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Abstract Analysis of saturation recovery data from spin-labeled proteins is
extended to include the amplitudes in addition to the recovery rates for two-site
exchange. It is shown that the recovery amplitudes depend strongly on the exchange
rate between states as well as their populations and this dependence provides a
simple criterion to identify exchange rates in the 10-1000 kHz range. Analysis of
experimental SR relaxation curves via the uniform penalty (UPEN) method allows
for reliable identification of single, double, or other multiple-component traces, and
global fitting of a set of relaxation curves using both relaxation rates and amplitudes
determined from the UPEN fits allows for the estimation of exchange rate in the
above domain. The theory is tested on simple model systems, and applied to the
determination of conformational exchange rates in spin-labeled mutants of T4
Lysozyme and intestinal fatty acid binding protein. Finally, an example of T)-
weighted spectral editing is provided for systems in the slow exchange limit.

1 Introduction

Structural fluctuations of proteins on ps—ms timescales are fundamental to protein
function, and may account for allostery [l, 2], promiscuity of protein—protein
interactions [3, 4] and rapid kinetics of protein—protein recognition/binding [5, 6], as
well as playing a key role in the evolution of protein function [7]. To reveal the role
of protein dynamics in function, it is essential to have experimental tools to explore
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both the amplitude and timescales of motion under near-physiological conditions.
Site-directed spin labeling (SDSL) electron paramagnetic resonance (EPR) spec-
troscopy using the nitroxide side chain R1 (Fig. 1) is well suited to report on protein
motions on the ps—ps timescale regardless of system size or complexity, including
membrane proteins in their native lipid environment [8]. Continuous wave (CW)
EPR spectra are sensitive to motions of the nitroxide in the time window of ps—ns,
which corresponds to backbone fluctuations in proteins. Thus, CW spectra of R1 can
directly reveal backbone dynamic disorder and estimate the amplitude of motion
[9-11]. However, the spectra contain no information on dynamics in the important
ps—ms range characteristic of conformational exchange, as this is far removed from
the ps—ns time window of CW EPR spectroscopy. On the other hand, pulse
saturation recovery (SR) and electron—electron double resonance (ELDOR) EPR of
R1 in proteins can reveal dynamics on the =~ 1-70 ps timescale [12, 13], allowing
for characterization of structural fluctuations and conformational exchange in
proteins in a time domain challenging for other spectroscopic techniques [14].

Pulse SR EPR, developed largely by Hyde in the 1970s, employs a weak CW
microwave source to measure the recovery of longitudinal magnetization to
Boltzmann equilibrium following a high-power saturating pulse (Fig. 2) [15, 16].
The characteristic exponential recovery time for a single population of R1 in a
protein is the spin lattice relaxation time, 7). Tys of nitroxide spin labels are
typically in the range from 1 to 10 pus and depend on the rotational correlation time
of the nitroxide side chain in the investigated range of =~0.1-10 ns [12, 17].
Importantly, the CW EPR spectra of R1 in proteins also depend on motions in this
time range that originate in part from internal dynamic modes of the side chain [10].
Modulation of these internal modes by interactions of the side chain with the local
protein structure is thus reflected both in the EPR spectra and 7. For example, if R1
is located at a protein site where it has strong interactions with the surrounding side
chains or backbone, the CW spectrum will reflect the immobilization with broad
spectral components and the 7 will typically be >7 ps. On the other hand, in the
absence of such interactions the spectrum will be characterized by narrow CW
resonance lines and 7| <3 ps [12].

Now consider a protein fluctuating between two conformational substates & and f3
on the pus—ms timescale, and with an R1 residue placed at a site where it experiences
different interactions in the two states. In view of the above considerations, the CW
EPR spectrum will reveal the existence of the two conformations by a two-

~ MTSSL Reagent ™~
CH~cp-SH “HO-225" CH~-S~
: CH ; CH;™S5"Y—
Prot? 2 C") - Prot? 2 ;Zﬁk
(0] N Protein with
6 “R1"Side Chain

Fig. 1 Site-directed spin labeling and the R1 side chain. The number of favorable rotamers and internal
modes of the nitroxide side chain are highly restricted due to the interaction of the disulfide with the
backbone in the case of loops and helices [40]
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Fig. 2 Long-pulse saturation recovery. An excitation (“pump”) pulse located at the field position of
maximum intensity in the EPR absorption spectrum (see inset) causes saturation of the electron spin
system. Low-power CW detection (“CW observe”) at the same field position records the exponential
signal recovery. The “defense pulse” is required to protect the detector electronics, and as such, the
earliest time-points of the recovery signal that begin at the “true” ¢ = 0 are not recorded

Fig. 3 Conformational equilibrium revealed in CW EPR spectra. a A two-component first-derivative
EPR spectrum (fop black trace) of a spin-labeled protein in which the nitroxide experiences different
interactions in two conformations in slow or intermediate exchange. The fast motion (bottom red, «) and
slow motion (bottom green, ) traces are the individual components resolved by spectral simulations and
the dashed black (middle) trace is the total simulation lineshape. b The corresponding absorption spectra
obtained by integration. Note that the magnetic field at maximum absorption of the two components is
offset due to differing effective g-tensors of the two dynamic components (color figure online)

component lineshape (Fig. 3). Averaging of the a and P spectral components will
only occur with exchange on a timescale short compared to the difference in their
spectral frequencies, which is typically only a few nanoseconds for X-band EPR
(i.e., an order of magnitude or more shorter than the conformational exchange
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1318 M. D. Bridges et al.

timescale) [18]. In principle, spectral averaging could occur due to rotational
diffusion of the entire protein, but for proteins of molecular weight greater than 30
kD, the rotational correlation times are too long to produce complete spectral
averaging.

The intrinsic T;s of the nitroxide in these two motional states will be different
and the saturation recovery signal detected at the center line (spectral absorption
maximum) of the spin label will in general be bi-exponential. Differentiating bi-
exponential from mono-exponential saturation recovery curves—particularly in
cases of poor signal-to-noise—can be challenging. One strategy involves fitting the
SR data to a selected model that has one, two, or more exponentials and evaluating
the residual trace (e.g., see Figs. 7c, 8c of Ref. [12]). An alternative approach is the
uniform penalty (UPEN) method [19, 20] which has been extensively used in fitting
NMR relaxation data (for example, [21, 22]) and more recently for analyzing EPR
relaxation data from SR [23]. UPEN fits the experimental recovery curve to a set of
differentially weighted exponential recovery curves across a range of Tis. The
fitting output is a band-limited semi-continuous distribution of relaxation time
constants used to generate the recovery data. Thus, UPEN analysis produces a
distribution of relaxation times without preexisting assumptions regarding the
number of exponentials or functional form of the distributions; as such, it is a
‘model-free’ fit [19, 20]. High signal-to-noise (S/N) is important in any analysis of
exponential data. The S/N of an SR relaxation increases with increasing power of
the observing CW microwave source, but at the expense of perturbation of the
relaxation rates [24]. However, relative component amplitudes are found to be
independent of observing power for the powers employed in this study.

In the present study, UPEN analysis is employed to analyze high S/N (>100) SR
curves obtained from spin-labeled proteins. For the systems studied here, bi-
exponential relaxations are expected (but not assumed). Indeed, all relaxation curves
obtained are well-fit with two relatively narrow distributions of effective T;s, and
the area of each distribution is proportional to the relaxation amplitude of the
corresponding component. The inclusion of amplitude data in the analysis is a novel
aspect of this study, and proves to provide a more robust fitting for extracting
exchange rates than the use of relaxation rate data alone. Allowing for distributions
of T's rather than discrete values is physically realistic considering the microscopic
heterogeneity of the local environment around the nitroxide in any conformation.
However, the distribution widths resulting from UPEN fits are influenced by the
choice of penalty parameters, and no attempt is made to relate them to details of the
structure, nor are they employed in any aspect of the analysis (see Sect. 6).

2 The Two-Site Exchange Model

Consider again the aforementioned two-substate fluctuating protein, which explores
the exchange equilibrium a < B. The expected forward and reverse rate constants
kyp and kg, are related to the average exchange lifetime 7., according to
Tex = (kap + kﬁ“)fl. In the limit of slow exchange on the nitroxide 7 timescale,
the exhibited time constants of the two exponential recoveries are simply the
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intrinsic spin lattice relaxation times of the two nitroxide states, T, and T, as
—1 1|p-1 —1
Tex < 2 |:Tlo:,() - Tlﬁ,0i| .

In the fast exchange limit where 7,,! > 1 [Tﬂxlo - Tl_/fl.O] , the relaxation is a single

exponential with a weighted average recovery constant defined by

1 fa{ 17fu . . .
o=t Miser where f, is the fractional population of the a state. Note that

simple rotameric exchange of R1 can give rise to multicomponent CW-EPR spectra,
but apparently lies in the fast limit (tex <1 ps), and so it is distinguishable from true
conformational exchange by SR-EPR [12].

In the intermediate case where ‘E;(l ~ % [Tﬂ}o — Tf/;l‘o] , it was shown that analysis
of time constants from a set of saturation recovery curves obtained in the presence
of different concentrations of a paramagnetic relaxation reagent (RA) could be used
to confirm intermediate exchange, and under ideal conditions, estimate the exchange
lifetime [12]. The purpose of the exchange reagent is to vary the apparent relaxation
times for the nitroxide via Heisenberg exchange (HE), which differentially shortens
the relaxation rates by an amount equal to the collision rate of the nitroxide with the
RA. The nitroxide side chains in states o and B generally have different solvent
accessibilities, and hence different HE rates for a given concentration of RA. This
general strategy was introduced by Kusumi et al. [27] for analysis of lipid exchange
between membrane domains. In principle, this approach provides a sufficiently large
data set to extract exchange rates from the set of unknown parameters that include
the intrinsic 7s, the apparent solvent accessibilities of the nitroxide in each state,
and the exchange lifetime. The theoretical hallmark of intermediate exchange is a
nonlinearity in the plot of measured relaxation rates vs. RA concentration, but the
curvature in such plots is very subtle and the method is only useful for reliable
quantitation of exchange rates with extremely high quality data over a large range of
RA concentrations. Nevertheless, SR data were shown to clearly discriminate fast
from slow and intermediate exchange, which is important for distinguishing R1
rotameric exchange from protein fluctuations [12].

A main result of the present analysis is that in general SR amplitudes are not only
functions of the populations of states, but also of the exchange rate constant and the
RA concentration, and that the RA concentration dependence of the amplitude
provides a simple and robust means of identifying cases of intermediate exchange
on the ps timescale. SR amplitudes and rates are shown to have different
dependencies on RA concentration, and using both relative area and rate data in a
global fitting procedure of UPEN-analyzed SR data at various RA concentrations
introduces additional constraints on fitting parameters that allow a significantly
more reliable determination of exchange rates.

3 Theoretical Considerations
3.1 Inclusion of Relaxation Amplitudes in SR Exchange Measurements

In the following, modifications of the basic equations for saturation recovery curves
are introduced to account for the amplitudes of the recovery signal as well as the
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rates. This derivation follows that given in Bridges, Hideg and Hubbell (hereafter
referred to as “BHH”), except for the inclusion of quantities that relate signal
amplitudes to spectral lineshape, and the reader is referred to that publication for
details [12]. For an analysis that includes experimental recovery amplitudes, it is
essential that complete saturation of the spin system be achieved by the pump pulse,
and that the time origin of the recovery curves be referenced to the true zero,
immediately following termination of a pump pulse (see Sect. 4 and Fig. 2); all
expressions given below assume this to be the case.

As in BHH, we consider exchange between two protein conformations o and f§ in
which the nitroxide has resolved spectral components. The {1/2,—1/2} spin states
of the unpaired nitroxide electron in conformations o and B are labeled {1,2} and
{3,4}, respectively. In the SR experiment, the saturating and observing frequencies
are at the same position in the central resonance line (m; = 0) of the nitroxide,
where both o and P resonances overlap but with a small offset due to different
effective g factors of the nitroxides (Fig. 3 and caption). The saturation recovery
signal recorded at this position will thus have contributions from nitroxides in both
states, the intensities of which are proportional to the corresponding population
differences between the spin states:

iy = L{(n1 —ny) — (N1 — N2)}, (1)
ig = lp{(n3 — na) — (N3 — N4)}, (2)

where n; and N; are the instantaneous and equilibrium numbers of spins per unit
volume, and /, and /g are the empirical constants for a given field position and a
given set of instrumental parameters that relate the spin concentration to the spectral
intensity. Note that /, and /g will differ due to resonance lineshape differences, e.g.,
a broad resonance line will have a lower intensity than a narrow line for the same
number of spins.

The total saturation recovery signal is

ISR = pP1iy + Paip, (3)

where p, and p, are the fractions of maximum signal amplitude contributed at the
observe field position by the o and P spin populations. These two parameters
account for the offset of individual resonance maxima relative to an arbitrary
observe position. Thus, combining (1) through (3),

isR = pila{(m —n2) — (N1 = No)} + palp{(n3 —na) — (N3 —Na)}. (4)

With these modifications and by following the derivations presented in BHH, the
SR signal is

l(t) :Afef(XﬁLYﬁLZ)t +Asef(X+Y72)t’ (5)

where the relaxation rate constant for the first term (X + Y + Z) is larger than that
for the second (X + Y — Z); each recovery component is preceded by a pre-expo-
nential amplitude, A (fast state, o) and A, (slow state, B), respectively. Contained
within these terms are the experimentally determined spin lattice relaxation rate
constants (W,, Wg), the mole fractions of states a and B (f;, f3), the exchange rate
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constant (k), a Boltzmann population ratio (c), the total spin concentration (Cio),
and the aforementioned parameters /,, Ig, p{, and p,. Assuming complete saturation
at time ¢ = O after the pulse, the above terms are explicitly defined by

Af:—(5+%), (6)
A=—(s-2), (7)
5= () (ot + patifi1 = £). ®)

V= (cgt0t> (X = Y)(pilufs — palgfu(1 = £)) = 2k((p1Ls + palp)fo(1 = £2))]

)
1-b
_ 1

Tt (10)
X=W,+k(l—f), (11)
Y = Wg + kf;, (12)
Z:¢m@—mf+%m@—wwu—y@+ﬁ, (13)

1
k=3 (ko + kg, (14)
where for Eq. (10) b, = %—: = e (BERT ppy — %—;‘ =e BEBIRT and b, ~ by ~

“b”.

Equations (6) through (14) are the same as those given in BHH, except for the
inclusion of the lineshape parameters [, and /4 in Egs. (8) and (9) that contribute to
the recovery amplitudes. In BHH, lineshape differences between states o and f§ were
ignored, and the simplification p; = p, = 1 was made. This had no consequences
for the conclusions of that study because for the analysis of SR rates alone lineshape
differences and degree of spectral overlap are unimportant (i.e., Iy, lg, p;, and p, do
not appear in the experimentally determined exponential time constants). However,
for the analysis of amplitudes this assumption is clearly not valid.

In the presence of an added relaxation reagent, the spin—lattice relaxation rates
(W,, Wp) and relaxation times (Ti,ra, Tipra) are dependent on the intrinsic
constants (W0, Wgo, T150, T150), the concentration of RA, and the accessibility of
each site to the RA (j,ra, jgra): i-€.,

-1 -1, ,
Wy = (2T1ura) " = (2T120)  +izra[RA] = Wy + jura[RA], (15)
Wy = (2Tipra) = (2T1p0) " +ipralRA] = Wpo + jpralRAL. (16
It is convenient to introduce the quantities
AW =W, — Wy = Wy — Wpo + (jura —jpra)[RA], (17)
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1322 M. D. Bridges et al.

AWy = W, 0 — W, (18)
Aj = jurA — jpRA, (19)
B = AW + k(1 — 2f,). (20)

With these definitions, expressions for the quantities X, Y and Z diverge from
those given in BHH, and

X —Y = B+ Aj[RA], (21)

Z =X Va1 - ) =\ (B+ ARAV+HARL(T—f)). (22)

It is useful to normalize the SR amplitudes to remove their dependence on total
spin concentration,

Af 1 Vi
Ay = :7(1 —), 23
N A A 2 5z (23)
Ay
Ays = —— =1 — Any. 24
N Af+Av N ( )

Combining Egs. (8), (9), (21), and (22), the normalized fast component
amplitude, Eq. (23), can be re-expressed as

Ay =1 14— _(B+ARADD - 2% -
2 \/ (B 4 Aj[RA]) 44K, (1 — f;)
where

_fimr(—f2)

T fiAr(1=f) (26)
_ (4060 -f)
E= i —f) (27)
_Palp

o (28)

When exchange between the two states is in the slow limit (i.e., when k = 0), Ayr
is simply related to the fraction of the more mobile component, f,, and r by

R
) = ) T T el - )

which is simply equal to f, when r = I(i.e., assuming the same lineshape and
perfect spectral overlap), as discussed in BHH.

In the ratio r, the p; and p, parameters account for the offsets of resonance
maxima relative to an arbitrary observe position, and are simply the fraction of
maximum amplitude at the observe position. In practice, the observe position is at
the maximum of the central resonance line, which is generally determined by the
narrow resonance of the more mobile component (state «) and so that p; = 1. The

(slow exchange), (29)
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offset of the P resonance from this position is determined by differences in g factor,
and is small at X-band; under any condition the relatively broad resonance of the
immobilized B spins justifies the assumption that p, ~ 1, and hence r =~ Ig/I, with
little error. In any case, values for p; and p, can be directly determined from
spectral simulations and/or field-swept SR-detected (FSRD) absorption spectra, as
discussed further below. For generality, the p factors are retained in the expressions.

3.2 The [RA]-Dependence of Ay in Systems of Intermediate Exchange
The normalized SR amplitude of the fast relaxing component, Ay, depends in

general on the RA concentration. The nature of this dependence is revealed in the
first derivative of Ay; with respect to the concentration of RA,

2kDf, (1 — f,) + E(B + AJ[RA])

)|
((8+ ARA+4025,0 — 1))

dA
AN Al = (kA))

d[RA] (30)

Apparent from Eq. (30) is the fact that normalized SR amplitudes of spin-labeled
protein samples are affected by the relaxation agent concentration only in select
cases. For example, in the slow exchange limit (i.e., as k — 0) A}Vf — 0 and the pre-
exponential amplitudes of a slow exchange system are independent of relaxation
agents such as Nickel (II) EDDA (“NiEDDA”) or oxygen. The derivative A;Vf is
also zero when there is no differential accessibility between the two states of the
nitroxide (i.e., whenever Aj = 0). However, it has been shown for a large database
that R1 mobility and accessibility are directly correlated, i.e., an immobilized
nitroxide is less accessible than one with high mobility [28, 29]. Therefore, for cases
where SR is suited to study exchange, i.e., where the nitroxide is in exchange
between states of relatively high and low mobility, it is likely that Aj # 0.

In intermediate exchange and for Aj > 0, A;\(f is always positive. At high
concentrations of RA, the slope A;Vf approaches zero, and the normalized amplitude
approaches the value expected for the slow exchange limit. The RA concentration-
dependent behavior of Ay for various exchange rates is illustrated in Fig. 4a, and
provides a simple and robust test for intermediate exchange in two-component
systems: if Ayy is invariant to the addition of a relaxation agent, the system is in the
slow exchange limit, otherwise, its exchange lifetime lies in the ‘intermediate
regime’ with an approximate dynamic range of 1-100 ps (Fig. 4a). A particular
feature of the plot is that the normalized amplitude of the fast relaxing component is
under-represented compared to the analytical concentration of spin in that
component.

For comparison, Fig. 4b shows the dependence of the relaxation rate for the fast
relaxing component (W = X + Y + Z, Eq. (5)) on RA concentration. Unlike the
trend for Ay, the rates always depend on RA concentration. In the slow exchange
limit, the dependence on RA concentration is strictly linear with a slope equal to the
accessibility jr. Although there is a relatively strong variation in Wy with k in the
range of 50-500 kHz at any RA concentration, such variation is of little use in
identifying intermediate exchange without prior knowledge of the intrinsic 7;s of
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Fig. 4 Simulated relaxation (a) 0.8
rates illustrating the dependence Lo
of normalized fast amplitudes 1 Slow Limit }(;(Elﬁz
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Eq. (25). b The dependence of
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rate constant, X + Y + Z, on RA
concentration as predicted by
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the components (i.e., in the absence of exchange and added RA). It is worth noting
that in some cases reasonable estimates of the intrinsic 7;s can be made from
nitroxide mobility determined from simulations, and an estimate of k can be made
from these data and experimental values of Wy [12]. However, the presence of
intermediate exchange can only be rigorously discerned by the nonlinearity of the
plot [12], which is weak as indicated by the straight dotted line for the case for
500 kHz exchange rate. This small deviation from linearity makes its detection in
experimental data challenging, therefore rate analysis alone is often insufficient for
the identification and quantification of intermediate exchange.

3.3 T;-Based Spectral Editing in the Slow Exchange Limit
In the slow exchange limit, the amplitude of relaxation for a given 7} in a bi-
exponential relaxation curve is simply related to the population of spins with that T}.

If SR data is collected as a function of magnetic field across the spectrum, the
individual amplitudes will provide the contribution of each component to the
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spectrum. Thus, if the T)s for the two states are sufficiently different, individual
contributions to the CW spectrum from the two components can be deduced at each
field and the individual spectral lineshapes resolved. One example of this FSRD
spectral editing is illustrated in Sect. 5.2.

4 Experimental Methods
4.1 Preparation of Spin-Labeled Proteins
4.1.1 T4 Lysozyme 118RI1, 130R1, I31IRI1, and 121A/133A/130R1

The pseudo-wild-type T4L construct (pHSeS5) containing the substitutions C54T and
C97A was a generous gift from F.W. Dahlquist (University of California, Santa
Barbara, CA). Preparations of the mutants of T4 Lysozyme (T4L) and the protein
purifications have been previously reported [9, 30-32]. Spin labeling was conducted
for 30 min at room temperature at tenfold molar excess of (l-oxy-2,2,5,5,-
tetramethylpyrrolinyl-3-methyl)-methanethiosulfonate (a gift of Kalman Hideg,
University of Pecs, Hungary) in buffer (50 mM MOPS, 25 mM NaCl at pH 6.8).
Excess spin-label reagent was removed using a HiTrap desalting column (GE
Healthcare) and the protein was concentrated using Amicon Ultra 10,000 MWCO
(Millipore).

4.1.2 Apo-rI-FABP 75R1

The wild-type rat intestinal fatty acid binding protein in plasmid pET11d (Novagen,
Madison,WI) was a generous gift from Alan K. Kleinfeld (Torrey Pines Institute for
Molecular Studies, San Diego, CA). The preparation, expression, purification, and
spin labeling of the 75C mutant have been previously reported [33].

4.2 CW and Saturation Recovery
4.2.1 General

All samples were prepared such that their final spin-labeled protein concentration
was between 250 and 500 pM. To slow rotational diffusion of the protein, samples
contained 30% w/w sucrose. Nickel (II) EDDA was synthesized according to [34].
All sample spectra were recorded in a nitrogen atmosphere at a controlled
temperature of 298 K. Samples (3—6 pl) were loaded into a gas-permeable TPX
capillary (methylpentene polymer, inner diameter of 0.6 mm, Molecular Specialties
Inc., Milwaukee, WI, USA). Temperature and atmosphere around the sample during
measurement were controlled by the commercial Bruker temperature control unit,
which employs nitrogen flow from a liquid nitrogen boiler and heater apparatus. All
samples were equilibrated with a nitrogen atmosphere for at least 15 min to ensure
no relaxation effects due to the presence of ambient oxygen.

@ Springer



1326 M. D. Bridges et al.

4.2.2 CW EPR

CW EPR spectra were recorded at X-band on a Bruker E-580 spectrometer fitted
with a two-loop one-gap resonator (Medical Advances, Milwaukee, WI, USA) over
a field range of 100 G, at 2.0 mW incident power, a modulation frequency of
100 kHz, and a modulation amplitude of 1 G [35]. Note that none of the NIEDDA-
containing samples exhibited exchange broadening effects detected by CW EPR in
the concentration range of 0—1.5 mM.

4.2.3 SR EPR

SR data were collected on a Bruker E580 spectrometer fitted with a Stanford
Research Instruments amplifier (Part #SR445A) in place of the video amplifier
originally supplied with the spectrometer. Data acquisition was under the control of
Bruker-supplied software, and selection of parameters for the long-pulse experi-
ments followed the general guidelines provided by Hyde [36, 37]. In all SR
experiments, a 250 mW pump pulse provided by the electron—electron double
resonance (ELDOR) source was used. For all mutants, a 4 ps pump pulse was used
to ensure complete saturation of both spectral components. A 200 pW CW observe
power was used with detection set to the same frequency as the pump pulse. This
observing power is sufficiently high to shorten the relaxation times, but this does not
influence the amplitude ratios or global fitting of the SR data to determine exchange
rates; higher observe power does significantly reduce data acquisitions times
[24-26]. For experiments other than FSRD both the excitation and detection were
performed at the maximum absorbance of the m; = 0 hyperfine line of the '*N
nitroxide spectrum, and the total number of accumulations of each measurement
was 2.10 million over the course of approximately 6 min; each measurement was
independently made three times and signal-to-noise for the individual traces ranged
from 120 to 415 for the different mutants studied. For each mutant at each NIEDDA
concentration, the average trace of the three replicate curves obtained was used in
analysis described below.

Each SR curve was acquired as 2048 points at 50 MHz, with an analog
bandwidth of 20 MHz. Typically 131,072 accumulations were acquired on- and off-
resonance using a 1 Hz field step of 40 G downfield. All SR spectra were phase-
corrected prior to analysis, and the first 238-260 data points (out of 2048),
depending on the sample, were trimmed from the relaxation curves, as these regions
of the spectra included remnants of the instrumental defense pulse at the apparent
t =0 (Fig. 2). The “true time zero” of the relaxation curve was determined from
the amount of trimmed data and known pulse timing sequence, i.e., lengths and
positions of saturating and defense pulses (Fig. 2). For the Bruker E5S80 and loop-
gap resonator combination used, this time was 280 ns immediately prior to the end
of the defense pulse, which was verified via the system’s transmission monitor
(“TM”). All SR data and UPEN analyses presented herein were corrected for this
true time zero.
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4.3 Simulation of CW EPR Spectra to Determine the Fractional
Populations

To determine equilibrium populations from two-component CW spectra, they were
fit using the microscopic order—macroscopic disorder (MOMD) model of Freed and
co-workers [38]. Starting values for the elements of the A and g magnetic tensors
for solvent-exposed sites were A, = 6 G, A,, =6 G, A, = 37 G, g,, = 2.0078,
8yy = 2.0055, g.. = 2.0023; for buried and solvent-inaccessible sites, A, =5 G,
A, =46 G, A, =355 G, g, = 2.0082, g,, = 2.0065, g, = 2.0023 [39]. The
fitting procedure is described in detail elsewhere [40]. Absorption lineshapes of the
separate components from the simulated fits (as shown in Figs. 2, 3b) were obtained
by direct integration of the CW spectra and the second integrals obtained to
determine the fractional populations of each component (f;, fg) using the data
analysis software Origin (version 7.5, OriginLab, Northampton, MA).

4.4 Analysis of SR Relaxation Curves to Determine Amplitudes
and Exchange Rates

4.4.1 Determination of Normalized Fast Component Amplitudes (A )

Averaged SR curves for each mutant at each NIEDDA concentration were fit via the
UPEN method [19, 20] using a LabVIEW program written in-house (available upon
request) that produces a relaxation time distribution of the form,

ise = 1 — > wiexp(—t/Ti;) + yo, (31)

where yo is a linear offset proportional to the system’s z-magnetization at
equilibrium [25], and T;; spans 0.5-15.5 ps, divided into 256 points, with w; as a
weighting coefficient. Included in the UPEN analysis model are amplitude, slope,
and curvature penalties added to the squared fitting error of Eq. (31), the total of
which is minimized in the SR data fit; for more details regarding the method and
underlying theory, refer to References [19, 20]. The resulting relaxation time
constant distributions from all UPEN analyses of data were bimodal with two peaks
corresponding to the fast and slow relaxing states of each mutant studied. Relative
peak areas, and thus Ays and Ay, values, were obtained via numerical integration
and normalization of the UPEN analysis output and are directly proportional to the
relaxation amplitude of the corresponding component.

4.4.2 Global Fits of UPEN-Analyzed SR Data to Estimate Exchange Rates

For cases of intermediate exchange, identified by curvature of the Ayy vs [NIEDDA]
plot, the exponential relaxation rates and amplitudes are both functions of NiEDDA
concentration, and these values are determined quantitatively from the T}
distributions produced by UPEN analysis; Ayy is determined as the fractional area
of the fast relaxing population, and in the context of the two-site exchange model,
the median peak positions of the UPEN distributions are taken as the relaxation time
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Fig. 5 Ribbon diagrams of the proteins, locations of spin-labeled sites and CW EPR spectra. Spheres atp-
C, atoms identify the spin-labeled sites in the indicated protein. In each case, the experimental spectrum
(black, upper trace) and corresponding simulation (red, lower trace) from which r and f, values were
estimated are shown. For TAL 118R1, the spectrum has been corrected by removal of a small contribution
of free spin label (<1%), which forms due to dissociation of the R1 side chain from the protein (color
figure online)

constants (X +Y +Z)"' and (X+Y —Z)~"' (Eq. (5)). The amplitudes and time
constants are each functions of the parameters 1,0, 10, jx, jg. K, fx, and r, all of
which are expected to be independent of NiEDDA concentration. To estimate
exchange rate constants, the set of amplitudes and time constants obtained from
UPEN analysis for the six NIEDDA concentrations were fit globally by least squares
to this set of shared variables, using the functional dependence of amplitudes and
rates given by Egs. (11), (12), (15)—(27). To reduce the number of variable fitting
parameters, f, and r were determined independently from CW lineshape analysis.
The global analysis was performed using a LabVIEW program (written in-house,
available upon request).

4.4.3 Field-Swept SR-Detected (FSRD) Spectra for Systems in Slow Exchange

For the FSRD experiment, relaxation curves were acquired for Mixture B
(INiEDDA] = 0 mM) at 30 different field positions within the m; = 0 resonance
line. The total number of accumulations at a given field position in the spectrum was
1.05 million over the course of approximately 3 min. For slow exchange, the
relaxation amplitudes are simply proportional to populations and independent of
exchange, and the entire set of relaxation curves were globally fit with least squares
to the bi-exponential function,

A =AreTy) 4 g e=(Ts) 4 4, (32)

with parameters Ay, Ay, and Ay unconstrained, but with 7}, and T}, shared for all
data sets (as the relaxation time constants should not vary with field within a single
spin manifold). The output of the absolute field-dependent amplitudes is plotted as a
function of field to obtain the FSRD spectrum. All relative errors in amplitude
determination from these fits (as 95% confidence intervals) were <5%.

5 Results

To verify the validity of Eq. (25) for the relationship between normalized fast
component amplitude and RA concentration, and to demonstrate the utility of the
result, SR data were obtained for spin-labeled mutants of T4 Lysozyme (T4L
118R1, 130R1, 130R1/121A/133A and 131R1) and rat intestinal Fatty Acid Binding
Protein (FABP 75R1) (Fig. 5). Except for TAL 131R1 and 130R1/121A/133A, the
mutants were selected to represent two-site exchange; each has two components in
both the CW spectrum and the saturation recovery signal, indicating intermediate or
slow exchange on the T timescale.
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(@) T4 Lysozyme

The CW spectra of T4L 131R1 and 130R1/121A/133A are each single
component; that for 131R1 reflects the rapid anisotropic motion typical of R1 at
a solvent-exposed helical surface site (Fig. 5a) [40], while that for L121A/L133A/

@ Springer



1330 M. D. Bridges et al.

130R1 is characteristic of a buried and strongly immobilized site (Fig. 5b). The
mutations L121A/L133A create a cavity in the T4L molecule (shaded gray,
Fig. 5b), and earlier work has shown that 130R1 in the background of this mutant
moves into the empty cavity where it is completely buried and immobilized [32].
Mixtures of these two spin-labeled T4L mutants were prepared to mimic the
behavior of a non-exchanging two-component system, each with a known
population, markedly different mobility (and hence different 7)), and different
RA accessibility.

In the following sections, the above mutants are employed to illustrate the use of
SR recovery amplitude information for identification and analysis of intermediate
exchange on the T} timescale and in spectral editing for systems in slow exchange.

5.1 The [NiEDDA]-Dependence of A 5y for Slow and Intermediate Exchange
Systems

The normalized fast amplitude, Ayy, of a spin-labeled protein system is dependent
on the RA concentration present as well as the exchange regime (Eq. (25)). In
particular, Ayy is predicted to increase with increasing RA concentration for
intermediate exchange lifetimes (~ 1-100 ps), and is independent of RA concen-
tration in the slow exchange limit (Fig. 4a).

To test these predictions, Ayy was experimentally determined from relative peak
areas in UPEN analyses of SR curves as a function of NIEDDA concentration for
systems known to be in the slow and intermediate exchange regimes. To represent a
slow exchange limit sample set, three different mixtures (A, B, C) of T4L 131R1 and
T4L 130R1/121A/133A were employed. The analytical concentration ratio of spins
(131R1):(130R1/121A/133A) for each mixture was determined by fitting the CW EPR
spectrum of the mixture to weighted amounts of the individual spectra and found to be
for A 0.72:0.28; B0.57:0.43; C 0.30:0.70. Figure 6 shows the zero-NiEDDA SR traces
and UPEN fits for these single mutants and three prepared mixtures. Fits to the SR data
and the resulting 5 residuals (left) show the high quality of fit characteristic of the
UPEN method; the UPEN relaxation time distribution plots (right) confirm that the
three mixtures have behaviors that are combinations of those of the two single-
dynamic state mutants. Relative peak areas from the UPEN distribution plots yielded
Any and Ay, = 1 — Apy for each mixture and the values are essentially identical to the
spin concentration ratio of the components as indicated in the figure. Arrows on the
UPEN traces indicate the position of the median 7)s for each population, and
comparison of these values with bi-exponential fits to the same SR data gave excellent
agreement (<0.2 ps deviation).

Figure 7a shows that Ays values for these mixtures are indeed independent of
NiEDDA concentration, verifying the prediction from Eq. (30) when k = 0. For
these samples the expected values of Ay can be calculated using Eq. (29) with the
estimated f, and r values as determined from the simulated spectrum (Fig. 3). For
Mixture A this gives Ays = 0.72, which agrees with the experimental value of 0.72
from UPEN analysis. Likewise, for Mixture B the calculated and measured values
of Ay are 0.57 and 0.58, respectively, and in Mixture C the Axy values are 0.30 and
0.31, respectively.
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Fig. 6 UPEN analysis of SR data for TAL 131R1, T4L 121A/133A/130R1, and “zero-exchange”
mixtures in the absence of NIEDDA. Left SR data (black traces), UPEN fits (red dashed lines), and 5x
residuals (green traces) for the two single state mutants and three non-exchanging protein mixtures
studied. Right UPEN fits output as 7' relaxation time distribution plots, where vertical arrows indicate
average T for each state calculated from peak area, and relative peak areas for the mixtures indicated
were calculated by integration (color figure online)

To explore the dependence of Ay on RA concentration for intermediate
exchange, we selected three spin-labeled mutants for which evidence exists that the
two observed EPR spectral components arise from conformational exchange. These
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(a) Zero Exchange (b) Intermediate Exchange
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Fig. 7 Experimental dependence of Ay on NiEDDA concentration for spin-labeled proteins. a zero and
b intermediate exchange regimes. Data points plotted are from integration of peak areas obtained via
UPEN analysis of individual [NIEDDA]-dependent SR curves, while the dashed lines indicate fits of
these points to the global exchange model (Egs. (5), (23), (25)). Gray shading around the dashed lines
denotes errors in the global fits, propagated from fitting parameter errors, given in Table 1. Zero slope for
Any with respect to NIEDDA concentration is expected for systems of zero exchange, whereas a positive
curvature indicates intermediate exchange (lifetimes 1-100 ps)

proteins are T4L 118R1, T4L 130R1, and FABP 75R1. Spin-labeled site 118 in T4
Lysozyme is categorized as a buried site; the nitroxide side chain has been found to
over-pack the hydrophobic core and destabilize the F helix of the protein [31]. As
such, the two-component CW EPR spectrum is believed to be the result of exchange
between the folded and unfolded states of the short F helix (Fig. 5a) [30]. If the
lifetime of Helix F conformational exchange is on the order of ~ 1-100 ps, then
Any should exhibit a positive dependence on NiEDDA concentration. Figure 7b (left
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panel, top) shows that the normalized fast amplitude for this mutant is strongly
dependent on NiEDDA concentration, and thus we conclude its exchange to be in
the intermediate regime. In this case of intermediate exchange and of those below,
Ay is not simply related to f, and r, but also depends on the exchange rate
(Eq. (29)).

Residue 130R1 resides at a contact site between helices in native T4L (Fig. 5a).
The crystal structure at 100 K shows a single rotamer of R1 but the CW spectrum in
solution has two well-resolved components [41]. BHH investigated T4L 130R1 with
SR and concluded that the residue was in intermediate exchange based on a bi-
exponential recovery and a slight curvature in plots of the relaxation rates (W,, Wpg)
vs. [NiIEDDA]. As predicted for a system in intermediate exchange, Ayy for T4L
130R1 is dependent on NiEDDA concentration with a positive slope (Fig. 7b center
panel).

Residue 75R1 in FABP is in a turn between f strands that cover a putative portal
to the ligand binding site (Fig. S5c). NMR relaxation studies have verified
conformational exchange in this region [42], and the CW EPR spectrum has two
components that are modulated by osmotic perturbation, consistent with confor-
mational exchange [33]. Here, Ays is a weakly increasing function of NiEDDA
concentration, indicative of exchange in the intermediate range (Fig. 7b, bottom
panel, right hand column).

Collectively, the above results are consistent with predictions of Eq. (25), and
reveal the nonlinearity of Ay, with NiEDDA concentration, thus identifying
intermediate exchange.

5.2 Spectral Editing with Field-Swept Saturation Recovery in the Slow
Exchange Limit

Figure 8a shows the experimental CW spectrum of Mixture B containing spin
concentration ratios for [T4L131R1:130R1/121A/133A] of [0.57: 0.43] (black
trace), and the individual components (red and green traces, respectively) that make
up the mixture; an expanded view of the center line, indicated as a rectangle in
Fig. 8a, is shown in Fig. 8b. The differing alignments of the spectra with respect to
magnetic field are attributed to the different effective g-tensors of the nitroxides in
the two environments. Field-swept saturation recovery EPR data were collected at

Fig. 8 Integrated-CW and FSRD absorption EPR spectra for a mixture of T4L 131R1 and LI121A/
L133A/130R1. a The simulated spectrum of Mixture B together with the individual spectral components
obtained from the simulation. b Expanded boxed region around center line from a. ¢ The FSRD
absorption spectrum. The arrows and dashed lines mark the position of the pump and observer
microwave sources (color figure online)
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30 field points across the width of the center line and Fig. 8c shows the resulting
FSRD absorption spectra for the individual components and their sum as determined
from the corresponding amplitudes of the fast and slow relaxing components. As is
evident, there is excellent agreement with the FSRD and CW spectra. The value of
the offset parameters (p) can be directly determined from the FSRD spectra without
recourse to CW-spectral simulations, and in this case, they are clearly in good
agreement. The observer field position (arrow) is essentially that of the sharp mobile
component, so the offset parameter p; = 1 by definition. Due to the breadth of the
immobile component, assuming that p, ~ 1 results in only a small error (p, appears
to be >0.95). In principle, entire spectral lineshapes can be determined from a wide
field scan and the relative populations of the components (f,) determined from direct
integration, but this is a time-consuming exercise.

5.3 Estimation of Exchange Rate Constants

Based on the data in Fig. 7 and other studies, T4L 118R1, T4L 130R1, and FABP
75R1 exhibit intermediate exchange. To extract exchange rate constants, Ay and
relaxation rate information from the UPEN analysis of SR data collected at multiple
NiEDDA concentrations were fit globally as discussed in the Experimental section
to obtain values for Ty,0, T1p0, jx» jp. and k.

In BHH, SR data were fit to Eq. (5) using rate data alone. While this was
sufficient to distinguish fast from slow and intermediate exchange, only in ideal
cases estimated numerical values for the exchange rate constant, k, could be
derived. Despite having high quality SR data at many different RA concentrations,
fitting only relaxation time constants to the model presented in BHH proved to be
problematic due to correlations between parameters and the resulting large
uncertainties; for many cases convergence could not be reached in the fitting
process. Because the amplitudes and rates have a different functional dependence on
the above listed parameters, a global fit of the UPEN analyses—including rates
(from peak positions) and amplitudes (from relative peak areas)—for a set of
experimental SR curves obtained at different NIEDDA concentrations provided
significantly reduced relative errors in the results.

Figure 9 shows the SR data obtained for TAL 118R1, T4L 130R1, and FABP
75R1 at multiple NiEDDA concentrations (black traces) along with the fits from
UPEN analysis (red dashed lines), with excellent agreement between the two. Inset
in each plot are the UPEN distributions (black traces) obtained from fitting the SR
data. From the UPEN fits, a set of Any and relaxation rate values are obtained. This
set was globally fit to the two-site exchange model as described in the Sect. 4.
Table 1 provides the parameters obtained from the global fits to the three zero- and
three intermediate-exchange samples. The Ay values computed from these global
fit parameters are plotted as a function of [NiEDDA] (Eq. (25)) and shown in Fig. 7
as dashed lines, within gray bands that encompass the range of estimated error. The
largest relative error in estimated exchange rate constant seen is for FABP 75R1
(~20%), where the exchange rate constant (17 kHz) is closest to the slow limit for
detection by the SR method (~ 10 kHz) (Fig. 4a); hence the small slope of the Ay
vs NiEDDA concentration plot of Fig. 7b (right panel).
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Fig. 9 [NiEDDA]-dependent
SR relaxation data and UPEN
fits for the three mutants in the
intermediate exchange regime.
aT4L 118R1, b T4L 130R1, and
¢ FABP 75R1. SR data (black
recovery curves) were analyzed
by the UPEN method (fits
plotted as red dashed lines)
yielding the T distributions
plotted in the inset. For each set
of stacked traces (SR and
UPEN) [NiEDDA] = 0.0, 0.3,
0.6,0.9, 1.2, and 1.5 puM, bottom
to top (color figure online)
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Table 1 Determined parameters from global fits of [NIEDDA]-dependent SR curves via UPEN analysis
for multiple spin-labeled protein mutants. Numbers in parentheses represent standard deviations of fitting
parameters

Mutant® Tixo (us)  Tipo (U8)  Jjuni (kHz/mM)  jgn (kHz/mM)  k (kHz) P re

Mixture A 2.8 (0.1) 7.2 (0.5) 100 (5) 15 0 (0) 0.61 0.62
Mixture B 2.6 (0.1) 7.3 (0.6) 95 (6) 2 (6) 0 (D) 045 0.62
Mixture C 29 (0.1) 7.1 (04) 100 (5) 065) 0@ 021 062
TAL 18RI 47(02) 95(1.3) 51 (6) 0 (6) 62() 080 077
TAL 130R1 24 (0.1) 53 (1.0) 173 (14) 51 (14) 77(11) 084 029
FABP75R1 22 (0.1) 6.1 (0.7) 122 (10) 2 (10) 18(4) 059 043

? All samples were studied by SR in triplicate in the presence of six different Nickel (I) EDDA
concentrations ranging from 0 to 1.5 mM

® Relative fraction of state “«”, the more mobile component; determined by spectral simulation and fixed
in these global fits

¢ The ratio “r”, defined by Eq. (28) and discussed in the text; determined by spectral simulation and fixed
in these global fits

The values obtained from fitting for T}, and T} are within the expected range
for the correlation time of the corresponding nitroxide [12], and the accessibilities
are also as expected, i.e., ~0, for buried nitroxides of low mobility and high for
solvent exposed sites.

6 Discussion

The experimental identification of equilibrium conformational exchange in proteins
and determination of the relevant equilibrium constants and exchange rates is
central to elucidating mechanisms of protein function. The method of SDSL-EPR
has distinct advantages of timescale and sensitivity for these purposes [8]. Earlier
work has shown that two-component EPR spectra in proteins containing R1 can
arise either from R1 rotamer exchange [31] or from protein conformational
equilibria. It was further shown that osmotic perturbation [11, 33] and high pressure
[43] EPR can distinguish these possibilities under certain conditions. Perhaps the
most general strategy for this purpose was found to be SR, which revealed that R1
rotamer exchange was in the fast limit, giving a single exponential recovery despite
a two-component CW EPR lineshape, while conformational exchange had a bi-
exponential recovery [12]. Thus, a combination of the above methods can identify
equilibrium conformational exchange with reasonable certainty, and spectral
simulations can provide the populations of states and hence the equilibrium
constants and free energy differences. The remaining challenge for SDSL-EPR is to
determine the timescale for such exchange events, and addressing this challenge
with SR-EPR is the main subject of this report.

To date, SR data for nitroxides in spin-labeled proteins have been analyzed only
in terms of relaxation rates, and for the determination of Heisenberg exchange and
solvent accessibility [44, 45]. For distinguishing fast from slow and intermediate
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exchange [12], rate data alone are adequate. However, the work of BHH and the
results presented above (Fig. 4b and discussion thereof) make it clear that rate data
alone are not sufficient for quantitative determination of exchange rates in the
window of 10 kHz—1 MHz available to the SR method. This situation motivated the
present study to include relaxation amplitudes together with rates in a global
analysis of SR data. Quantitative determination of experimental SR amplitudes is
more demanding than that for rates, and requires a definition of the true r = 0 for the
recovery curve, complete saturation of all spectral components with a pulse long
compared to spectral diffusion processes, and knowledge of the central lineshape
features of the spectra. As discussed below, this latter requirement introduces the
most uncertainty in determination of exchange rates by the SR methods.

An interesting outcome of the analysis presented here is that the exponential
relaxation amplitudes are not directly related to the equilibrium populations of the
states observed in the CW EPR spectra except in the case of slow exchange
(k < 10 kHz), and this criterion cannot be judged from the EPR spectra alone
without SR data. In situations where slow exchange is confirmed by SR, the
equilibrium populations can be extracted from the recovery amplitudes given values
of the lineshape parameter r. For the methods presented here, this could be
considered redundant information because r can be estimated from spectral
simulations which also provide the populations independently. Nevertheless,
comparison of populations determined by direct spectral simulation and fitting of
SR data with input from simulations provides an internal check on the models.

6.1 Dependence of SR Amplitude on NiEDDA Concentration as a Simple
Criterion for Exchange Timescale

The most exciting result of the present study is the simple and robust means to
identify intermediate exchange: For a spin-labeled mutant that yields a two-
component CW spectrum, an initial SR measurement will yield mono- or bi-
exponential curves, which in turn indicates a system in fast or intermediate/slow
exchange, respectively. To further resolve the exchange timescale in the latter case,
Ay from direct bi-exponential fits or from UPEN analysis is plotted as a function of
RA concentration; a non-zero slope discriminates slow from intermediate (10 kHz—
1 MHz) exchange (Fig. 4a). The result of the earlier study of BHH showed that a
nonlinearity in a plot of rates of recovery as a function of RA concentration could
also be used to identify intermediate exchange, but the nonlinearity is weak and
difficult to discern without extremely high quality data over a wide range of RA
concentration (Fig. 4b). It should be noted that exchange reagents other than
NiEDDA can be used to differentially modulate the relaxation rates of the two spin
populations. All that is required is that the “accessibility factor” for the reagent (p
in Ref. [32]) that measures solvent accessibility of the more constrained site of R1
be < 1. NiEDDA generally satisfies this condition due to both its polarity and bulk.
Oxygen has also been used as a relaxation reagent, but the small size and nonpolar
nature result in a much larger accessibility for buried sites. Consequently, there is
less discrimination between the exposed (mobile) and more buried (immobile) states
with respect to collision, and hence modulation of 7;s by HE mechanisms [29].
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6.2 Estimation of Exchange Rates in the 10 kHz-1 MHz Range

As shown in Fig. 4b, the weak nonlinearity of SR rate data on RA concentration
makes fitting the corresponding set of SR recovery curves to determine five
parameters (1,0, 1140, jx» jp. k) problematic [12]. On the other hand, the inclusion
of both amplitude and rate data—which have different functional dependencies on
the parameters—and globally fitting using amplitude and rate parameters from the
UPEN fits to individual relaxation curves provides values for the parameters with
relatively low errors (Table 1).

The largest errors in exchange rate constant may arise from uncertainties in the
value of f, obtained from spectral simulations. Estimates of the uncertainties can be
made by simulating the experimental spectra for known mixtures of T4L 131R1 and
121A/133A/130R1 and comparing the value of f,, thus determined with the known
value. With this approach, the errors are estimated to be <10% for both quantities.
For experimental systems accessible to the SR approach with resolved mobile and
immobile components, f, will typically be in the range of 0.2-0.8. Variation of f, by
10% within this range in the global fitting procedure can result in changes in the
reported values of k by amounts that depend on the value of k; for exchange rates in
the middle of the intermediate range, variations are on the order of 20%. For slow
exchange near the limit of sensitivity, variation can be as much as a factor of two.
Although this is a sizeable uncertainty, it would not result in a fundamentally
different view of the role of dynamics in function. The valuable contribution of the
SR analysis presented here is to define an approximate timescale for exchange in the
10 kHz—1 MHz range—a timescale difficult to access by other methodologies.

7 Summary and Future Directions

A theory for SR amplitudes in systems undergoing two-site exchange is presented,
and reveals that the amplitudes depend on more than just the relative populations of
the states involved. In particular, the normalized amplitude for the fast relaxing
component (Ayy) depends on the exchange rate, and in the presence of exchange, is
under-represented relative to the true population; the main points of the theory are
confirmed experimentally in spin-labeled proteins. The strong dependence of Ay on
exchange rate provides a robust and simple test for intermediate exchange in the
range 10 kHz—1 MHz, and for this application high observing power can be used to
substantially reduce data acquisition time. Global analysis of both SR amplitude and
rate data permits quantitative evaluation of the exchange rate constant in the above
time domain, a timescale difficult for other methodologies.

Recent advances in microwave arbitrary waveform generator (AWG) technology
make possible the shaping SR-ELDOR excitation pulses, such that pulse length
(time) and frequency span (bandwidth) are no longer inversely coupled within the
Fourier bandwidth limit. Using sculpted ‘chirp-pulses’ ensures perfectly rectangular
pulse excitation bandwidths for long-pulse SR experiments, while Gaussian shaping
allows narrow-bandwidth short pulses with minimal leakage of excitation power to
elsewhere in the spectrum. This yields significant advantages for motional
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dynamics, spectral editing, and collisional exchange SR-ELDOR studies and
evaluation of different pulse shapes for use in these experiments is currently
underway.

An important advantage of the SR methods described herein for SDSL is that
they can be applied without modification to examine dynamics of conformational
exchange in membrane proteins in a native lipid environment and complexes,
thereof including those of signal transduction currently under investigation in this
laboratory. Recently, it has been shown that SDSL-EPR can detect otherwise
“invisible” conformational substates of proteins by the application of high pressure
[43, 46, 47]. SR can be used under high pressure with currently available ceramic
cells [46], making it possible to explore dynamic excursions between ground and
excited states of proteins in future studies. A new challenge is to extend the SDSL-
EPR time domain to slower exchange processes, i.e., those with lifetimes in the
millisecond regime. Future studies will address this challenge using the high
sensitivity of EPR to record real-time exchange using pressure jump methods.
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