynamic or structural changes at position S3C on complex
formation [44].

In contrast, for sites S80C on E9 DNase and C23 on
Im9 the spin label EPR spectra recorded for the protein—
protein complex, Figs. 8§ and 9, are different from those

of the isolated proteins. In both cases, two distinct spin
label motions are required to fit the spectral line shapes
observed for the complex, each showing one more mobile
and one rigidly bound component. The X-ray structure
shows that both sites are situated in or close to the pro-
tein—protein binding interface and, therefore, in agreement
with the EPR results, spin labels are more likely to be bur-
ied in the protein structure rather than surface exposed as
they are in the isolated proteins [28]. In the case of Im9
C23 the more mobile mode (25%) is unrestricted, indicating
that the spin label may adopt a conformation that is sol-
vent exposed, whereas the fast component of the label on
E9 DNase S80C (50%) shows axial restriction. This latter
type of motion has been identified previously as character-
istic of a label folded back against the protein backbone
and likely to occur for a spin label at a buried helix site
with tertiary contacts [10].

6. Conclusions

These results show that spin label mobility varies sub-
stantially with position within colicin E9 DNase and Im9,
from completely immobilised, to a motionally restricted
label and to free rotation. We have been able to derive
information about the dynamics of each site of attachment
within the protein E9 DNase and its complex with Im9 by
performing computer simulation of EPR spectra at X- and
W-band frequencies using the model of Brownian dynam-
ics trajectories for the spin label and protein and by intro-
ducing ordering potentials to describe restricted mobility of
spin label within the protein domain. The restricted mobil-
ity of spin label for most of the sites is fairly well described
by an axially symmetric potential except for spin label on
the S80C (E9-Im9) site (Fig. 8b) which shows more com-
plex dynamics.

Both X- and W-band EPR spectra are sensitive to the
overall protein rotational correlation times in cases where
the spin label mobility is either substantially restricted or
highly anisotropic (sites S30 (E9), C23 (Im9), S80C (E9-
Im9), C23 (E9-Im9), S30C (E9-Im9); Figs. 6-9 and S2 of
Supporting information, respectively). In this case the esti-
mation of protein rotational diffusion correlation time is
possible. On the other hand, X-band spectra are not partic-
ularly sensitive to the anisotropy of spin label rotation. In
some instances they can be fitted equally well using either
isotropic or anisotropic models. In contrast at W-band
we have shown that accurate measurement of anisotropy
of spin label motion is possible (Fig. 7b for C23 (Im9)).

Our computer simulation and analysis of EPR spectra
show that, particularly in the protein—protein complex,
those spin label sites at the binding interface region express
bi-modal dynamics with one component being in the
“buried” state and the other highly mobile and, therefore,
solvent exposed (sites S30 (E9), S80C (E9-Im9), C23 (E9-
Im9), S30C (E9-Im9); Figs. 6,8,9 and S2 of Supporting
information, respectively). The hopping rates between
two states of motion are sufficiently slow on both X- and
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W-band EPR timescales to be quantified from the simulat-
ed spectral lineshapes.

Upon complex formation significant changes are
observed at both X- and W- bands for those sites which
are involved in the tertiary contacts between the two pro-
tein domains (sites C23 on Im9 and S80C on E9 DNase).
Quantitative analysis using computer simulation provides
rationalisation of these changes in terms of protein struc-
ture and dynamics. This reveals multi-frequency EPR spec-
troscopy as a sensitive tool for monitoring conformational
transitions and changes in protein structure and dynamics
particularly during formation of protein complexes.
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