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ABSTRACT: Solvent paramagnetic relaxation enhancement
(sPRE) arising from nitroxide-based cosolutes has recently been
used to provide an atomic view of cosolute-induced protein
denaturation and to characterize residue-specific effective near-
surface electrostatic potentials (¢pyg). Here, we explore distinct
properties of the sPRE arising from nitroxide-based cosolutes and
provide new insights into the interpretation of the sPRE and sPRE-
derived ¢hpns. We show that: (a) the longitudinal sPRE rate I} is
heavily dependent on spectrometer field and viscosity, while the
transverse sPRE rate I, is much less so; (b) the spectral density
J(0) is proportional to the inverse of the relative translational
diffusion constant and is related to the quantity (r*)..., a
concentration-normalized equilibrium average of the electron—
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proton interspin separation; and (c) attractive intermolecular interactions result in a shortening of the residue-specific effective
correlation time for the electron—proton vector. We discuss four different approaches for evaluating ¢hpys based on Iy, J(0), I, or

(r %) orm- The latter is evaluated from the magnetic field dependence

of I'} in conjunction with I',. Long-range interactions dominate

J(0) and I, while, at high magnetic fields, the contribution of short-range interactions becomes significant for J(@) and hence I';;
the four ¢pys quantities enable one to probe both long- and short-range electrostatic interactions. The experimental ¢gys potentials
were evaluated using three model protein systems, two folded (ubiquitin and native drkN SH3) and one intrinsically disordered
(unfolded state of drkN SH3), in relation to theoretical gy potentials calculated from atomic coordinates using the Poisson-

6

Boltzmann theory with either a r~® or r~* dependence.

B INTRODUCTION

Solvent paramagnetic relaxation enhancement (sPRE) has
been used to study protein solvent accessibility,''° to refine
NMR protein structures,17_19 to investigate protein—cosolute
interactions,”””" and to characterize the electrostatic potential
of small molecules and proteins.”>">’ The paramagnetic
moiety of the cosolutes employed in these studies comprises
either a paramagnetic metal ion or a nitroxide free radical.
Paramagnetic metal ions have also been used as contrast
reagents in magnetic resonance imaging (MRI), and the
development of theoretical and experimental methods for the
analysis of the sPRE in the context of MRI has been the subject
of extensive investigation.”’ >* Although nitroxide free
radicals, such as hydroxy-TEMPO (4-hydroxy-2,2,6,6-tetrame-
thylpiperidin-1-oxyl), have been widely used in the past to
study protein solvent accessibility,’~'" their intrinsic hydro-
phobicity makes quantitative interpretation difficult, as they
tend to bind preferentially to hydrophobic regions on the
protein surface. For this reason, less hydrophobic, chelated
metal jon complexes, such as gadolinium-diethylenetriamine
pentaacetic acid-bismethylamide, are better suited for charac-
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terizing protein solvent exposure and for protein structure
refinement.'”'”>> Recently, nitroxide-based paramagnetic
solutes have been employed as polarizing agents in liquid
state dynamic nuclear polarization.**™*

Previously, we showed that nitroxide-based cosolutes can be
used to provide quantitative measures of the energetics and
dynamics of cosolute—protein interactions at atomic resolution
through two parameters obtained by simultaneously fitting the
transverse sPRE (I',) at one spectrometer field and the
longitudinal sPRE (I';) at multiple spectrometer fields to an
ansatz spectral density function comprising a concentration-
normalized equilibrium average of the interspin separation,
(F™®) ormy and an effective correlation time 7. for the electron—
proton vector.”’ Using this approach, we were able to probe
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the mechanism of nitroxide cosolute-induced protein denatu-
ration for a model protein drkN SH3 that exists as an
equilibrium mixture of native folded and unfolded states.’
Extending this work, Yu et al.*® recently proposed an approach
to characterize the effective near-surface electrostatic potential
(¢pens) of proteins by measuring the transverse sPRE for two
different nitroxide-based paramagnetic cosolutes of opposite
charge. Very recently, this approach has been used to map the
residue-specific ¢pyg potential for the intrinsically disordered
region of the protein CAPRINI along its phase-separation
trajectory. 0

In this paper, we present a theoretical analysis of the intrinsic
properties of the sPRE arising from nitroxide-based para-
magnetic cosolutes and present a new interpretation of
transverse sPRE rates (I',) through a concentration-normal-
ized equilibrium-averaged interspin distance (r™*),... We
analyze four different experimentally accessible measures of the
residue-specific effective near-surface eletrostatic potential
calculated from T,, J(0), T}, or (+%),.., each of which
exhibits different distance dependencies, thereby enabling one
to discriminate between long- and short-range electrostatic
interactions. The four different residue-specific ¢gyg quantities
were determined experimentally for three protein model
systems, two folded (ubiquitin and native drkN SH3) and
one intrinsically disordered (the unfolded state of drkN SH3),
and evaluated against the theoretical iy values calculated
from molecular coordinates using Poisson-Boltzmann theory
with either an ¢ or +~* distance dependence.

The outline of the paper is as follows. We first review the
general theory of the sPRE and obtain an expression of the
sPRE in terms of the spectral densities. We then discuss the
impact of different relaxation mechanisms for paramagnetic
metal ions and nitroxide-based paramagnetic cosolutes.
Subsequent discussion pertains to limitations and current
progress in the analysis of the sPRE arising from nitroxide-
based cosolutes. In the Result and Discussion section, we
provide new insights into the interpretation of sPRE rates and
@ens- First, the distinct properties of the transverse (I',) and
longitudinal (I';) sPRE relaxation rates are discussed, and new
approaches for directly interpreting these relaxation rates are
proposed. We then provide a theoretical basis for the physical
interpretation of the effective correlation time 7.. We show
that for outer-sphere relaxation, originating from nitroxide-
based cosolutes, attractive interactions counterintuitively result
in shorter 7 values, which is the opposite of the expected
result for inner- or second-sphere relaxation, where the
cosolute and protein form weak rotational-coupled complexes.
We then turn to the study of protein electrostatics using the
sPRE and introduce different approaches and interpretations to
understand the nature of the ¢ppyg potential derived from
experimental sPRE measurements. Finally, we analyze the
effects of short-range interactions involving different locations
on the cosolute relative to the position of the unpaired
electron.

B BASIC THEORETICAL CONSIDERATIONS

We first lay out the basic theory related to the sPRE that is
required to understand the new derivations related to the
properties of the longitudinal (I';) and transverse (I',) sPRE
rates and their application to the study of protein electrostatics
presented in the Results and Discussion section.

General Expressions for Longitudinal (I';) and Trans-
verse (I';) Paramagnetic Relaxation Enhancement in

Terms of Spectral Densities. The dipole—dipole correlation
function in an isotropic liquid is given by""**

By(#(t)%) >

r(t)r) (1)
where r and T are the length and orientation of the interspin
vector T; P,(«) is the Legendre polynomial of degree 2; and N
is the number of paramagnetic cosolute molecules in the

system. The subscript “0” denotes the quantity at ¢ = 0. The
spectral density J(w) is given by the cosine transform of C(t)

J(w) = /0 " C(t)cos(wt)dt

Cc(t) = NS<

2)

where  is the angular frequency in radians.s™ and is related
to the spectrometer frequency (v) in Hz by @ = 2.

Equation 2 ignores the contribution of electron spin
relaxation. For the simplest model where the electron spin S
is assumed to relax as a single exponential with rates 1/T, and
1/T,, for longltudmal and transverse relaxation, respectively,
eq 2 is modified to”

J(w, T,,) = Re /0‘OO C(t)exp(—(iw + Tizl)t)dt

1

3)

where i = 1 or 2. In the absence of electron relaxation, eq 3
reduces to eq 2.

The longitudinal (I';) and transverse (I';) sPREs are defined
as the difference in the longitudinal and transverse relaxation
rates, respectively, of a protein nuclear spin (generally a
proton) 1n the presence and absence of the paramagnetic
cosolute.”” T} and T, are related to the spectral density
function J(w,T;,) by**~*

n 2
E=( )fz S<S+1>{J(wH @, Tp,)

4
+ 3J(wy, 715) +6J(oy + @, T,)}
+ 98, {J(wy, 0) — J(wy, T,)}] (4)
U 2
= (] wrists + DIy - 0, 1)

+ 3](wH! Tle) + 4](07 Tie) + 6](we7 TZe)
+ 6J(wy + @, T,))} + (5,°{12(J(0,0) — J(0, T,))
+ 9(J(wy, 0) — J(wy, T,))}] (s)

where yy and y, are the gyromagnetic ratios of the proton and
electron, respectively; p,, is the vacuum permittivity constant; 7
is Planck’s constant divided by 27; @y is the angular frequency
of the proton; B, is the external magnetic field; kg is the
Boltzmann constant; and T is temperature. The thermal
average of the z component of spin S (denoted as S,), in the
high temperature limit, is given by

ZS hy,B,
ne_g M €XP m—kBT

_ S+ 1)[fzyeBo]
3 kg T (6)
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In both egs 4 and § there is a term proportional to (S,),”
which corresponds to the contribution from Curie relaxation.*
From eq 6, the contribution from Curie relaxation scales with
the magnetic field, but (S,) remains small even at high field
(e.g, 0.024 at a 'H Larmor frequency of 900 MHz at 298 K for
S = 1/2 ). Further, if the longitudinal relaxation time of the
electron, Ty, is much longer than the decay timescale of C(t)
(usually in the low nanosecond time-range),
J(w, 0) # J(w, T,,), and the contribution from Curie
relaxation becomes negligibly small. This is especially true
for nitroxide-based paramagnetic cosolutes, as T', ranges from
100 ns to microseconds.”’ = Lanthanide-based paramagnetic
metal ions, such as Tb** and Yb**, have very fast electronic
relaxation, T}, < 1 ps,50 so that J(w, 0) > J(w, Tj,), and Curie
relaxation contributes significantly to the overall relaxation
process.

In the current work, we are only concerned with nitroxide-
based paramagnetic cosolutes with § = 1/2, where
J(w) = J(w, 0) » J(w, T,,), and Curie relaxation can be
neglected. Further, the sPRE experiments are performed at
high field so that J(wy;) > J(@,), and all the terms involving
®, can be neglected. Under such conditions, eqs 4 and §
reduce to the usual expressions™ given by

3 (AY 200
1= 10(47[) 'y (wy) )
and
LAY ( 3 ]
6= 2] w10 + 2w o

From eqs 7 and 8, it follows that the experimentally
observable sPREs arising from nitroxide-based cosolutes, are
completely determined by the points on the spectral densities.
Consequently, what we may expect to learn from the sPRE
experiments is contained in the details of the spectral densities.

Relaxation Mechanisms of Paramagnetic Metal lon
and Nitroxide-based Paramagnetic Cosolutes. Three
different relaxation mechanisms have been used to describe the
sPRE arising from paramagnetic metal ions: inner-, second-,
and outer-sphere relaxation.””*”*" Inner-sphere relaxation is
usually used to describe the case where the proton(s) of
interest forms a defined coordination with the paramagnetic
metal ion; an example would be a water molecule in the first-
coordination sphere of the paramagnetic metal ion. The
interspin distance between the proton and paramagnetic metal
ion is assumed to be fixed, and the spectral densities are
described by the Solomon-Bloembergen (SB) equation.””>’
Second-sphere relaxation occurs when the proton forms a
hydrogen bond with ligands in the paramagnetic metal ion
complex.”*® The interspin distance is also assumed to be
fixed, and the spectral densities can be modeled by the SB
equation. Lastly, the outer-sphere relaxation mechanism arises
from translational diffusion of the paramagnetic cosolute and
the molecule of interest and, consequently, the interspin
distance is not fixed and varies with time. The spectral
densities for outer-sphere relaxation are usually modeled using
a center-spin force-free hard-sphere model (denoted as FFHS)
developed by Hwang and Freed’* and Ayant et al.”> (see eq
S3.9). Further details relating to these three relaxation
mechanisms can be found in refs 32—34.

In this paper, we focus on nitroxide-based paramagnetic
cosolutes, and the definition of inner- and second-sphere
relaxation mechanisms is not directly applicable, as nitroxide-
based paramagnetic cosolutes are not equivalent to metal ions
or metal-ion com;)lexes. Here, we follow the definitions given
in the literature’”***® and collectively refer to inner-sphere
relaxation as any relaxation mechanism resulting from the
formation of a well-defined complex between the paramagnetic
cosolute and a protein with a well-defined interspin distance.
Outer-sphere relaxation for nitroxide-based paramagnetic
cosolutes is defined in the same way as that for paramagnetic
metal ions discussed above (see Figure S1).

Neugebauer et al®® carried out extensive 'H relaxivity
nuclear magnetic relaxation dispersion (NMRD) measure-
ments on DMSO, toluene, and acetone in the presence of
TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxy)
over Larmor frequencies ranging from 0.01 to 950 MHz,
complemented by the measurement of dynamic nuclear
polarization coupling factors over temperatures ranging from
25 to 80 °C. The NMRD profiles cannot be fit with the
Solomon-Bloembergen spectral densities that describe inner-
sphere relaxation (see Figure S8 of ref 20 and Figure S of ref
56). In the second section of the Supporting Information, we
present a detailed discussion and analysis of the NMRD and
DNP coupling factor data. We show that the NMRD data at all
temperatures can be fully accounted for by the idealized
center-spin FFHS model that describes outer-sphere relaxation
(Supporting Information Figure S2). For acetone, the center-
spin FFHS model using the parameters obtained from the fits
to the NMRD data from 25 to 80 °C is sufficient to account for
the temperature dependence of the DNP data; for DMSO and
toluene, however, the NMRD data have to be fit to an off-
center spin FFHS model (which is also physically more
realistic) to correctly back-calculate the DNP data (Figure S2).
The NMRD data for DMSO and toluene can also be fit using a
linear combination of inner- and outer-sphere relaxation, which
also results in good prediction of the DNP coupling factors
(Figures S3 and S4, and Table S$3). The maximum
contribution of inner-sphere relaxation to J(0), however, is
negligibly small (less than ~5%; see Figures S3 and S4), as is
the maximum contribution to J(w) between 'H Larmor
frequencies of 500 to 900 MHz (ca 5—6.5%; Supporting
Information Tables S4 and SS). Outer-sphere relaxation also
accounts for 'H relaxivity NMRD data obtained with other
nitroxides such as 2,2,6,6,-tetramethyl-1-piperidinyloxy
(TEMPO) and 4-0x0-2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPONE).**"*° We therefore conclude that outer-sphere
relaxation represents the dominant relaxation mechanism for
nitroxide-based paramagnetic cosolutes and neglect any
potential contributions from inner sphere relaxation (if such
a relaxation mechanism for nitroxide-based cosolutes even
exists for proteins, which seems highly unlikely from a
structural perspective; see the second section of the Supporting
Information for further discussion).

Limitations and Current Status of sPRE Analysis. Most
theoretical descriptions of outer-sphere relaxation involve
treating the nitroxide cosolute and protein as two hard-spheres
(Figure 1), which are assumed to follow the Smoluchowski
diffusion equation (see eq S4.1). Using the simple center-spin
sphere model, Frezzatto et al.’" showed that virtually identical
spectral densities can be generated from different intermo-
lecular potentials. For example, Figure 2A,B shows that the
model parameters can be adjusted such that the spectral
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Figure 1. Diagrammatic representation of the hard sphere model of
protein—cosolute interactions. The vector from the center of the
protein to the center of the cosolute is denoted as R; the vector from
the center of the protein to the nucleus of interest is denoted as p; and
the vector from the center of the cosolute to the electron spin of
interest is denoted as s. The interspin distance is given by 7 = R-7,
where g =p — 5. The radius of the protein and cosolute are

denoted as P and S. The contact distance is given by Rc = P + S. The
outer boundary of the system is denoted as R,

densities from the square-well potential and the force-free
hard-sphere model are almost superimposable. This result
demonstrates that the shape of the spectral densities may not
be dependent on all the details of the potentials and dynamics
of the cosolute and protein. One therefore cannot expect to
construct a detailed picture of the intermolecular potential or
of dynamics from the sPRE data alone.

We previously showed that it is possible to obtain the
quantity (r~®),.., which represents a concentration-normal-
ized equilibrium average of the interspin distance, defined by’

6 _ © g(r)
<r >n0rm - 4ﬂA‘ 7’4 dr (9)

where r is the distance between the protein and cosolvent
spins; g(r) is the radial distribution function given by
exp(—U(r)/kgT), where U(r) is the potential of mean force.
(r %) pom is determined not only by excluded volume
interactions between the protein and cosolute but also by
additional site-specific intermolecular forces arising from
electrostatic and/or hydrophobic interactions. It should be
noted that the factor of r* rather than r° is present in the
denominator of the integral of eq 9 because the integrand is
multiplied by r* arising from the volume element in spherical
coordinates (i.e., *dcosfd¢). The component {r~¢)&<  arising
exclusively from the excluded volume of the protein and
cosolute, can be directly calculated from the protein molecular
coordinates. When (r™®) is larger than (r6)&<  local

norm norgv
attractive interactions are present, whereas when (r™°) .. is
there are local repulsive interactions.

smaller than (r~ )&
Consequently, (r),... can be used to identify the types of
interactions (attractive, no force, or repulsive) between the
cosolute and individual protons in a protein.

In principle, {(r ®),om could be determined if J(w) were
known at all frequencies using the inverse cosine transform of
eq2att=0,

-6 _C(O)_i *© o)dw
(o = ==~ [ J@)a

ng ngmw

(10)

In practice, however, J(®) can only be determined at a small
number of frequencies owing to the limited availability of
NMR spectrometer fields. In this regard, it is worth noting that
Fries et al.°” have proposed an interesting approach to extract
multiple points on the spectral density using a single
spectrometer field by changing the viscosity or temperature
of the system. Although the latter approach seems to work
reasonably well for small molecules, its extension to protein
systems may not be straightforward as both protein
conformation and stability are likely to be impacted by
changes in the temperature or viscosity.

Our approach to the analysis of I'} and I', sPRE data is
based on fitting a few points on the spectral density curve using
the ansatz:*’

I ()= J(0)
approx (1 + aw + by ) (11)
where b is given by
 Zm
9D;12J (0) (12)

Both a and b are adjustable fitted parameters: a is a site-specific
parameter that varies from atom to atom in the protein; b is
also site-specific but is obtained directly from the translational
diffusion coefficient Dy,,; and the experimental, residue-
specific values of J(0) using eq 12. Therefore, we fit the
experimental J(@) data by optimizing residue-specific values of
a and a global value of Dy, . Once a and b are determined with
the spectral density given by eq 11, (r™®) ... can be obtained
by evaluating the integral in eq 10. The mathematical form of
the ansatz given in eq 11 has the desirable property that an
analytic solution of the integral can be obtained and is given by

16J(0) | 2(x_ — ) + (x_ + x,)In(x,/x_)

<r_6>norm = 3
ngm (e, — x_)

(13)
where x, = —b + + b* — 4a. Equation 13 provides an

efficient method to obtain (+™°), once a and b are known.

The ansatz shown in eq 11 was tested for a system in which
the cosolute and protein are represented as hard spheres in the
presence of either a square-well or Coulombic potential (see
Materials and Methods Section for more details) (Figure
2C,D). Figure 2D shows that (r™®) ... can be approximated
reasonably well using the abovementioned procedures within
errors of ~20%. Figure 2C also shows that eq 11 fits the
spectral density well even for the case that had the largest
deviation (~20%) from the exact (r~°), ... value (Figure 2D).
The right panel of Figure 2C shows that the deviation arises
from subtle differences at high frequencies, which suggest the
practical limitions of our approach.

Once the residue(atom)-specific {(r ), values are known,
one can calculate the effective residue-specific correlation times
7¢ defined as

https://doi.org/10.1021/jacs.2c10035
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Figure 2. Properties of the spectral density function. (A) Spectral densities generated from the Force-Free Hard-Sphere (FFHS) model (blue, Rc =
18.7 A and grey, R = 19.7 A) and the hard-sphere model with a square-well potential (black, R¢ = 19.7 A). The approximate spectral density given
by eq 11 is also plotted as a dashed red line. (B) Diagram depicting the intermolecular potentials used to generate spectral densities in panel A. The
parameters for the FFHS model and the hard sphere model with a square well potential are also shown on the right. The spins are located at the
centers of their respective spheres. (C) Exact (for hard-sphere square-well potential, black) and approximate (red dashed lines) spectral densities
that showed the largest deviation of (r),, among the models used in this study. The left panel shows that the approximate spectral density is
virtually identical to the exact spectral density around the fitting points (500, 800, and 900 MHz). The right panel shows that the deviation comes
from a subtle difference at high frequencies. (D) Correlation plot between exact and approximate {r™°), .. values. Results for the square-well
potential (red) and Coulombic model (blue) with different parameters are plotted. For all simulations, the radii of the protein and nitroxide
cosolute were set to 16.2 and 3.5 A, respectively; T = 298 K, 7 = 0.89 cp, and ng = 1 m™>.

fom C(t)dt
=t -

J(0)

—6
nS<r >norm

(14)

Tc is a measure of the timescale of the fluctuations of the
interspin vector T, which arise from both translational and
rotational diffusion and are influenced by both short- and long-
range intermolecular interactions.

We note that Fries™ suggested a completely different
approach for obtaining (r~6), ... for lanthanide paramagnetic
metal ion complexes with very short Ty, such as Yb*" and
Tb*". Fries’ approach is based on the fact that for a
paramagnetic cosolute with very short Tj, eq 3 can be
approximated by

J@5) % CO) [~ exp(t/ Tt = (Ve (9

which is determined solely from the properties of the electron
spin relaxation and is therefore independent of the molecular
motion of the paramagnetic cosolute. Once T, is measured
experimentally, (r™®), .. can then be easily extracted.
However, as mentioned above, Curie relaxation is the
dominant contribution to the overall relaxation for cosolutes

21375

with very short T,. Therefore, one may need to measure I'; at
very low external magnetic field (<1 T), where Curie relaxation
is negligible, which requires the use of field cycling for both
sensitivity and resolution purposes. Fries also proposed
alternative ways of extracting (r ), using relaxation data
from several combinations of lanthanide paramagnetic
complexes, and we refer the reader to the original paper™’
for details.

B RESULTS AND DISCUSSION

In the Results and Discussion section, we present new insights
into the interpretation of sPRE rates and the determination of
various measures of residue-specific effective near-surface
electrostatic potentials (@pys) from sPRE data that exhibit
different dependencies on distance and demonstrate the utility
of these approaches to three model protein systems, two folded
(ubiquitin and the folded state of the drkN SH3 domain) and
one intrinsically disordered (the unfolded state of the drkN
SH3 domain). (Note that the folded and unfolded states of
drkN SH3 are approximately equally populated in solution,
and exchange between these two states is slow on the chemical
shift time scale, enabling one to study both states
simultaneously under identical experimental conditions).”"**
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The experimental results are then compared to theoretical
results based on molecular coordinates using the Poisson-
Boltzmann theory.

Properties of I'; and T',. The quantity {(r™®),,. provides a
rigorous and straightforward interpretation of the sPRE.”” The
calculation of {(r°), ., from our approach, however, based on
the ansatz given by eq 11, requires accurate measurements of
I') and I, for at least one field, and for I'; at preferably multiple
fields.”® This is a potential drawback in instances where either
I') or I, may be difficult to measure accurately. For example,
when a proton spin is buried inside the protein interior, it is
often the case that I'; can still have quite large values, whereas
the corresponding I'; value may be too small to permit
accurate measurement. While one could increase the
concentration of nitroxide cosolute to increase the values of
I'}, such an approach may result in significant line-broadening,
owing to the corresponding increase in I'; and would therefore
suffer both in terms of spectral resolution and signal-to-noise.
Because of these difficulties in measuring I'} and/or I,
(r%)pom can potentially have large errors, or it may be
impossible to obtain for some residues. Under such circum-
stances, it may therefore be preferable to analyze I'} or I',
separately and still obtain some meaningful physical
information. We explore this possibility in this section.

We first investigate how I'; and I', change as a function of
spin location using the FFHS model.”**° Figure 3A,B display
the relative '), T, and (™), values as a function of
different spin locations within a protein described by p, the
distance between the spin location and the center of the
protein sphere. ', and (r),... both increase as the spin
location becomes exposed to the solvent, but the increase in I',
is much less pronounced when compared to that of (r¢), ..
(Figure 3A). T}, however, increases either less or more rapidly
than (r76),..,, depending on spectrometer field (Figure 3B).

An intuitive explanation for the different behaviors of '}, T',,
and (r™®),om is as follows. First, the probability of finding a
cosolute molecule at a distance r from the protein scales with
7*. Thus, the probability of finding cosolute molecules at long r
is higher than at short r, and hence, the dipolar interaction
between a proton spin on the protein and an electron spin on
the cosolute is more long-range in nature. Second, J(0)
accounts for most of the contribution to I',. From eq 2, it is
easy to see that J(0) represents the area under the correlation
function C(¢) from t = 0 to infinity. It follows that the
trajectories of diffusing cosolutes at long time periods
contribute significantly to J(0). At a long time period, cosolute
molecules that are initially close to the protein surface can
diffuse away at some point and come back to the surface of the
protein at a later time. Such re-encounter processes can be
repeated many times over and result in a significant
contribution to J(0).*”°* That is, diffusive motion when
cosolute and protein are apart plays a critical role in
determining the reencounter probability and hence is
important in determining the value of J(0). As a result, the
scaling of J(0) with distance is less than that of (r™®). J(®) or
I'; at high frequency, however, pertain to the rapid oscillatory
behavior of the dipolar interactions between nuclear and
electron spins. Thus, only events that involve a sudden change
in the dipolar fields experienced by the protein spin contribute
to J(w) at high frequency. As one can see from Figure S1B, the
dipolar field gradients become steeper as the interspin distance
gets shorter, and a slight change in the interspin distance at
short distances can result in a large change in the magnetic
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Figure 3. Properties of I'; and I, for the Force-Free Hard-Sphere
(FFHS) model. Dependence of normalized (A) I'; and (B) T, on the
spin location at two spectrometer fields (500 and 900 MHz); also
shown is the relative (+7°) . in black. ', T,, and (r76) .. are
normalized relative to the corresponding values when the proton spin
is located at the center of the sphere (i.e, p = 0 A). The parameters
used in these simulations are as follows: Rc = 19.7A,s=2 A, p=15.2
A, T =298 K, ng=25mM, and 17 = 0.89 cp. (C) I'; and T, at 7 = 0.89
cp (green) and 1.80 cp (orange) as a function of spectrometer field.
The protein spin is located at either p = 15.2 or 0 A for exposed (solid
line) or buried (dashed line) locations, respectively. The inset in the
I'; plot shows an expanded view for a buried spin delineated by the
boxed region. (D) Relative values of I'; and T, at 7 = 0.89 cp (cyan)
and 1.80 cp (magenta) as a function of spectrometer field. That is, the
values of I'; and I, of the exposed spin at given viscosities are divided
by the corresponding value for the buried spin. The other parameters
used in panels (C) and D) are as follows: Rc = 19.7 A, s =2 A and T
=298 K, and the concentration of nitroxide cosolute is set to 25 mM.

field experienced by the protein spins (see Figure S1C).
Consequently, J(@) mostly reports on the interaction of the
cosolute near the protein spin, resulting in a distance
dependence that scales by more than (r~) at high
spectrometer field. A more detailed discussion of the distance
dependence of the spectral densities is presented below, as well
as in Sections S4 and S5 of the Supporting Information.

To ascertain how the dynamics of cosolute diffusion affect
the sPRE, we consider the effect of viscosity on I'; and I',. The
proton spin is placed at two different locations: at the center
(buried) of the sphere and on the surface (exposed). Figure 3C
shows that I'; is only weakly dependent on the spectrometer
field and scales approximately with viscosity for both buried
(dashed line) and exposed spins (solid line). I';, on the other
hand, varies significantly with both the spectrometer field and
viscosity. The I', ratios between buried and exposed spins are
approximately the same for different viscosities (Figure 3D).
However, the corresponding I'; ratio differs significantly
between the two viscosities and varies with the spectrometer

https://doi.org/10.1021/jacs.2c10035
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field (Figure 3D). The very weak dependence on spectrometer
field (at S00 MHz or higher) and viscosity for the I, ratio is
due to the fact that the field independent term J(0) is the
predominant contributor to ', (eq 8), while I'; is dependent
on J(®) (eq 7).

Moreover, the relative values of J(0) are insensitive to
changes in the values of T/#. This result is expected in our
theoretical framework where protein and cosolutes are
assumed to diffuse and collide according to the Smoluchwoski
Equation given by eq S4.1 because J(0) is linearly proportional
to the translational diffusion constant D, (see eq $6.30),
regardless of spin location or strength of the potential. If the
potential of mean force is independent of T/7 then J(0) is
linearly proportional to #/T. Hence, the relative values of I',,
which are proportional to J(0), are insensitive to both changes
in the spectrometer field and translational diffusion constant.
Thus, I', provides a more experimentally practical quantity for
analysis than I';, which depends significantly on both the
diffusion constant and spectrometer field in a complex way. It
should also be pointed out that, in the context of the sPRE, I',
is easier to measure in practice, as I'; is much larger than I'}
(due to J(0) > J(w)).

Next, we investigate the physical meaning of J(0). It has
been pointed out by Halle*' that spin relaxation arising from
dipole—dipole interactions in the low-frequency regime is long-
range in nature. That is, cosolute molecules located far from
the protein still contribute significantly to J(0). To illustrate
this point, we calculate the contribution of cosolute—protein
interactions initially distributed at a distance R, above some
distance R, (i.e, R, < R,) on J(0). For proton and electron
spins located at the center of the protein and nitroxide
cosolute, respectively, the relative contribution of cosolute
molecules at long distance is given by (see Section S4 in the
Supporting Information for derivations)

2
](Ol Ra<Ro) _ I(RC]9 [RC]

J(0) 8\ R, R, (16)
where R¢ is the contact distance between the protein and
cosolute. Thus, at long distances, the J(0) contribution scales
proportional to Rc/R,, indicative of the long-range nature of
the interactions.

The ratio J(0, R, < R,)/J(0) and J(w, R, < R,)/]J(w) for v
= 500 and 900 MHz are plotted in Figure 4A. It can be seen
that the contribution of short-range interactions becomes
increasingly dominant for J(®) at high spectrometer
frequencies. Thus, J(®) can be short-range in nature, especially
at high fields. In other words, I'| measured at high
spectrometer fields contains more information about the
local environment around the nucleus than J(0) or (+™°), ..
however, the physical interpretation of I'; is not straightfor-
ward as discussed above. A more elaborate discussion of the
distance and frequency dependence of J(w) can be found in
refs 41 and 65.

It is worth noting that if rotational motion of the protein and
cosolute are described by the Stoke—Einstein relation (see eqs
$3.12 and S3.13), J(0)/Dys is determined only by structural
properties, such as the molecular radii of the cosolute and
protein and the location of the nuclear and electron spins. For
nuclear and electron spins located at the center of the protein
and nitroxide cosolute, respectively, J(0) for the FFHS model
is given exactly by 16zns/27D,,,,Rc, which can be rewritten as

A

1.0 H\<r 6>0rm(Ra)/<r 6>n0mm

v =500 MHz
v =900 MHz

J(w, Ry)/ J()
o
T

0 5 10 15 20
R5 (nm)

Figure 4. Dependence of the spectral densities on distance. (A)
Normalized spectral densities defined by the ratio of the partial
spectral densities J(0, R, < R_)/J(0) and J(w, R, < R))/J(w) for
the FFHS model as a function of some cut-off distance R, The
calculation was performed using eqs S4.24 and S5.11. This plot shows
the contributions of the spectral densities for the cosolute initially
located at R, < R, for v = 0 (black), 500 (blue), and 900 (red) MHz.
For comparison, the normalized (r ). ..(R)/{r ) oms where

(o (R,) defined by eq S7.7, is also plotted to give a sense of
the distance dependence of (r),om (B) Comparison between
absolute values of J(0,R, <R, (black line) and
(4Ng/27D, . ) o (R,) (green dashed line) for the FFHS
model. For all simulations in this figure, the contact distance is set
to Rc = 19.7 A; T =298 K, 57 = 0.89 cp, and ng = 1 m™; the location
of the nuclear and electron spins on the protein and nitroxide
cosolute, respectively, is set to p = 15.2 A and s = 2 A.

4n _
](O) = 750, * norm
27Dtrans (17)

since (r ¥ = 471'/ROc &;)dr = Z—ﬂ when g(r) = 1 for R > 0
c T C

and 0 for R < 0 (i.e., the hard sphere model).

Equation 17 also provides a reasonable approximation for
J(0) even when the nuclear and electron spins are located off-
center (see Figure SA). For a square-well potential of depth «
and length R, (see Material and Methods Section, eq 31), J(0)
can be approximated by eq 17 when Aa = a — 1 is small (see
Section S.4 in the Supporting Information for details) (Figure
SB and Supporting Information Figure SS). In addition, we
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Figure 5. Comparison between exact and approximate J(0) and 7
from eq 17. (A) J(0) and 7 from the FFHS model are plotted as a
function of the proton spin location given by the distance from the
proton to the center of the protein (denoted as p). The larger the
value of p, the closer is the proton to the surface of the protein. J(0)
and 7 are also plotted as a function of (B) well-depth for the square-
well potential model (eq 31 in the Material Methods Section) and
(C) protein charge for a Coulomb potential model (eq 32 in the
Material and Methods Section). For all simulations in this figure, the
contact distance is set to R = 19.7 A; T = 298 K, 7 = 0.89 cp, and ng
=1 m™3; and the location of the nuclear spin in the protein and the
electron spin in the nitroxide cosolute are set to p = 15.2 A and s = 2
A, respectively. In (C), the Coulomb potential is proportional to the
product of the protein charge (placed at the center of the sphere) and
the charge on the cosolute (set to —1).

investigated the effect of Colombic interactions (see Material
and Methods Section, eq 32) by simulating the dependence of
J(0) on protein charge with a fixed cosolute charge of —1
(Figure SC). Again, eq 17 provides an excellent approximation
of J(0) over a range of protein charges (Figures SC and
Supporting Information SS5). Finally, when
(4/27D4 1 ) Do (R, 5 defined by eq $7.7, is plotted
against J(0, R, < R,) for the FFHS model, excellent agree-
ment is also observed (Figure SA), indicating that J(0) is
indeed related to {r™*), -

In summary, we find that J(0) is inversely proportional to
Dyans and may also be related to (r*),,. through the
approximation given in eq 17. We note, however, that we only
carried out simulations for simple sphere models with a
spherically symmetric potential and a single diffusion constant
rather than a more physically realistic model with arbitrary
shapes of the molecule and arbitrary potentials and possibly
with a distance-dependent diffusion constant.

Impact of Intermolecular Potentials on the Apparent
Overall Correlation Time (zc). Our analysis also yields an
apparent correlation time 7. defined by eq 14. It should be

emphasized that 7 depends not only on translational diffusion
but also on the intermolecular interactions in a complicated
fashion. At a first glance, it seems tempting to relate 7. with
“residence time” of the cosolute on the protein, that is the
mean time taken for a cosolute to reach an outer boundary of
the interaction region.

In the framework of inner- and second-sphere relaxation
mechanisms for a paramagnetic metal ion, 7 is given
by 23066-69

=y + T (18)
where 7y is the rotational correlation time of the protein; 7y
the residence time of the cosolute; and T;el with i = 1,2 are the
longitudinal and transverse electron relaxation rates, respec-
tively. The approximation provided by eq 18 is applicable for a
paramagnetic cosolute that forms a weak, rotationally
correlated complex with the protein.”~”' For the second-
sphere relaxation model, it is often assumed that 7y is
determined by the properties of the cosolute (e.g., translational
diffusion constant), and hence, 7 is assumed to be same over
the entire protein surface.'””* For outer-sphere relaxation, this
assumption does not hold, and 7, varies with spin location (see
Figure 5), as is found to be the case experimentally with
nitroxide cosolute—protein interactions.””*'

In the case of the FFHS model with the nuclear and electron
spins located at the center of the protein and cosolute,
respectively, 7c is can be expressed as

4 <r_4>norm
27Dtrans <r_6>norm ( 19)

Equation 19 is a straightforward consequence of substituting
eq 17 into eq 14. As shown in the right-hand panels of Figure
S, eq 19 is a good approximation for the different interaction
potentials studied here.

From eq 19, 7¢ is inversely proportional to the translational
difusion constant D,,,,.. Importantly, 7 also depends on the

Tc =

interaction potential through the ratio {r™*),. . /(r™®),o.m FoOr
an interaction potential that decays to O at large interspin
distance, the latter ratio becomes smaller for attractive and
larger for repulsive interactions. As a result, 7 values for
different cosolutes can be significantly different even when the
translational difusion constants of the cosolutes are the same.
Indeed, from our calculations using eq 19, we obtain shorter 7¢
values as the interaction between cosolute and protein
becomes more attractive. This result may appear counter-
intuitive if one’s interpretion of 7. is based on inner- or
second-sphere relaxation described by eq 18 since an attractive
interaction, in this instance, will result in a longer residency
time 7y for the cosolute in the vicinity of the protein.

Studying Electrostatic Interactions by sPRE. The sPRE
has been used to study electrostatics on the surface of
proteins,zg’73 monosaccharides,”* membranes””***° and other
small molecules.”® For example, Likhtenshtein et al.*
measured the ratio of I'} values obtained with charged
(positive or negative) and neutral nitroxide-based cosolutes
for various small molecules and interpreted the resulting data
using Freed’s approximation®”” (see eq 4.2 in ref 54) for
comparison with the average electrostatic potential, calculated
using the classical Debye equation, in the vicinity of the proton
of interest.

Recently, Yu et al.”**’ developed a new interpretation of the
sPRE measured for oppositely charged nitroxide-based
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cosolutes. We briefly review their approach, and then extend it
to other experimental sPRE-derived measures of electrostatics
that provide information ranging from short- to long-range
interactions.

The central quantity of interest is the experimental effective
near-surface electrostatic potential (¢pgys) which Yu et al.”®
defined as

L kyT T5°
EIZ\TS == In —ve
2¢ T (21)

where e is the electron charge, I';* and I';" are the I, values
obtained using positively and negatively charged nitroxide-
based cosolutes, respectively. It is important to note that all I",
rates have to be obtained at or normalized to the same cosolute
concentration. The interpretation of the 45}512\15 potential by Yu
et al.”**” is based on eqs 9 and 14, and is given by

—6\+ve +ve
L _ _kBT <1‘ norm 7C
ENS T —6\—ve —ve
2 (r " hom T (22)

where (r%)% and 7E° are the (r ). and 7 values
measured in the presence of positively or negatively charged
cosolutes, respectively. Yu et al.”*’ then assumed that the
ratio of & to 72° is ~1 for all residues and obtained the
approximate relationship
ro _kB_Tl <r—6>+ve

norm

n——

T e T (23)
where the left hand-side of the equation is the approximate
experimental ¢pys potential derived from the ratio of I'; values
(see eq 21), and the right-hand side of the equation represents
the exact definition of the experimental ¢hgyg potential based
on eq 9.

The central tenet of the analysis by Yu et a is the
approximation that all interactions other than electrostatic
interactions cancel out when the charged nitroxide cosolutes
are similar in structure and that 7{" = 7% In their study, the
nitroxide-based cosolutes employed were 2,2,5,5-tetramethyl-
1-pyrrolidinyloxy (PROXYL) derivatives, specifically 3-carboxy
PROXYL and 3-aminomethyl PROXYL for negatively and
positively charged cosolutes, respectively.

12829

The experimental ¢E[;Z\Is obtained using eq 21 was then

interpreted by comparison with the idealized Poisson-Boltz-
man potential, ¢fys, where only excluded volume and
electrostatic interactions are taken into account, given by”®

6 (D
kT P\ " )M
S

where q are the coordinates that specify the interspin vector 7
(i.e., interspin distance and relative orientation of the protein

Ve

and cosolute); ¢°(q) is the electrostatic potential at . The

integral in eq 24 is taken over the protein excluded space that
can be occupied by the nitroxide cosolute. The superscript
“PB” denotes the fact that Poisson-Boltzmann theory’®”” is
used to simulate the electrostatic interactions. Equation 24 can
be computed from the molecular coordinates of the protein

under investigation (see Material and Methods Section). Yu et

al.”® found good agreement between the experimental 45];2\15

determined from the ratio of I', values for positive and
negative cosolutes measured for both ubiquitin and the Antp
homeodomain-DNA complex and the corresponding theoreti-
cal ¢iBs values.

The experimental and theoretical definitions of ¢gys
provided by eqs 21 and 24 involve the use of a positively
charged paramagnetic cosolute, such as 3-aminomethyl
PROXYL.”® The pure form of the latter, however, is a highly
viscous gel-like substance, whose concentration is hard to
quantify in terms of weight (although NMR can also be used to
determine its concentration®®”®). In the context of PROXYL-
based cosolutes, from a purely practical perspective, we found
it more convenient experimentally to employ the neutral
paramagnetic cosolute, 3-carbamoyl-PROXYL (Figure 6A),
that we used in our previous sPRE studies.”””' Analogous
expressions for the experimental and theoretical ¢@gys
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Figure 6. Experimental assessment of the effective near-surface
electrostatic potential (¢pys) for three model protein systems:
ubiquitin and the native (folded) and unfolded states of drkN SH3.
(A) Structures of 3-carbamoyl PROXYL (3CY) and 3-carboxy
PROXYL (3CX) nitroxide-based cosolutes. (B) Comparison of the

experimental ¢r”neu (red circles) and ¢ixe™ (blue circles) potentials

ENS
with the theoretical Poisson-Boltzmann ¢§13snse§ (black lines)

potentials for three proteins: ubiquitin and native (folded) drkN
SH3 and unfolded drkN SH3. The I', data were measured at a

spectrometer frequency of 500 MHz. (C) Corresponding correlation
plots of ¢rress versus qurIfI;'eu (magenta) and @jye™ (green). Error
bars represent 1 S.D.; rmsd, root mean square deviation. The error

bars for ¢ 2™ and ${%" are obtained by standard error propagation

ENS
of the measured experimental errors. The errors for ¢£§r§§fx are

obtained by taking one standard deviation of the @pydsy potential
generated from an ensemble of 50 structures calculated for ubiquitin
and the native state drkN SH3 and 100 structures for the unfolded
state drkN SH3 (see Materials and Methods Section). Errors bars
represent 1 S.D. The values of @fydse were shifted vertically to
minimize the rmsd between experimental and theoretical ¢y profiles

(see Table S6).
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potentials provided by eqs 21 and 24 in the case of negatively
charged and neutral nitroxide cosulutes are

¢Erlz\}rsleu = _k—Tl I_‘—ve
e I (25)
—6 1=
PB,neu k Tl fr dq
= ———In

ENS,six

-6 Do @)\ ;o
© e""(‘ )d (26)

where the superscript “neu” has been added to distinguish
between the ¢pys potential defined in eqs 21 and 24, and the
subscript ‘six’ in eq 26 denotes that ™ is used to calculate the
theoretical ¢pyg potential. Further, since our analysis of sSPRE
data using eqs 11—13 provides a direct experimental
determination of (), (through the measurement of I',
at one field and I'; at multiple fields), we define an exact (given
eq 9) experimentally accessible definition of the ¢bpys potential
given by

-6
¢six,neu — k Tl <V >§(e)l;m
ENS —6 —ve
€ norm (27)

where the superscript “six” denotes that the ratio of (r™®), ;.
for neutral and negatively charged nitroxide cosolutes used to
calculated the ¢hpyg potential.

Here, we investigate the validity of the two central
assumptions of Yu et al.*® that (1) 78725, and (2) the
}EFIG'S‘E“ or Xt potentials can be

interpreted in terms of the theoretical ¢pyesh potential

calculated from molecular coordinates.

Regarding the first assumption, it can be seen in Figure 5C
that, for a simple Coulomb hard sphere model, 7. varies
significantly as a function of protein charge (with the charge on
the cosolute set to —1; for a cosolute with charge +1, the x axis
in Figure SC would be inverted). For the model parameters
used in Figure 5C, the ratio 7("/7¢° for a protein with charge
+S (or —5) is approximately 2. Thus, the assumption that 78"

L,
~ 1¢°does not hold in general. The relevant ratios for g™

are either 7¢°/7¢" or 7¢"/7Y° (depending on whether the
charged cosolute is positive or negative, respectively). For the
parameters in Figure SC, with a protein of charge +5, 7&"

retand 7% /7¢° have values of ~0.68 and ~0.76, respectively,
much closer to 1 than the ratio obtained using positively and
negatively charged cosolutes. Thus, the assumption that 7 is

than for

experimentally derived ¢

I, neu

the same for both cosolutes holds better for NS

Pexs

To ascertain the validity of the second assumption, we
calculated ¢pyesy in the presence of a simple square-well
potential (see eq 31 in Material and Methods section for
details) that roughly mimics short-range atomic interactions.
We denote the analog of eq 26 in the presence of a square-well
potential as ¢E§§SS%“6“. If short-range interactions do not affect
the value of ¢};§§i‘;, ENess, and ¢E§§,SS%““ should be the same.

As shown in Supporting Information Figure S6, ¢pyess, and

EBNE?S%“E“ are in good qualitative agreement for three model
protein systems: ubiquitin and native and unfolded states of
drkN SH3 (as the calculated values of ¢§%§j§ are essentially
identical whether the nitroxide cosolutes are represented as
hard spheres or by full atomic representations; see Supporting
Information Figure S7). A few residues, however, are

significantly impacted (>10 mV) by the presence of short-

range interactions, although the majority exhibit only minor
discrepancies (<S mV). Hence some degree of caution should
be used with respect to any quantitative interpretation of
experimental ¢gys potentials.

The considerations discussed above notwithstanding, the

I}, neu

experimentally derived ¢ 2™ values agree well with their

theoretical ¢E§§§‘& counterparts for all three model protein
systems (Figure 6). In our analysis, the root mean square
difference (rmsd) between theoretical and experimental gy
potentials was minimized by vertically shifting the theoretical
¢ins profile to take account of any systematic uncertainties,
including inaccuracies in ionic strength or cosolute concen-
tration (see Supporting Information Tables S6 and S7).
Perhaps surprisingly, the theoretical ¢pyes values for the
unfolded state of the drkN SH3 calculated using the structural
ensemble obtained from a temperature replica exchange

molecular dynamics simulation®' are in excellent agreement
I, neu
ENS
the up and down features of the ¢pyg potential for unfolded
drkN SH3 (from —30 to 0 mV) are less pronounced than
those in the folded state (—4S to 0 mV). This is expected given
that the unfolded state can adopt many different conformations
with different charge distributions on the surface of the
polypeptide chain. As a result, the variation in average charge
distribution over the surface of the unfolded polypeptide
ensemble is considerably reduced relative to the native state.
Figure S8 shows that a number of residues for the two folded
protein systems have 7¢+"/7° ratios that deviate from a value
of 1, but in the case of the unfolded state of drkN SH3, almost
all residues have a 73™'/7¢° ratio very close to 1, which accounts
for the almost perfect match of ¢Er§'sleu and @i values for the
unfolded state.

We also investigated the possibility of using experimentally
determined J(0) values to analyze electrostatic interactions
based on the approximation given by eq 17. We introduce two
new quantities given by

six,neu

with both the experimental ¢gys™ and ¢

values. Further,

JOmen _ kT 2057 —T1 kT (I“E“(O)J
o e AR -ITE J7(0)
(28)
and
PB,neu - _ kBTl fr_4dq
ENS, four

e —4 Daee @\ 1
Jrt e ( )d (29)

Figure 7 compares the experimental qu(o) "¢ values with the
corresponding theoretical qﬁgﬁs}i‘; and ¢E§§‘§fx values. For the
two folded proteins, ubiquitin and the native state of drkN
SH3, the theoretical ¢E§S“ff,‘flr potential agrees more closely with
the experimental G[3%"" potential. For the unfolded state of
drkN SH3, however, slightly better agreement is observed
between the experimental ¢](0) "% and theoretical qﬁggsf;f,‘j
potentials. A possible explanation for these observations is as
follows. In a folded protein, the backbone is essentially fixed
and conformational mobility of surface side chains gives rise to
only minor variations in the effective near-surface electrostatic
potential. As a result, the experimental @L3%™" is likely to be
dominated by long-range electrostatic interactions. For an
intrinsically disordered protein, such as the unfolded state of
drkN SH3, however, the molecular surface is highly variable as
an infinite number of backbone configurations, including

https://doi.org/10.1021/jacs.2c10035
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Figure 7. Alternative interpretation of the ¢bgys potential based on
(" pom- (A) Comparison of experimental (]5{51%““ values (orange
circle) to the theoretical ¢E§§§Eur (magenta line; left panels) and
Pives (green line, right panels) values for ubiquitin (top) and native
(folded) drkN SH3 (middle) and unfolded drkN SH3 (bottom
panel). (B) Corresponding correlation plots of DR versus ¢E§’S‘}‘Qm
(magenta) and ¢pyess (green). Error bars represent 1 S.D.; rmsd,
root mean square deviation. ¢E§S}g‘;, and ¢E§§‘Z§‘x were shifted
vertically to minimize the rmsd between experimental and theoretical

¢pns profiles (see Table S7).

transient close contacts between residues far apart in the amino
acid sequence, can be adopted, with consequent very large
differences between the effective near-surface electrostatic
potentials of the individual conformers within the unfolded
ensemble. Under such conditions, the ensemble average
contribution to G{P"" from longer range electrostatic
interactions between the unfolded protein and the nitroxide
cosolute may be diminished, as the contributions from
individual members of the ensemble are partially cancelled
out. The contribution from shorter range electrostatic
interactions to i, on the other hand, involves individual
residues or sets of neighboring residues in the sequence and
therefore would be predicted to exhibit much less variability
between the different conformers of the unfolded ensemble. As
a corollary, while the theoretical Poisson-Boltzmann ¢EE]’S“‘§§I
and ¢E§S“‘$ potentials are easily calculated from the molecular
coordinates of a folded protein, it is likely that the accuracy of
the theoretical ¢pyghn, potential for an unfolded protein may
suffer from undersampling of the full range of conformations,
as it is only feasible to carry out the Poisson-Boltzmann
calculations with a limited number of snapshots from the
replica exchange molecular dynamics trajectory.

Finally we calculated the ¢y *""

ENS
[[neu __ kBT F?eu _ kBT ]neu (wH)
vrew — _ 7B7 1 S 2l P EAR S A

ENS Fl—ve - ]—ve(a)H)

e
which is analogous to the approach taken by the Likhtenshtein
1.26

potential from I';

¢ (30)

I,neu

ENS
are very similar to those of the theoretical ¢pydss profiles for

six,neu

all three model protein systems. This is expected as ¢gys and

et al.”™ Figure S9 shows that the experimental ¢ profiles

I},neu
ENS

spin than ¢£§2eu or PR (see Figure 4).

To further investigate the relationship between the PR,

both contain more local information near the proton

shonew and ¢]§I{I2eu potentials and the electrostatic potential at a

contact distance U(R() based on Debye-Hiickel theory (eq 32
in the Material and Method Section), we carried out
simulations for the hard-sphere Coulombic potential model

(Figure S10). In this model, @iy and ¢El;‘\f;eu have almost

superimposable profiles at a "H Larmor frequency of 900 MHz,
and the values are much closer to U(R.) than to Qe

(Figure S10A). The field dependence of ¢E[;1\'I[;eu was also

investigated using this theoretical model, and almost identical

I .
values of ¢ 1™ are observed for 'H Larmor frequencies

ranging from 100 to 1000 MHz (Figure S10B).
In summary, we suggest that, for folded proteins, both the

experimentally derived qﬁErIiI'S‘eu and P potentials provide

information that emphasizes long-range electrostatic inter-

actions, possibly related to g{;gﬁf’s‘}gm, while the experimental

P& potential provides information that is pertinent to
shorter-range electrostatic interactions that are proportional to

ggg‘;‘;{ Based on our analysis of J(®) mentioned above (see

I[,neu

Figure 4), we expect that the experimental ¢l

provides information on even shorter range electrostatic
interactions than the @jxa® potential when sPREs are
measured at high spectrometer fields. We also note that
since the distance dependence of I'} depends heavily on
spectrometer field, with local information content (i.e., short-
range interactions) becoming increasingly important at higher

'"H Larmor frequencies (see Figure 4), exactly how the

potential

I},neu

ENS
derived ¢gys potentials still needs to be investigated by more

rigorous analyses that are beyond the scope of the current
I},neu

ENS
to depend only weakly on the 'H frequency for our simple
theoretical model. In the current study, we observe that the

L i I ) o
e s PR piisnen and ¢elis" potentials exhibit only

minor differences in their profiles (Figure 8). We note,
however that the difference between the maximum and
minimum values of @gyg is larger for ¢£}(f§eu than for ¢
which in turn is larger than for ¢§§§"e“. This is expected given
the long-ranged nature of electrostatic interactions. For
example, the Pprcee and @ryese, profiles are very similar for
both ubiquitin (top panel of Figure 7A) and the unfolded state
of drkN SH3 (bottom panel of Figure 7A).

A summary of the various sPRE-derived experimental and
Poisson-Boltzmann theoretical forms of the ¢hpyg potentials is
provided in Table 1.

Validity of Poisson-Boltzmann Theory as a Basis for
Evaluating Experimentally Derived ¢gys Potentials. As
noted by Yu et al,””~**”” Poisson-Boltzmann theory is an
approximate theory that treats the solvent as a continuum and
does not necessarily provide an accurate description of ion
distributions in and around the hydration shells of a protein. In
particular, Poisson-Boltzmann theory does not explicitly take
into account the role of solvent, and hence, the details of short-
range electrostatic interactions, such as contact—ion pair and
solvent-separated ion pair interactions,””*" are not distin-
guished. As a result, significantly different distributions of ions

experimental ¢ potential relates to the Poisson-Boltzmann

work. We also note, however, that the ¢ potential seems

https://doi.org/10.1021/jacs.2c10035
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Figure 8. Comparisons between P (red), ppxme (green), and
é;{';;e" (blue) for ubiquitin and folded and unfolded drkN SH3. The
I') data were measured at a spectrometer frequency of S00 MHz.
Error bars represent 1 S.D.; rmsd, root mean square deviation.

around the protein hydration layer can be generated from
Poisson-Boltzmann theory compared to theoretical models
that make use of explicit solvent.”"

Figure 9A shows why Poisson-Boltzmann theory can still
provide a reasonably good estimate of the experimental ¢hgyg
potentials. The number and orientations of cosolutes that can
be close to the protein surface are much smaller compared to
those that are farther away due to the excluded volume effect
(i.e, steric hindrance). As a result, cosolutes in the first and
second hydration layers of the protein would contribute only a
small amount to the sPRE and (%), .

Table 1. Summary of Definitions of sPRE-derived
Experimental and Poisson-Boltzmann Theoretical
Electrostatic Near-Surface Potentials ((hgys) Used in the
Current Work

sPRE-derived experimentally observable
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A more quantitative analysis is afforded by examining the
hypothetical radial distribution function g(r) in the absence of
any intermolecular interactions other than excluded volume,
denoted as g.,.(). Figure 9B shows an example of the expected
Zexc(r) for the FFHS model (see Eqs $8.27—30), where it can
be seen that g(r) is negligibly small at short interspin
separation (a few angstroms) and gradually increases to 1.

Similar trends are observed for a more realistic model based
on the molecular coordinates of ubiquitin (see Materials and
Methods Section). The g(r) distribution functions for Lys29 of
ubiquitin are shown in the left panels of Figure 9C. The top
left panel of Figure 9C shows the various g..(r) distribution
functions calculated for SO structures of ubiquitin (generated
by refinement of the 10 solution NMR structures deposited in
the protein data bank, PDB 1D3Z) (gray lines), with the mean
Zexc(r) in red. The top right panel shows the corresponding
Zexc(r)/7* distribution function, which is the term that appears
in eq 9: 47 times the area under the curve is equal to {(r¢)&% .
The right and left plots in the lower panels show the
corresponding g(r) and g(r)/r* distribution functions in the
presence of Coulombic interactions based on Poisson-
Boltzmann theory, denoted as gpp(r). Similar to the hard-
sphere model, g...(r) and gpp(r) start with very small values at
short interspin separations and gradually increase at larger
interspin separations. The g(r)/r* plot (Figure 9C, right panel)
shows that the major contribution to {r™¢),.., originates from
cosolute molecules located between ~5 and ~15 A from the
proton spin. It should be noted, however, that these
distributions can change significantly in the presence of
short-range interactions, such as the hydrophobic effect and
hydrogen bonding, which are neglected in these calculations.
Our intention here is to demonstrate qualitatively that the

https://doi.org/10.1021/jacs.2c10035
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Figure 9. Distribution of the nitroxide cosolute around a protein. (A)
Schematic of the distribution of the nitroxide cosolute around a
protein. The red dashed line represents a circle at some fixed distance
around a nuclear ('H) spin of the protein. At small interspin
separation between the protein proton and the cosolute electron spin,
only a small number of cosolute molecules with restricted orientation
can be accommodated. At large interspin separations, however, there
are many cosolute molecules with unrestricted orientation. (B) Radial
distribution function g(r) expected for the Force-Free Hard-Sphere
(FFHS) model calculated using eqs $8.26—S29, with parameters p =
11.6 A, s =2 A, and Rc = 18.2 A. (C) Radial distribution functions for
Lys29 of ubiquitin (left panels): the hypothetical g(r) with only
excluded volume interaction is plotted in the left top panel, and g(r)
in the presence of an electrostatic potential given by the Poisson-
Boltzmann theory (PB) is shown in the left bottom panel. S0 different
conformers of ubiquitin were generated (see Material and Methods
Section), and the corresponding g(r) function is plotted in gray with
the mean in red. The corresponding g(r)/ +* distributions are shown in

the right panels.

sPRE and (r7%),.. are not necessary determined by cosolutes
located within <S A of the proton spin and that cosolutes
located in the 5—15 A range can make a dominant
contribution.

We also observed some minor variations in g.,.(r) and larger
variations in gpg(r) among the ensemble of 50 refined ubiquitin
structures, which are even more pronounced in the
corresponding g(r)/r* plot (Figure 9C). The variations in
gop(r) are larger because the charge centers are located on
surface sidechains (e.g, NH;" of lysine or carboxylate of
glutamate) that are conformationally flexible even when the
backbone is rigid (e.g. Lys29 of ubiquitin is located in the
middle of an a-helix with a backbone order parameter squared
of 0.89%%) Therefore, it is important to take into account many
different conformations of solvent-exposed sidechains to
obtain accurate gﬁg‘i;; and 4)51%3‘}2” values.

From our results, we suggest that any of the forms of the
experimental ¢@gpyg potentials listed in Table 1 are not very
sensitive to short-range interactions because of the small values
of g(r) at short interspin separations. As a result, the @pyg

potentials can be calculated from Poisson-Boltzmann theory
because cosolutes in the first or second hydration layer of the
protein contribute minimally to the ¢gys potential. This is

particularly true for d)ErIi};eu and @™ as J(0) and T, are long-

ranged in nature (i.e, cosolutes at long distance from the
nucleus of interest contribute a lot to J(0)). On the other hand,
(%) om and '} are more sensitive to short-range interactions.

This may explain why the experimental ¢%‘XNKQQ" and ¢EFI‘\]';eu are
systematically smaller than the theoretical ¢pyesy ones (See
Table S6), as the former are more sensitive to the short-range
distribution of cosolute molecules around the proton of
interest, and hence, a more accurate theoretical description
near the protein surface would be required (e.g, inclusion of
explicit solvent and hydrophobic interactions).

Effect of Short-Range Interactions on {r=),,,m- The
impact of short-range interactions between the nucleus of
interest and the cosolute was investigated by placing two
interaction sites on the nitroxide cosolute: one at the location
of the unpaired electron on the cosolute (i.e., the paramagnetic
center located on the oxygen atom) and the other at a site
distant (the nitrogen atom of the carbamoyl group) from the
paramagnetic center. In our model (see Materials and Methods
Section), we included a square-well potential around either the
oxygen atom of the nitroxide group (denoted as the O-model
in Figure S11A) or the nitrogen atom of the carbamoyl group
(denoted as the N-model in Figure S11B) of the 3-carbamoyl
PROXYL cosolute. (r76) was set as the reference, that is,
the model in the absence of any interactions other than the
excluded volume (black line in Figures S11C,D). A significant
increase in (r™®),.. is observed for the O-model (red lines in
Figures S11C,D), whereas almost identical values were
observed for the N-model (blue lines in Figures S11C,D),
implying that interactions distant from the paramagnetic center
do not significantly affect the value of {(r™°),..,. In the presence
of electrostatic interactions, slightly different values of (r™®),.m
are obtained (light blue lines in Figures S11C,D). For example,
for drkN SH3, systematically lower values of (r76), .. are
observed relative to (r%)%<_as the net charge on drkN SH3 is
around —6 (and the negatively charged nitroxide cosolute has a
charge of —1).

In summary, relative to (r®)&  computed solely from the
excluded volume, a large effect on (r %), is observed when
the interaction site is located at the paramagnetic center of the
nitroxide cosolute, but only a small effect is observed when the
interaction site is distant from the paramagnetic center. This is
particularly true when the protein—cosolute interaction is
short-range in nature. If the interactions are long-range,
however, such as Coulombic interactions, a significant change
in (r%),om can occur even when the charge-center is distant
from the paramagnetic center.

Concluding Remarks. In this paper, we focus on the sSPRE
from nitroxide-based cosolutes arising from outer-sphere
relaxation. Outer-sphere relaxation results in distinct properties
of the sPRE compared to those arising from inner-sphere
relaxation. In particular, we show that the relative values of I';
are heavily dependent on the spectrometer field and solvent
viscosity for outer-sphere relaxation (e.g., for nitroxide-based
radicals) but not for inner- or second-sphere relaxation
mechanisms involving weak, rotationally correlated, protein—
cosolute complexes. The relative values of I',, on the other
hand, are less dependent on spectrometer field or viscosity.
Our theoretical model, based on the Smoluchowski diffusion
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equation, shows that the spectral density J(0) is linearly
proportional to the inverse of the relative translational diffusion
constant Dy,,.. Further, we uncover the possibility that J(0) is
related to {r™*),..m by eq 17, which holds up reasonably well
for simple hard-sphere models in the presence of square-well
or Coulomb potentials. Based on eq 17, a physical
interpretation of the effective correlation time 7 is afforded
by eq 19, which produces the counterintuitive result that
attractive intermolecular interactions actually lead to shorter 7
values. The distance dependence of the spectral densities J(0)
and J(w) at different spectrometer fields is also examined.
Consistent with previous studies,’”*> we find that the
contribution of short-range interactions becomes significant
for J(w) at high fields, whereas long-range interactions
dominate J(0).

Various alternative methods, based on I',, J(0), I';, and
(r %)nomy for obtaining a quantitative description of the
effective near-surface electrostatic potential (¢gys) for proteins

from sPRE measurements are examined. We present four

Iyneu (0),neu

different experimentally derived potentials, ¢%c™, Peng"

L i . .
Ell\;geu, and @INE" (see Table 1), and interpret these in terms

of theoretical potentials based on Poisson-Boltzmann theory,

Eggg‘; and ¢E§]”S‘ff§uv calculated directly from protein atomic
coordinates. We show that each type of experimental gy
potential provides different, distance-dependent information
covering short-to long-range protein—cosolute interactions.

Reasonably good agreement between the experimental ¢ Iy neu

ENS
and theoretical Ppyach potentials is observed for three different

model protein systems: ubiquitin and the native and unfolded
states of drkN SH3. An even better agreement between the
experimental d){g(f])g“eu and theoretical d;ﬁ%g}gur potentials is
obtained for the two folded proteins (ubiquitin and the native
state of drkN SH3), while for the unfolded state of drkN SH3,
I, neu
ENS
theoretical Pprdsy and Phyech ones are broadly comparable
(Figure 7). We suggest that this may be due to the fact that, for
folded proteins, the molecular surface and hence the effective
near-surface electrostatic potential only exhibit minor
variations arising from surface side-chain conformational
mobility, and consequently long-range interactions are the
major contributor to the experimental PR potential. The
backbone for unfolded proteins, however, samples a very wide
range of conformations in solution, such that contributions
from longer range interactions may partially cancel out in the
unfolded ensemble, while those from shorter range interactions
show less variability as they involve individual residues or short
stretches of neighboring residues in the amino acid sequence.
As a consequence, the theoretical Poisson-Boltzmann ¢y,
potential, which is easily calculated for a folded protein, may be
less accurate than the ggsf‘;;l potential calculated from
snapshots taken from a replica exchange molecular dynamics
trajectory, owing to a degree of undersampling of the full
unfolded conformational ensemble.

Finally, the orientation effect of the nitroxide cosolute was
investigated. We found that (r), ... is sensitive to short-range
interactions between the paramagnetic center on the cosolute
(i.e., the location of the unpaired electron) and the nucleus of
interest but becomes almost insensitive to short-range
interactions when the interaction site on the cosolute is
distant from the paramagnetic center. We also showed that
(r®)porm can be significantly influenced by long-range

agreement of the experimental ¢ potential with the

interactions (e.g., Coulombic) even when the interaction site
on the cosolute is distant from the paramagnetic center.

B MATERIALS AND METHODS

Experimental Data. All experimental sPRE data for ubiquitin®’
and the folded and unfolded states of drkN SH3*' were taken from
our previously published work. These data were acquired on Bruker
500, 800, or 900 MHz NMR spectrometers equipped with TCI z-axis
gradient cryogenic probes. The sPRE data for ubiquitin were acquired
at 298 K. For drkIN SH3, we used sPRE data obtained at 277 K, where
the exchange rate between the folded and unfolded states is ne§ligib1y
small and can be neglected in the analysis of I'; and I', rates. ' The
concentrations of ubiquitin and drkN SH3 were 500 and 200 uM,
respectively. Both ubiquitin and drkN SH3 were dissolved in 10 mM
phosphate buffer, pH 7.0, which corresponds to an ionic strength of
10 mM. The neutral and negatively charged nitroxide cosolutes
employed in the current work were 3-(carbamoyl)-2,2,5,5-tetrameth-
yl-1-pyrrolidinyloxy (3-carbamoyl PROXYL) and 3-(carboxy)-2,2,5,5-
tetramethyl-1-pyrrolidinyloxy (3-carboxy PROXYL), respectively. The
concentration of the nitroxide cosolutes was 25 mM for all NMR
samples.

Model Potentials Used in the Hard Sphere Model. Square-
well potential model. The square potential is given by

e—U(R)/kBT _ aifRc <R <R,
1 ibe <R (31)

where R is the center-to-center distance between protein and cosolute
spheres; Rc is the contact distance between the protein and cosolute;
and R, is the well length. The well-depth of the square well potential
is thus given by -kyTIn(a). R, was set to R + 2 A for all simulations
in this study. The Force-Free Hard-Sphere model (FFHS)>***
corresponds to eq 31 with a = 1.

Coulomb potential model. Coulombic interactions in the
presence of ions was approximated by the Debye-Hiickel theory

2 KR —KkR
e ZSZpe P

UR) = 4ree (1 + kR() R (32)

where the ionic strength is defined as I = (1 /2)2}. anjz, and the

square of the inverse of the Debye length as > = 21/ (kyTe,¢,). Z, and
Z, are the charge numbers on the cosolute and protein, respectively; e
is the elementary charge; ky is the Boltzmann constant; T is is the
temperature; ; is the number density of the jy, ion in solution (i.e., if
¢; is the molar concentration of the jy, ion, then n; = 1000 N cj) ; Ny is
Avogadro’s number; €, is the vacuum permittivity; and &, is the
relative permittivity (or dielectric constant). It should noted that
many papers in the literature omit the factor of 47¢, in eq 32, and
consequently, the equation corresponding to eq 32 may look different
in these papers. Here we set &, equal to 78.5, which is approximately
equal to the dielectric constant of water. The ionic strength was set to
0.01 M.

Calculation of the Radial Distribution Function from
Protein Databank (PDB) Atomic Coordinates. Input PDB
coordinates were rotated such that the bounding volume of the
cubic box in Cartesian dimensions was minimized, thereby
minimizing the number of grid points required in the calculation.
These rotated coordinates were fed into the Adaptive Poisson-
Boltzmann solver, APBS version 3.2.1 (http:/ /apbs.readthedocs.io/
en/stable/), which was instructed to generate a grid 25 A larger than
the bounds of the molecular coordinates on each side, with a spacing
of 0.5 A, and to output the electrostatic potential ¢, at each grid point
i. Each grid point is associated with three cartesian coordinates, X;, Y,
Z,, which specify the position to evaluate the electrostatic potential.

The abovementioned grid was also used for sampling cosolute
configurations. At each grid point, the cosolute molecule (3-
carbamoyl PROXYL or 3-carboxy PROXYL) was translated such
that its centroid coincided with that point { X,, Y, Z, }, and given N, =
S0 pseudo-random rotations to uniformly sample the cosolute’s

https://doi.org/10.1021/jacs.2c10035
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orientation, specified by the rotation axis #; and rotation angle y;. The

uniformly random rotation was performed following the axis/angle
formulation described in Section 17.10.1 of ref 83. The grid and
orientation coordinates are collectively denoted as
Zji]_ =1{X, Y, z, n, l//}} qw_ completely specifies the relative positions
of the protein and the paramagnetic cosolute. Consequently, [_ii,i
determines the interspin separation between the paramagnetic center
(O atom) on the nitroxide cosolute and the nucleus of interest in the
protein.

The random rotation about the central grid point places the charge
center, specified by qi’j, at a location where tricubic interpolation”*

was performed in three dimensions to evaluate the scalar field from
values specified at the grid points. At the edges, the charge center may
be outside of the grid, and this leads to extrapolation; that is spurious
artifacts are expected the further one strays from the grid.

For each nucleus for which relaxation data was collected, the
electrostatic-weighted distance distribution was computed as a
histogram over the distance from the paramagnetic center to the
nucleus in the range r..r + Ar, with contribution at distance r
calculated as

g = Y w7 en(-4@,)
)

{ij}EE(r

(33)

where 7 is the index for the nucleus of the interest. The normalization
n is n = Ax, Ay, Az/(4nArNr), where Ax, Ay, and Az are the grid
spacings in the three Cartesian dimensions. The summation was taken
over the domain defined by:

() = {{i, i < r(c_jw ) <7 + Arand L_jx_,]_ does not clash}
(34)
The first condition of eq 34 specifies the coordinates q’i’}, which
gives the interspin distance r(?j{y}_) and also lies inr < r(qil,) <r+ Ar.

The second condition specifies the possible coordinate that the
paramagnetic cosolute can occupy without steric clash with the
protein. If there is no overlap between protein and cosolute atoms, the
conformation is included in the distance distribution sums.

To simulate the effect of short-range interactions, a square-well
potential of depth & and length 4 A was incorporated around the
nucleus of interest. This modifies eq 33 to

g (N =2 n’ad )exp(-4(G,))

quE(Y) (35)
where
eifr(7) < 4A
a(q,) = ’
1 else (36)

if the short-range interaction is placed between the O atom of the
nitroxide moiety of the cosolute and the nucleus of interest; and

if n(4.) < 4A
(@) {8 L "N(‘L;)
1 else (37)

where ry is the protein—carbamoyl nitrogen atom distance, if the
short-range interaction is placed between the N atom of the
carbamoyl group of the nitroxide cosolute and the nucleus of interest.
The value of & was set to 20, corresponding to a well-depth of 3kpT.
For the unfolded state of drkN SH3, the calculation was performed
over 100 snapshots from our previously published replica exchange
molecular dynamics trajectory.”’ For the folded states of drkN SH3
and ubiquitin, S0 conformations were calculated by simulated
annealing refinement of each of the 10 deposited structures in PDB
entries 2A36*° and 1D3Z,% respectively, under the influence of the
deposited NMR restraints using the program Xplor-NIH.*”**

To optimize the representation of long-range electrostatics using
APBS, we made use of a two-step calculation. The procedure
described above was used to calculate the g(r) distribution from 0 to
25 A. To calculate the g(r) distribution beyond 25 A, a separate APBS
calculation was performed using a grid 50 A larger than the bounds of
the molecular coordinates on each side, with a coarser spacing of 1.0
A. Since cosolute molecules beyond 25 A do not overlap with the
protein of interest for any cosolute orientation and the distance from
the actual location of the unpaired electron to the center of the
cosolute is short compared to the distance between the cosolute and
protein, the rotational contributions of the cosolute molecule to g(r)
can be safely ignored. Thus, for the second calculation, the cosolute
was modeled as a sphere, with the unpaired electron placed at its
center. This approximation increases the speed of the computation
significantly. The radial distribution function from 25 to S0 A,
obtained from this second calculation, was then spliced together with
the g(r) obtained from 0 to 25 A using the full atomic model for the
cosolute to extend the g(r) from 0 to 50 A. (+™®) . and (7)o
were calculated from g(r) given by eq 33 or 35 followed by eq 9.

Units and Constants. N, = 6.022 X 10* molecules; y, = 47 X
1077 T>m*J ™% A = 1.05 X 107 J-s; ky = 1.38 X 1073 J-K 7 ¢, =
8.854 X 1072 C*J7"m™; e = 1.602 X 107" C; yyy = 2.67 x 10°
rad™>T7% and y, = 1.76 x 10" rad L. T7%
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