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Dynamics of the Nitroxide Side Chain in Spin-Labeled Proteins
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The dynamics of the tether linking methanethiosulfonate (MTSSL) spin probeshelices has been
investigated with the purpose of rationalizing its effects on ESR line shapes. Torsional profiles for the chain
bonds have been calculated ab initio, and steric interactions with-thaix and the neighboring residues

have been introduced at the excluded-volume level. As a consequence of the restrictions deriving from chain
geometry and local constraints, a limited number of allowed conformers has been identified that undergo
torsional oscillations and conformational jumps. Torsional fluctuations are described as damped oscillations,
while transition rates between conformers are calculated according to the Langer multidimensional extension
of the Kramers theory. The time scale and amplitude of the different motions are compared; the major role
played by rotations of the outermost bonds of the side chain emerges, along with the effects of substituents
in the pyrroline ring on the conformer distribution and dynamics. The extent and symmetry of magnetic
tensor averaging produced by the side chain motions are estimated, the implications for the ESR spectra of
spin-labeled proteins are discussed, and suggestions for the introduction of realistic features of the spin probe
dynamics into the line shape simulation are presented.

I. Introduction

XAs A4
z
ESR spectroscopy of nitroxide spin probes introduced by site- 3\3_%_3 X2 C\ -
directed mutagenesis (site-directed spin labeling, SDSL) has 1 g\ /
become a valuable tool for the investigation of protein structure N c%—
and dynamic$:> Spectra reflect mobility and chemical environ- (I) %1 \NH
ment of the spin label; if, as shown in several cases, the mutation R1: Z=H /
does not significantly perturb the system, information on the '
nitroxide label yields useful insights on the protein. However, R2: 2= C'f's ) o
aven the varty of processes that can produce ritoxide FOUE L SHiie e A ebsi soere 1 1 Sy ey
r_eorlentatlon, this mformatlon CamOt be easH_y extra(_:ted from 1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-(methyl)methanethiosul-
line shapes. Namely, different motions, covering a wide range fonate (R1) and 1-oxyl-2,2,4,5,5-pentamethyl-3-pyrroline-3-(methyl)-
of amplitudes and different time scales, are simultaneously methanethiosulfonate (R2). The five dihedral angles defining the chain
present in the system: they comprise overall protein tumbling conformation are shown.
and refolding processes, backbone fluctuations, and side chain
isomerizations. Recognition of the role played by the spin label, 4 SNARE proteins involved in membrane fusidthe interac-
even though it is not the objective of the investigation, is a tjgn of a-synuclein with membrandsl structure and helix
prerequisite for extracting from experimental data useful ygiions in the light-driven proton pump bacteriorhodopsimd
information on structural and dynamical properties of proteins. i, the photoreceptor rhodopsial3 and reconstruction of the

In this study, we have performed a conformational analysis chemotaxis receptor—kinase assemily.
of the side chain of a nitroxide spin label with the purpose of  We have examined the internal motions of MTSSL attached
characterizing the geometrical and motional parameters of theto a modek:-helix. Torsional energy profiles have been obtained
tether. In this way we intend to identify any general features, by quantum mechanical methods, with a proper account of the
which can be helpful for the interpretation of ESR spectra of constraints imposed by the local environment. Knowledge of
spin-labeled proteins. We have focused on the methanethiosulthe potential energy is a requirement for modeling the internal
fonate (MTSSL) spin label, whose structure is shown in Figure dynamics; the features of the energy landscape allow the
1. This is the most widely used spin probe, which has been description of the system in terms of a limited number of
successfully employed in a variety of studies; a few significant rotamers undergoing conformational jumps and librations about
examples are represented by the structural rearrangementshe minima of the side chain torsional potential. A diffusive
associated with the gating mechanisms of the KscA potassiumtreatment of the dynamics is used, which, although approximate,
channél and the mechanosensitive MscL chanfriile structure  retains a realistic account of energetic and frictional features of
the flexible tail’>~18 As a result of this analysis, the amplitude
* Corresponding author. E-mail: alberta.ferrarini@unipd.it. and time scale of the chain motions can be estimated, and some
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general consideration on the effect of the tether dynamics on If the potential energy is characterized by minima separated
ESR spectra can be derived. The question might arise whetherby sufficiently high barriers of at least a feksT units, a

the results obtained from a model system can be extended tosimplified description can be adopted in terms of a finite number
peptides or proteins, where the spin label is inserted into a given of rotational isomers (rotamer&geach corresponding to a given
amino acid residue pattern. Actually, it has been shown that energy minimum. The geometry of tlth conformer is defined
the main features of the ESR line shape are preserved undeby the five-dimensional vectgy’ = ( x3, ..., 72), with y being
mutation of residues in the proximity of the spin label, with the value of theth dihedral for this conformer. Namely, the

minor differences deriving from the specific environméht. torsional angle distribution
An account of the dynamics of the spin probe beyond the
simplifying assumptions used here could be obtained in the form ()= exp[—V()/kT] 3)
of trajectories by molecular dynamics (MD) or Brownian o _
dynamics simulation®25 A detailed picture of the local fdxexp[ VTl

environment probed by the spin label and of the various g, pe approximated as the sum:

processes modulating its orientations can be attained by such

means, but at a computational cost which can be very great p(y) ~ Z pJ((SZJ) 4)
due to the huge number of degrees of freedom. Conformational

transitions in the side chain occur on the nanosecond time scale;

therefore, even long trajectories can sample just a few confor-with 9y’ = y — x’ and py(dy’) being the torsional angle
mations. A more effective sampling can be achieved, e.g., by distribution for theJth conformer:

suitable Monte Carlo techniqu&s” or by MD simulations under

nonrealistic conditions such as very high temperature; with these exp[—V(ch] )ksT]

choices, however, information on the time dependence of the py(6x)) = (5)
processes is lost. Also, the use of MD trajectories with frozen Z f d(éx’) exp[—V((SZ])/kBT]

protein degrees of freedom has been proposed for the study of

the dynamics of the spin lab&.The present work should not

be intended as an alternative to these simulation techniques, The functionV(dy’) represents the torsional potential of the
but rather as a complementary method. The study of the systemchain in the neighborhood of thith minimum, which can be
under the simpler approach we use directly provides useful @pproximated by a harmonic expansion:

physical insights, and these can also yield suggestions for 1

sampling the side chain conformational space and extracting V(07) ~ V, + 0V 207 (6)
magnetically relevant parameters from trajectories. The results 2

of this study can also be used to directly introduce the nitroxide | harev, is the potential energy of the chain in the conformation
dynamics in line shape analysis: in a companion paper, theySpecified by the dihedral anglgs= »’, andV @ is the matrix
will be exploited in the framework of line shape theory 10 ot the second derivatives of the potential energy at the same

interpret the ESR spectra of mutants of T4 lysozyfhe. point. Thus, the torsional distribution for tdéh conformer, eq
The paper is organized in the following way. In the next 5 can be rewritten as:

section (Il), the model for the conformational dynamics of the

nitroxide side chain is presented. Then the results of the exp{—[V, + (5ZJ)°VJ(2)'(5ZJ)/2]/kBT}
conformational study and the dynamical analysis are reported pJ(éxJ) ~ 7
and the averaging of magnetic tensors produced by side chain 2 2k TV dety.@)-12

motions is examined (Section I1I). In the final section (IV), the (27kgT) Z (detvy)

results of our investigation are discussed, stressing their implica-

tion for_the ESR_ spectra of spin-la_beled proteins, and the \ynere det\f) indicates the determinant of the matrix.

conclusions of this work are summarized. By integrating this multivariate Gaussian distribution over
the 9y’ variables, the probability of thdth conformer can be

Il. Conformational Dynamics of a Nitroxide Side Chain defined:

Linked to an a-Helix

. . o exp(—E/ksT)
A. Torsional Potential and Distribution. Under the as- Ppj=———— (8)
sumption of fixed bond lengths and bond angles, the geometry BT
of the MTSSL spin label, whose structure is reported in Figure Z exp(—E/kgT)

1, is specified by the values of the five dihedral angles denoted
asy = (x1 ..., xs). The potential energy of the nitroxide chain  whereE; is the free energ§
linked to ano-helix is expressed as
keT  detV,®
V()= V'(y) + V" () (1) E;=V;+—5In (2n—kBT)5 )
whereV' is the torsional potential of the isolated chain, while
V' accounts for interactions of the chain with its neighborhood barriers between conformers. the chain dvnamics can be
in the protein, i_.e., the-helix backbone_ and the _side chains of described in terms of jumps k.:)etween stableyconformers and
gl}es?nzﬁlgbgc:ﬁgl((JI:l;(re]tsr.iJStieofnosr:mer term is approximated as a Slm}orsional oscillations in the minima of the potentiéln view
of the time scale separation, the two motions can be treated
: 1 5) separately. For long chains, simultaneous small rotations around
V'(x) ~ VA () + ..t % () (2) several bonds can produce large amplitude displacements of the

B. Dynamics. In the presence of sufficiently high energy
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tail end, with characteristic times comparable to isomerization
times32 However, couplings can be neglected for short chains,
like that of MTSSL!8 Thus, conformational jumps can be simply
described by the master equation:

9Py(t)

== Z Wi, Py(t) (10)

ot

where Py(t) is the time-dependent probability of théth
conformer and—W,y, with J = J', represents thd — J'
transition rate. If multiple transitions are neglected, in view of
their high activation energy, the only nonvanishing matrix

elements are those between conformers connected by single

Tombolato et al.
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bond rotations. In the viscous regime characterizing chain Figure 2. Reference frames considered in this work. LF: laboratory
motions in water solutions, where inertial effects are damped frame, withZ, || Bo. DF: Principal axis system (PAS) of the rotational
out, bond rotations can be described as diffusive processes, an@hffusmn tensor of the protein. AF: amino acid residue frame, with

transition rates can be expressed in terms of potential energ

the origin on the € bringing the nitroxide side chain, the axis

Yperpendicular to the plane of the-XC,—CO atoms, and the, axis on
and friction opposing such rotations, according to the Kramers perp e * ' b

the plane containing the axis and G—Cg bond.L;: local frame, with

theory33 For barrier crossing in a system with several degrees z, || ith chain bond and, in the plane of the preceding chain bond

of freedom, the following expression is obtaingds34

A

_ Es—E ,
WJJ. = _J'[ ex _T J=J

3 (11)

HereE, is the free energy of th& conformer, defined in eq 9,

andE;s is that at the saddle point, defined in an analogous way,

with V{2 the matrix of the second derivatives of the potential
energy at the saddle point. The parameteis the unique
negative eigenvalue of the matieV {2/ksT, whereDs is 5 x

5 diffusion matrix calculated for the chain geometry at the saddle

point. It is related to the friction matrixgs, by the Stokes
Einstein relationDs = kg T&s™ L. It is worth emphasizing that

transition rates calculated in this way take into account the

whenyi-1 = 0°. MF: magnetic frame, with the origin on the nitroxide
N nucleus, thezy axis along the N-porbital, and thexy axis parallel

to the N-O bond. SF: ordering frame, with the axes parallel to the
principal ordering axes.

whereD; = kg T&; 1 is the diffusion matrix calculated for the
geometry of theJth conformer. This equation can be easily
solved by a normal mode transformati#®

d 3
5""/\%

apJ(yvt) 8

at T Y,

Py(Y;t) (15)

with 0y’ = Uy andU~1D,V @U = kg TA. Correlation functions
for normal modes decay as simple exponentials, with time

coupling between reaction coordinate (the rotating dihedral) and onstants equal to the inverse of the eigenvaltigs

nonreactive modes; barrier crossing occurs through cooperative
small rotations of bonds adjacent that undergoing the confor-

mational change in such a way as to optimize frictional and

Y 0)yi(0/y(0)y(0) = & " (16)

energetic effects at barrier crossing. The diagonal terms of the ~ C. Orientational Distribution of the Spin Label. Amplitude

transition matrix are obtained by the detailed balance condition,

and symmetry of the orientational distribution of the spin label

which guarantees the existence of a stationary solution, equalProduced by the side chain dynamics can be quantified by the

to the equilibrium distribution, eq 8:

Wy, = _Pfl W;;Py

E

(12)

It is convenient to work with the symmetrized form of the
transition matrix, which will be denoted a4/, and whose
elements are defined as:

1 _ —1/. 1/2
W, = P, W, P,

Es— Ej2 — E,/2
ex kBT

Within the harmonic approximation, damped oscillations
within the potential well corresponding to ttih conformer
are described by the time-dependent probability depsity’,t),
which evolves in time according to the multivariate Fokker
Planck—Smoluchowski equation:

8PJ(5){J,t) N 9 (VJ(z)_ (3;(3) J
*o (8(6;(3)) > (a(axJ))+ gt | |PLO%D
(14)

A

2n

(13)

order parameters:

ch-;k(QM) = f deQy, D:k(QM)p(QM)

where D:k(QM) are Wigner matrix elementg(Qu) is the
orientational distribution function, ar@y, are the Euler angles
defining the orientation of the spin label in a frame fixed on
the C, atom bringing the spin label (the frame of the amino
acid residue, according to the notation used in Figure 2). The
nonvanishing order parameters depend on the symmetry of the
orientational distribution of the spin probe; all order parameters
vanish if orientations are isotropically sampled. In principle,
Wigner matrices of any rank could be needed; here, we shall
limit our consideration to second-rank matrices, which are
involved in the transformation of the magnetic tensors. Some
general considerations on second-rank order parameters are
presented in the Appendix. In the following, the expressions
used to calculate the order parameters of the spin label in the
presence of torsional oscillations and conformational jumps are
reported. For this purpose, it is convenient to introduce the
coordinate transformations shown in Figure 2.

Average values of Wigner rotation matrices for thgh
conformer are obtained by integrating over the torsional
distribution eq 7. Under the assumption of independent bond

(17)
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contributions, this can be expressed as the product of the singlebeen obtained by considering the subsystems that are shown in

bond probabilities:

exp[—V, P(0x)) 12k T]
27k TIV; P) V2

Py(0x)) ~ (18)

with V;@ being the second derivative of the chain potential
energy with respect to thg variable, calculated fog; = ;.
Then, the addition theorem for Wigner matri#esan be
exploited to decompose the AF MF rotation into a set of
local transformations, and the order parameters for Jtie
conformers can be expressed as:

2

01,02,03,%4,05

DE() = D3.q (@) D5, (D) -

D723 D7 (Qx) (19)

Here the Euler angle@&l (XI’ ﬂ|+17 |+1) Q|Jrl (X|

0% Blaas vie) and @y = (43 + 03, By v appear, which
describe the local transformatiohs—» Li+1, with the chain in

Figure 3. Ab initio calculations in a vacuum have been
performed at the HF/6-31G** level (ROHF/6-31G** for the
subsystem containing the nitroxid®)The torsional potential
for a given bond was obtained by relaxed scan in the range
—180° to +180° Figure 3 shows the torsional profiles as a
function of the dihedral angles. The following convention is
used: a right-handed rotation, with the rotation axis directed
toward the chain end, is taken as positive. Using the notation
adopted for alkyl chains, minima close to 28Gill be designed
ast states, whereas the labais will be used for minima
characterized by dihedrals ranging betwest0® and+120°.%°

For they; dihedral, rotation of the-CH,—S—SH group,
linked at the G atom of a CH—NH—-C,H—CO—CHjs fragment
frozen in the standard-helix geometry, has been examined.
The torsional potential shown in Figure 3A was obtained by
taking the G—Cs—S,—S; dihedral in thet conformation and
the G—S,—S;—H dihedral close tot+90°; analogous profiles
were found with the former gy states and/or the latter close
to —90°. The features of the torsional potential are in accordance
with the results of the conformational analysis of the cysteine

the Jth conformation (see Figure 2). The single bond averages sylthydryl in proteinsi®4! There are two roughly equivalent

have the form:

Df . (@) =€ % D% (@, (20)
with
— - q>——
e 97 = [ d(oy)) py (0x)e W ~ exp(— > (6)(?)2) (21)

where(éggf)2 is the mean square amplitude of the single bond

torsional distribution:
(0)” = d(0) Py (02 (O3)* ~ (V—() (22)
Jji

For a set of conformers which in addition to torsional

oscillations undergo conformational jumps, the order parameters

can be obtained as
Di Q) = Z Py Do Q) =

Z e eT(detv,®) 2 DZ (O}

(23)
Z e—VJ/kBT(deth(z))—l/z

minima corresponding to staggered configurations with the
N—C,—Cs—S, dihedral equal to 180in one (G—S, bond
between the g-CO and the @—H bonds) and tet-65° in the
other (G—S, bond between the &NH and the G—CO
bonds); a lower minimum is found for a dihedral equat-60°
(Cs—S, bond between the &-H and the G—NH bonds). The
minima are separated by high barriers, corresponding to eclipsed
configurations; a significantly lower barrier is obtained for the
configuration with the ¢—S, bond over the ¢—H bond.

The rotation of the central bond of the gHCH,—S—SH
model system has been considered to calculate the torsional
profile for the x> and y4 dihedral angles (Figure 3C). The
resulting profile is similar in shape to that for the centratC
bond ofn-butane; it is symmetric with respect ga(y4) = 0°,
with the absolute minimum at 18(t), and two equivalent
relative minima at-=75° (g+). Barriers on the order of a few
ksT units at room temperature separa@ndg. minima.

The CH—S—S—CH fragment has been studied to obtain
the V@)(y3) torsional potential (Figure 3B). Only two minima
are found for values of the GHS—S—CH dihedral equal to
+90°, separated by high barriers.

Finally, the torsional potential for thgs dihedral has been
calculated as a function of the angle about the bond connecting
the pyrroline ring to the tether, in the system £+6—S—Ch-
sl, with sl= 1-oxy-2,2,5,5-tetramethylpyrroline (R1 spin probe)
and sl= 1-oxy-2,2,4,5,5-pentamethylpyrroline (R2 spin probe).
Calculations for R1 have been performed with the S5~

with the average Wigner matrix elements calculated according CH.—C dihedral angle constrained either in ther in theg
to eq 21 and the sum extended to all interconverting conformers.state. In the former case (Figure 3D), configurations with the
The magnetic tensors partially averaged by chain motions S—CH,—C—CH dihedral angle significantly larger thant-120°

can be expressed in terms of these order parameters:

2 D (@)
whereu = g or u = A, for theg and theA hyperfine tensor,
respectively.

F(2 q) —

(2.,%)
WAF T F

w;MF

(24)

Ill. Results: Nitroxide Chain Motions

A. Conformational Analysis. The single bond contributions
to the torsional potential®(y;), for the MTSSL chain have

or smaller than~—120° have very high energy. For values
falling within the range oft:120° the energy profile becomes
rather flat, with two minima afys ~ +77°, separated by a
shallow barrier, whose size and shape is very sensitive to the
level of calculation. On the contrary, when the S—CH,—C
dihedral is in theg. state, the torsional profile for-SCH,—
C—CH has two minima, at-10° and—100°, with a barrier of

a fewkgT at room temperature (Figure 3E). In the case of the
R2 spin probe, the presence of the methyl substituent at the
4-position in the pyrroline ring prevents the possibility of
configurations with the SS—CH,—C dihedral ing states. When
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Figure 3. Torsional potentials and model subsystems considered for calculating them. Arrows indicate the rotating bonds, with the convention
used to define the sense of rotation: a right-handed rotation, with the rotation axis directed toward the chain end, is taken as pgsitthe. For
valuey; = 0° corresponds to the eclipsed configuration with the-S, bond over the €-N bond. Forys, the valueys = 0° corresponds to the
eclipsed configuration with the C—CH double bond of the pyrroline ring over the-&sibond. The dashed circle shows atoms that have been
kept frozen in thex-helix configuration in calculations fgr;. Arrows in the torsional profiles show transitions between the allowed conformers,

which are listed in Table 2. The solid line is a guide to the eye.

this angle is in the state, two minima are found, witgb =
+85°, separated by very high barriers (Figure 3F).

Values of the dihedral angles at the minima of the torsional
potentials are collected in Table 1. For theto x4 dihedrals,
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TABLE 1: Values of the Dihedral Angles at the Minima of TABLE 2: Torsional Angles and Probabilities for the
the Torsional Potentials V() Sterically Allowed Conformers of the Nitroxide Side Chain
“ —60°(g.), +65°(g+), 180°(1) gfow_eAlli;lHSeﬁ)il)?a Label, at a Site Located in the Middle of a
A2 = X4 —75°(g-), +75°(g+), 180°(t)
x3 —90°(g-), +90°(g+) X1 X2 A3 a4 zs
x5 —77°(9-), +77°(g9+) conformer (deg) (deg) (deg) (deg) (deg) P,
% +8°,7100° Cl* 60 -75 —90 180 +77(+85) 0.143(0.201)
ay,in thet state.P y, in the g. state. c2* —60 —75 —-90 180 —77(—85) 0.143(0.201)
C3 —-60 —-75 —-90 -75 +100 0.045
P C4 -60 —-75 —-90 -75 -8 0.074
C5* -60 180 90 180 +77(+85) 0.187(0.263)
l c6* -60 180 90 180 —77(—85) 0.187(0.263)
. Cc7 —60 180 90 +75 -—100 0.059
C8 —60 180 90 +75 +8 0.098
‘- Co* 180 180 —90 180 +77(+85) 0.009 (0.013)
C10* 180 180 —90 180 —77(—85) 0.009 (0.013)
Cl1 180 180 —90 -—75 -+100 0.003
C12 180 180 —90 -—75 -8 0.005

C13* 180 180 90 180 +77(+85) 0.009 (0.013)
C14* 180 180 90 180 —77(—85) 0.009 (0.013)
C15* 180 75 90 180 +77(+85) 0.007 (0.010)
Ci1e* 180 75 90 180 —77(—85) 0.007 (0.010)

C17 180 75 90 +75 —100 0.002
C18 180 75 90 +75 +8 0.004
4 a Statistical weights were calculated Bt= 298 K on the basis of

: o . ’ ’ the single bond torsional potentiad; in eq 1. Conformers allowed for
Figure 4. Poly-Ala o-helix with the R1 spin label in a sterically . ’ L -
forbidden conformationy = —60°, z» = —75°, y3 = —90°, 7 = }he F;Z spin probe aredd_enoted br)]/ an asterisk; probabilityamdlues
+75°). or these are reported in parentheses.

. ) i . geometry of the allowed conformers is displayed in Figure 5;
the minima are separated by high barriers, which range from pere a compact representation is adopted, with each structure
about 4kT for the g = t transitions ofy or x4, to more than  corresponding to a set of conformers connected;bgnd ys
10 kg,T for_the —90° = +90° transitions ofys. Analogous jumps. Inspection of Table 2 shows that some single bond
considerations hold for thgs dihedral of R2 and also for that  conformational states, predicted for the isolated chain, are
of R1 if y4is in theg state. It follows that, in all these cases, forpidden by thea-helix environment. This is the case, for
the nitroxide side chain can be described in terms of a finite jnstance, of the g state, which according to Figure 3A should
number of stable rotamef$From eq 22, we can estimate root- be as populated as thestate for they; dihedral, but never
mean-square fluctuations of about I2fer the x> and ya appears in Table 2. This very low probability of the state of
dihedrals, and 8.5for 1 andys, at T= 298 K. An increase of the N—G,—C;—S, dihedral ino-helices is confirmed by the
about 5% can be estimated under & @rease in temperature.  analysis of the conformers of cysteine, as shown, e.g., in ref
A root-mean-square amplitude of 12.5 appropriate also for 43

the ys dihedral of R2 and for that of R1 whep is in theg .
state (¢l,4-). The situation for theys dihedral of R1 can be Table 2 also reports the conformer probabilities,calculated

quite different wherys is in the t state (gl,az; from the atT = 298 K according to eq 8. Root-mean-square fluctuations

N2 1/2 __ o L

torsional potential shown in Figure 3D, a wider distribution of (0xs)" = 20° were assumed for conformers of R1 wjthin
x5 values about the minima is inferred, and the Simple thet state. We can see that the overall We|ght of conformers
description in terms of a few conformational states may not be With y1 in theg- state greatly exceeds that of conformers having
fully satisfactory. x1 in thet state. Of course, the probabilities reported in Table

Taking the minima of the single bond torsional potentials, a 2 should be considered as only a first-order estimate; indeed,
total number of 108 and 54 conformers can be estimated for the primary result of our analysis is the identification of a
R1 and R2, respectively. This number is reduced by interactions restricted number of allowed conformers and of their geometry.
of the spin label with its environment, i.e., backbone and side The actual probabilities for MTSSL at a given helical site could
chains of nearby residues. We have introduced such effects, be significantly affected by local effects, depending on the nature
described by th&/"" contribution in eq 1, at the level of steric of the nearby residues and/or the presence of attractive interac-
interactions, which have been modeled in terms of excluded tions involving the spin label, which are not taken into account
volume. For this purpose, each of the possible conformers of in our present model. In the companion paffewhere the
the nitroxide side chain was inserted in a poly-&kbelix and ~ effects of the chain dynamics on the ESR spectra are investi-
was excluded if the distance between any pair of atoms was gaI[Ed, it is shown that the presence of conformers with different
shorter than the sum of their van der Waals radii. The following Mobility do yield the appropriate spectral contributions, but with
values have been useds = 1.5 A, ro = 1.35 A, ry = 1.4 A, weights that are different from those predicted by the calculated
rs= 1.8 A. Itis worth mentioning that the choice of these values Probabilities.
is not critical for the determination of the excluded conformers ~ The geometry we have predicted for the conformers of R1 is
because these do suffer severe hindrance; as an example, Figuiie general agreement with the values determined from X-ray
4 shows a forbidden conformer of R1. After the steric control, structures of four spin-labeled T4L mutaits?Theg-g-, g-t,
the number of allowed conformers is reduced from 108 to 18 andtg configurations fory1y», which were found in the crystal
for R1 and from 54 to 10 for R2; values of the dihedral angles structures, also appear in Table 2. For the latter, we predict a
defining their geometry are listed in Table 2. The conformers very low probability; actually, the interaction with a nearby
possible for R2 are denoted by an asterisk in the Table. Theresidue was suggested as the reason for its stabilization in the
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C13-C14 C1-C4 C5-C8

C9-C12 C15-C18

Figure 5. Geometry of the allowed conformers of the R1 spin label listed in Table 2. Each figure corresponds to a set of interconverting conformers.
Only half of the conformers are shown, which correspond to one of the two poggilstates compatible with a givep, state. Conformers
connected by &. rotation are superimposed on the same structure. To avoid crowding, the methyl substituents in the pyrroline ring have been
eliminated. The ball-and-stick representation is used for the side chain, while simple sticks indicate backbone bonds. The black line shows the
orientation of theY-ordering axis; th&-ordering axis is perpendicular to the plane of the figure.

crystal. No experimental data confirm tti€onfiguration, which the need of a detailed knowledge of the torsional potential, as
from our analysis is sterically allowed, although with very low we shall see below.
weight. According to eq 11, calculation of the transition rates requires
B. Dynamics. We start by considering the R1 spin label; the evaluation of the friction matrix accounting for the viscous
Table 3 reports the elements of the symmetrized transition matrix torques opposing bond rotatioHsFor a given transition, the 5
W, calculated according to eq 13, in water solutiof at 298 x 5 friction matrix is evaluated for the saddle point geometry
K. Given the 18 conformers listed in Table 2, the possible single of the side chairf* A united atom representation has been
bond transitions are those indicated by arrows in Figure 3. Our used: the nitroxide side chain is described as a collection of
simple picture of conformational jumps is not strictly valid in  spheres, corresponding to the N, O, S, and C atoms and the
the absence of a sufficiently high barrier, as in the case of the CH, CHs, and CH groups. For the sake of simplicity, identical
xslya=t dihedral, in which case the whole torsional distribution spheres of hydrodynamic radius equal to 1 A have been taken.
should be taken into account. On the other hand, a detailedWith these choices, a value of #&™* is predicted for they —
description is prevented by the degree of uncertainty affecting t transition rate ofh-butane at room temperatuie.
the shape of this torsional profile, which, as already mentioned, It appears clearly from Table 3 that a limited number of single
also depends on the computational method; moreover, thebond jumps is possible. To understand the results reported in
possibility of high barriers can be hypothesized due to interac- the Table, it is worth reminding the reader that the transition
tions involving the pyrroline ring? Therefore, we have adopted rate between a pair of conformers is determined by energetic
also forys the description in terms of jumps between the minima and frictional effects, i.e., the height of the barrier that has to
of the torsional potential, which, in addition to the advantage be crossed and the friction opposing the chain motion in the
of simplicity, allows us to obtain quantitative results without solution environment. Rotation about a given bond can be slower
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TABLE 3: Off-Diagonal Elements of the Symmetrized Transition Matrix W, Calculated for Water Solution at T = 298 Ka
C1l Cc2 C3 Cc4 C5 C6 Cc7 C8 Cco Cc10 Cl1 C12 C13 Cl4 Cl5 Cie Ci7 C18

Ci1 >10 1.5
(s (14

Cc2 >10
(s)
1.5 1.5
(a) (a)
C4 1.5
(s)
C5 >10 0.01

(s) (x1)
C6 >10 0.36 0.01

) () ()
C7 0.36 1.5

%) )

1.5

(1s)
C9 >10 0.36 0.002

() (e (xa)
C10 >10 0.002
(xs) (x3)

Cl1 0.36 1.5

(re) (z9)
C12 1.5
(s)
C13 0.01 0.002 >10 0.05
() (xa) () (¢2)
C14 0.01 0.002 >10 0.05
() (xa) (xs) (x2)
Ci15 0.05 >10
(r2) (xs)
C16 0.05 >10 15

) (2a)
C17 1.5 1.5

(xa) (xs)
C18 1.5

(1s)

2 The matrix elements are reported, in units of 0. Rates higher than £&* are shown in boldface. Under each transition rate, the dihedral
angle involved in the conformational jump is reported in parenthesis.

C3

C8

or faster, depending on the chain geometry, which affects thethe t state and the pyrroline ring perpendicular to th&€S
friction opposing such rotations and the degree of bond plane, i.e.ys equal to+85°. These conformers can only undergo
cooperativity in the barrier crossing. We can see that intercon- oscillations about the minima of the torsion potential. The
versions involving theys andy; dihedrals are predicted to be  characteristic frequencies of such motions, calculated according
very slow by virtue of the high barriers and the large friction to eq 14, range from 207! to 10t s71 and, given the small
accompanying the displacements of bulky chain portions. Higher amplitude of motions, are expected to have scarce effects on
rates are obtained fop andy, rotations because lower barriers  ESR line shapes.

have to pe crossed. The latter are pred|cted_ to be about 1 (_)rder C. Order Parameters and Partially Averaged Magnetic

of magnitude faster than the former, and this can be explained tensors Order parameters for the spin label orientational
by considering that they produce displacement of a smaller chain yjq i tion and magnetic tensors partially averaged by the chain

pprtmnf, :Rerefore the%/ are chatragte[)lzed by :owelr f”Ct'Obn' Ind motions of the spin labels R1 and R2 are reported in Tables 4
]Yc')fw 0 t?aﬁrsgtggznssrgri?g:je ha_lcr(])ve(,) (;3 go?rezwce); q ?;2 and 5, respectively. The Cartesian representation is used; the
bar)rciﬂ)rﬂgct)m ariallble tcl) thaFt) fog| ,Wtr;ns\il'\[/iol;ls An ; as a relationships between irreducible spherical and Cartesian rep-
P Xbla=g Hons. Anyway, resentation are reviewed in the Appendix, together with some

consequence of the relatively low friction, high rates are e
general definitions. Table 4 reports the order parameters

predicted forys jumps. calculated for a few representative cases. Capital letters are used
The 4 andys dynamics occur on the time scale of standard for the reference axes of the so-called ordering frame (SF),

X-band ESR; therefore, it should hav reciable effi n .
band ESR, therefore, it should have appreciable effects o whereas small letters are used for the molecular axes, which

line shapes. Thg, andys transitions are expected to be much d 1o th di £ th ic f )
less effective, not only because they are slower, but mainly correspond to the coordinate axes of the magnetic frare;

because the large amplitude chain displacements they would? IS along the N-porbital andx = xy is parallel to the N-O

produce are likely to be sterically hindered in thehelix bond. Using liquid crystal terminology, the, Y, andZ axes

environment. If such transitions are ignored, the 18 conformers ¢an be denoted as “directors”. S, with K = X, Y, Z, gives

of R1 can be grouped into four independent blocks, each the degree of alignment of they axis to theK director. The

containing four rotamers connected Jy and ys transitions: S* order parameter, with = x, y, z, accounts for the

(C1—-C4), (C5—C8), (C9—C12), and (CE&18), in addition alignment of thath magnetic axis with respect to tfzedirec-

to a block of a pair of conformers, interconverting only through tor. According to the usual convention, in the ordering frame,

x5 jumps (C13 and C14). we shall denote aZ the axis with the highest order param-
If the same considerations are applied to the R2 spin label, eter, i.e., the axis to whictzy preferentially aligns. If the

10 noninterconverting conformers are found, all havingn orientational distribution of they axis, produced by chain
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TABLE 4: Order Parameters for the Orientational Distribution of MTSSL Produced by the Side Chain Motions, Calculated
for Selected Conformers atT = 298 K, under Different Conditions?

conformer S, S S. S Sy Sy Se S.

ci13 —0.44 ~0.37 0.81 —0.44 ~0.38 0.02 ~0.01 0.01

C13-C14 ~0.44 ~0.24 0.67 ~0.37 ~0.30 0.09 ~0.01 ~0.01 (@)
C13-C14 ~0.44 0.03 0.47 ~0.30 ~0.17 0.19 ~0.01 0.01 (b)
ci-ca ~0.28 ~0.22 0.51 ~0.25 ~0.26 0.14 ~0.05 0.02 @)
ci-ca ~0.23 ~0.12 0.35 ~0.20 ~0.15 0.22 ~0.05 0.01 (b)

aTheX, Y, Z axes are the so-called directors. For C13, only torsional oscillations are assumed, whilef&@1218nd C1—C4, conformational
jumps are also taken into account, as explained in the text. Labels denote different choicegdpi-thaistribution. (a) Gaussian distribution of

root-mean-square amplitudéys)®*? = 20°; (b) distribution in the range @ +120° under the torsional potential shown in Figure 3D.

TABLE 5: Magnetic Tensors Partially Averaged by Side Chain Motions, Calculated for Selected Conformers of MTSSL af =
298 K, under Different Conditions ( Same as in Table 4)

conformers Oxx Ovy Ozz Axx Avy Azz Axy Axz Avz
C13 2.00767 2.00561 2.00275 7.74 8.46 32.00 0.47 —0.06 —-0.10
C13—-C14 2.00708 2.00580 2.00315 7.56 11.32 29.32 —0.12 —-1.14 —0.02 (a)
C13—-C14 2.00710 2.00521 2.00372 7.71 15.35 25.14 —0.03 -1.91 —0.04 (b)
Cl1-C4 2.00628 2.00603 2.00372 11.77 10.43 26.00 —0.004 —-1.21 0.59 (a)
C1-C4 2.00632 2.00557 2.00414 11.86 13.60 22.75 —0.59 —1.65 0.58 (b)

aBoth tensors are expressed in the principal axis systegn he following values before averaging have been assumgd: 2.00803,g,y =
2.00582,9,, = 2.00218,A = 6.42 G,A,y = 5.95 G,A,, = 35.83 G¥

dynamics, has axial symmetry, the relati§ff' = S = — alignment of thexy andyy axes to the director increases with
Si212 holds, and a single director can be considered, i.eZthe increasing amplitude ofs rotations. Moreover, they andyw
director, parallel to th€., axis. For a perfectly rigid chain, the ~ axes no longer correspond to principal alignment directions in

result S = §Y = —1, and 2 = 1 would be obtained, i.e., the magnetic frame.

The first line of Table 4 reports the order parameters calculated for the CC4 set of interconverting conformers.
calculated for the C13 conformer experiencing only torsional Again, torsional fluctuations occur for all dihedrals, with the
oscillations; for theys dihedral, fluctuations with root-mean- ~ additional possibility ofy, and s conformational jumps. For
square amplitude of 122have been assumed, as in the case of th€xslz4=t distribution, the same two choices denoted above as
the R2 spin label. The orientation of tieand Y directors is (@) and (b) have been assumed. Comparison with the results
similar to that shown in Figure 5 for the C2&14 pair. In obtained for the C13—C14 pair shows that the occurrence of
view of the strong confinement of motions, the order parameters %4 JUMps has the effect of reducing not only the degree of order,
are very high, with some biaxiality, i.e., the degree of alignment but also the biaxiality in the distribution of both the ordering

of the N-p orbital in the plane perpendicular to tEedirector and magnetic axes. The orientation of the directors can be
is anisotropic, with a preference of this orbital to lie on ¥ inferred from Figure 5; th& andY axes are roughly parallel to
plane?s the $S—C bond and the €S, bond, respectively.

The effect ofys jumps is illustrated by the results reported ~ 1n€ restricted chain motions are not very effective in
in Table 4 for the C13C14 pair. In this example, all dihedrals ~ 2veraging out the magnetic tensors of the spin probe, as shown

experience torsional oscillations; in addition, conformational N Table 5, which reports the components of the partially
jumps are possible fogs. Two different choices for thgs|,4— averagedg and hyperfineA tensors, both expressed in the
distribution have been considered. In case (a), a GaussianPincipal axis system (PAS) of the former. In all cases, the
distribution centered in the minima of the single bond tor- Partially averagedA tensor is not far from diagonal in the

sional potential is assumed, with root-mean-square amplitude Principal frame of the partially averagedensor, and the axes
of this frame are close to the, Y, Z directors. Again a clear

dependence on the nature and amplitude of the side chain
motions is found. Even conformational jumps, although they
are more effective than torsional librations, are not able to fully

X = . . average out the magnetic anisotropies. Interestingly, as a
potential shown in Figure 3D, is taken into account; analogous ¢,nsequence of the lack of any symmetry in the distribution of
results would be obtained with a Gaussian distribution of root- 1, N-p orbital, the partially averaged hyperfine tensor loses
mean-square amplitudéy.)® *? ~ 35—40°. The orientation of its quasi-axial symmetry.

the directors, which is imposed by the chain geometry, is shown The considerations presented here for C13, for the-€13
in Figure 5; it is similar to that obtained for C13 in the absence C14 pair and for the G2C4 block could be extended to other
of ys jumps, with theZ axis not far from parallel to the;,SC isolated and interconverting conformers, respectively. Because
bond. We can see from Table 4 that the presence of extendedof the change in the chain geometry, the orientation of the
x5 motions has a twofold effect. One is that it reduces the ordering frame (SF) in the molecular frame (AF) depends on
orientational order, and the decrease is greater as the amplitudehe conformer, but both order parameters and partially averaged
of fluctuations is greater about the minima of the torsional tensors are similar for all isolated conformers on one side, and
potential. On the other side, it increases the biaxiality of the for all blocks of interconverting conformers on the other side.
distribution: the N-porbital is more and more confined on the In the context of ESR line shape analysis, order parameters
YZ plane, i.e., perpendicular to the-SC bond. Considering  or coefficients related to them are often introduced to specify
now the sz values, we can see that also the difference in the motional restrictions experienced by the spin probe, and in

(6x2)*M? = 20°; this value is estimated from the curvature in
the minima of the torsional potential, Figure 3D. In case (b),
wider oscillations are allowed: for each minimum, the full
distribution in the range Vto 4+120°, under the torsional
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Figure 6. ESR spectra at different frequencies calculated for the R2 spin probe with partially averaged magnetic tensors, undergoing overall
rotational diffusion with an isotropic diffusion coefficieBy = 10® s%. Top: the partially averaged tensors reported in Table 5 for C13 have been
used. Bottom: axial partially averaged tensors have been used, which have been obtained from the values reported in Table 5 for C13, taking
indenticalX andY components, equal to the mean of the valMeend Y values appearing in the Table. The examples correspond to 9.4, 95, 170,
and 250 GHz from left to right.

general some simplifying assumptions are made. In all cases,bond rotations in a viscous environment, has led to quantitative
axial symmetry of the orientational distributionzf is assumed. insight on amplitude and rates of the side chain motions. A small
At the lowest level, e.g., in the model of diffusion in a cone, number of sterically allowed conformers has been identified,
also the equivalence of the; andyy axes is assumed, and the and the isomerization rates, provided by the kinetic analysis,
single-order parameté&®? = DZ (Q,,) is used. The additional ~ Support the experimental observation of a rather stiff nitroxide
[y tether#6:48.50 Chain motions are described as jumps between
stable conformers and librations about the minima of the chain
potential energy. Rotations around theto x3 bonds are very
unlikely due to the presence of high torsional barriers and/or
steric constraints. So, chain motions relevant for ESR relaxation
can be taken as torsional oscillations of all bonds jarahdys
conformational transitions. The former are characterized by

order parametef? = 2Re DSVZ(QM) is introduced by more
general approaches, which however make the simplifying
assumptions that the principal alignment axes of the magnetic
frame coincide with thew, yu, zv axes, and that any biaxiality
of the zy distribution may be neglectéd-4° The inadequacy
of such assumptions to account for the orientational distribution
of MTSSL spin probes emerges from our study; analogous

conclusions were reached by Budil and co-workers on the basissma” ampllitudes, of the order of 1Qor ea(?h bor!d; for thes
of the analysis of MD trajectori¢®. We speculate that the dihedral, wider fluctuations are possible, with their exact features

features of the nitroxide distribution can influence the ESR line Probably depending on the local environment of the spin probe.
shapes, especially at high frequency. An accurate line shapelNuS; the results of our analysis support the so-callags;
analysis is beyond our present purpose; however, model mod_el, which has been su_ggest_ed by a number of experimental
calculations can be useful to illustrate this point. The ESR Studie$®#¢5tand by MD simulationg?2°
spectrum of a spin label in a protein results from the superposi- In our approach, we have focused on a simple model, which
tion of a variety of motions; for the sake of simplicity, we have can be worked out in detail, and it offers the advantage of an
assumed the fast motional approximation for the side chain easier interpretation of the determining factors of the confor-
dynamics, and other motions are simply modeled as isotropic mational dynamics. Our description of the conformational
rotational diffusion with an effective correlation time. Thus the dynamics of the side chain, although approximate, contains
ESR spectrum can be calculated by solving the Slfer a substantial realistic features, and it has led to some rather general
rotating body with partially averaged magnetic tensors. Figure results on the geometry and kinetics of such motions. More
6 shows a series of ESR spectra calculated for the C13detailed descriptions can be carried out by ¥3528or Monte
conformer of the R2 spin label at increasing frequencies, with Carlo simulationg2? These techniques can provide a picture
and without account of the biaxiality of order. An isotropic of a spin label in its environment in a given protein, so in
diffusion coefficient has been usdds = 10° s™*. The partially principle, it should be possible to extract from trajectories the
averaged tensors reported Table 5 have been taken for C13; foinformation needed to relate ESR line shape and structural or
the axial case, tensors with identicéandY components, equal  dynamic characteristics of the different labeling sites. However,
to the average of the values reported in the table, have beenour analysis allowed us to single out some key features that
assumed. It clearly appears that, while the 9 GHz spectrashould be considered in applying these techniques for the
obtained in the two cases are hardly distinguishable, the jnterpretation of ESR experiments. Since the relevant motions
differences between spectra become significant at higherfa|| in the nanosecond time scale, there is the obvious require-
frequency. ment that trajectories should not be shorter than tens of
nanoseconds. A less obvious caveat derives from the subtle
features of the averaging of magnetic tensors produced by tether
A conformational analysis has been performed for the flexible motions; in particular, our investigation highlights the impor-
chain of the MTSSL spin label at a solvent-exposetelix tance of the pattern of substituents in the pyrroline ring and
site. Knowledge of the chain energetics and evaluation of steric that of the characteristics of thyg torsional potential. Therefore,
constraints, along with a realistic account of the friction opposing simulations adopting simplified labels cannot provide adequate

IV. Discussion and Conclusions
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information that is useful for the analysis of ESR speéfra; Appendix: Order Parameters
moreover, the parameters appropriate for the spin label, which

ey
are not contained in the available force fields, need to be The order parameter®; (Q) defined in eq 17 are com-
accurately assessed. plex scalars, quantifying the degree of order which characterizes

the distribution of magnetic axes (MF frame) in the AF frame,
produced by side chain motions. The two indigesndk have
different meaning; they refer to a frame fixed in the protein
and another frame moving with the magnetic tensors, respec-
tively.3” This point will be illustrated by some considerations.

The results of our analysis can be exploited to introduce the
features of the spin label structure and dynamics into the
framework of a line shape theory. Such a study is presented in
a companion papéf.However, here we simply summarize the
implication of the results of our investigation for the interpreta- > ) o
tion and the simulation of ESR spectra. We have found that, in  1"e componentdy; (<) specify the distribution of the
general, the simultaneous presence of different conformers,Magneticzy axis in the AF frame. Going from the irreducible
undergoing different motions, has to be taken into account, SPherical to the Cartesian representation, we can write:
Conformational transitions for the R1 spin label have charac- —

teristic times of the order of 1 ns or slower for a protein in St= DS’O
water; onlyys4 andys jumps are fast on the time scale of X-band o
ESR experiments, whereas at higher frequencies, the shorter SX— §Y=ReD? Jv6
experimental time scales render the fast motional limit as T
questionable, even for such motions. Torsional oscillations occur s;<2\/= — V32 Im DSO
over time scales shorter than about a nanosecond, and especially '
in view of their small amplitude, they are likely to fall in the SZ=— 32 ReD? .
fast motional regime, even at higher frequency. z 10
We have seen that chain motions produce a limited extent of YZZ= V312 Im Di 0

averaging of magnetic tensors, especially when only torsional
oscillations are possible. An anisotropic orientational distribution
of the N-p orbital has been obtained, which is not surprising
for the five-bond side chain of MTSSL, under the further
constraints deriving from the presence of théelix backbone
and the tails of the nearby residues. Namely, in the case of an
alkyl chain, it is well-known that, due to the geometrical bond
constraints, conformational motions cannot produce an isotropic
distribution of the terminal end unless the chain is very |5#1. LY : -
The presence of three ordering axes, characterized )t/)y%?jfi?)ferentgame’ SF n F|gure 2.)' who;e axes are demgnedwmtors.
degrees of order, emerges from the analysis, in contrast to the or a generic orientational ql|str|but.|on of “?'@ axis, the three
common assumption of axial symmetry of the orientational prmqpal v)?lu_es SYfSZ_Z are czjlfferent, for a>§|a| symmetry, the
distribution in the protein diffusion frame, e.g., in the popular re!atl_on @; ez T _§2/2 holds (having chosen th&
model of diffusion in a coné?5*As we have shown, biaxiality principal axis parallel tC.).

in the ordering could have have nonnegligible effects on line  The D} (R, components specify the distribution of tiZe
shapes at high frequené$® moreover, it might influence the  director in the magnetic frame. The following relations hold
distance distribution between pairs of nitroxides in doubly between Cartesian and irreducible spherical components:
labeled system&>’

whereS (K, | = X, Y, Z) are the elements of a second-rank,
traceless tensor {S+ S + S;7 = 0), usually denoted as the
ordering tensor. The value (ﬁfZK gives the degree of order of
the zy axis with respect to th& axis, with—0.5 < Sy < 1;
S& = 1 for perfect alignment ofy to theK axis, whileSs =
—0.5if zy is perfectly ordered perpendicular to teaxis. The
ordering tenso6,;is generally expressed in its PAS (ordering

A significant difference between the R1 and R2 spin labels S¢— S, =ReD3/v6
has been found, which could be exploited for different purposes. .
For R1, rotamers with different mobility are simultaneously §y2= V312 Im D2,
present, and nontrivial effects on ESR spectra are expected. The T
presence of the methyl substituent at the 4-position of the s&f: — 32 ReDSl
pyrroline ring reduces the conformational freedom in R2, so '
only noninterconvertingconformers are possible. Because the %ZZZ — V32 |m¥1

torsional oscillations experienced by such conformers are shown
to have just small averaging effects on the magnetic tensor, an
are similar for all conformers, a smaller impact of the chain
dynamics on EPR spectra is predicted. In this respect, R2
appears to be a more suitable spin label to probe the protein
dynamics. On the other hand, the higher mobility of R1 can

make it a more sensitive probe of the environment.

dAgain, St (ki = xw, yu, zv) are the elements of a second-rank,
traceless tensor, which accounts for the alignment of the
magnetic axes to thé director. The value of; quantifies the
degree of alignment of thieaxis to theZ director, and—0.5 <

S < 1; S = 1 for perfect alignment of th& axis to theZ
director, while S = —0.5 if the k axis is perfectly ordered
perpendicular to th& director. In general, the axes of the
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