
Oxygen Accessibility to Ribonuclease A: Quantitative Interpretation of Nuclear Spin
Relaxation Induced by a Freely Diffusing Paramagnet†

Ching-Ling Teng, Brian Hinderliter, and Robert G. Bryant*
The Biophysics Program and the Chemistry Department, UniVersity of Virginia,
CharlottesVille, Virginia 22904-4319

ReceiVed: May 20, 2005; In Final Form: July 30, 2005

The nuclear spin relaxation induced by a freely diffusing paramagnetic center provides a direct measure of
intermolecular accessibility. A number of factors are involved in a quantitative interpretation of relaxation
data including excluded volume effects, solvation differences, and the details of the electron spin relaxation
in the paramagnetic center. In the case where the electron relaxation time is short compared with correlation
times describing the electron-nuclear coupling, the nuclear spin relaxation rates may be related to the effective
local concentration of the paramagnetic center at different locations about the solute of interest. The local
concentrations may in turn be related to differences in the local free energies of interaction between the
diffusing paramagnet and the cosolute. We demonstrate this approach for the case of ribonuclease A and
deduce surface free energy differences for a large number of protein proton sites. We find that the oxygen
accessibility is poorly represented by hard-sphere models such as computed solvent or steric accessibility.
There is a distribution of local intermolecular interactions with a width of the order ofRT that dominates the
report of the intermolecular exploration of the protein by this simple solute.

Intermolecular accessibility is key to molecular recognition
and associative phenomena that are critical for reactivity,
catalysis, or regulation. In the case of a macromolecule such as
a protein, there may be a very large number of contributions
that add together to provide the final free energy change that is
measured for the binding of a small solute to the protein. It is
generally difficult to get a detailed understanding of all of the
small energetic contributions to the free energy that characterizes
intermolecular couplings; however, a reasonably detailed view
of some of the contributions may be gained by exploiting
intermolecular effects in spectroscopy where the short range
interactions of one molecule affect the spectral properties of
another. Nuclear magnetic resonance spectroscopy of soluble
proteins provides excellent spectroscopic and structural resolu-
tion for the study of intermolecular interactions using relaxation
spectroscopy.1-14 The electron-nuclear dipole-dipole contribu-
tion to nuclear spin relaxation depends inversely on the sixth
power of the intermoment distance. When the dipolar coupling
is modulated by translational diffusion, the effective distance
dependence decreases because the total intermoment coupling
requires an integration of effects over a volume accessible to
the interacting spin pairs; however, the dependence is still a
sufficiently strong function of distance that the changes in the
nuclear spin relaxation rate constants for solute protons report
the effective accessibility of the freely diffusing paramagnetic
cosolute to these molecular positions.15-18 Although there have
been a number of qualitative discussions of the application of
this effect to measure molecular accessibility, a quantitative
interpretative platform for this potentially very powerful tech-
nique has not been presented. In this paper, we present a
foundation that provides the basis for quantitative interpretation

of nuclear spin relaxation rate constant contributions from freely
diffusing paramagnetic centers in terms of differences in the
local intermolecular potential or free energy. We demonstrate
the approach using ribonuclease A and deduce free energy
differences for the exploration of this protein by the cosolute
oxygen. We find that the oxygen accessibility is poorly
represented by hard-sphere models such as computed solvent
or steric accessibility and that there is a distribution of local
intermolecular free energies with a width of the order ofRT.
The oxygen affinity is generally higher in hydrophobic regions,
but there is not a simple correlation with elementary measures
of individual amino acid hydrophobicity.

Background and Theory

In the absence of long-lived specific binding interactions, the
electron-nuclear dipole-dipole coupling between a freely
diffusing electron spin and a nuclear spin is modulated by the
relative translational diffusion of the spin-bearing molecules.
In the present experiments, oxygen is the diffusing paramagnet.
If the paramagnetic oxygen were to bind to the protein at some
position with full occupancy, the correlation time for the
coupling would be the oxygen spin-lattice relaxation time, and
at van der Waals contact with a proton, the relaxation rate
constant for the proton would be approximately 6200 s-1.19 The
relaxation rate constants that we measure are generally less than
10 s-1. No protein proton spin-lattice rate constant or line
broadening approaches 6200 s-1. Thus, what oxygen binding
interactions there are at the protein interface involve very low
occupancies. If one adopted the view that the oxygen binds
significantly, then the binding probability would be generally
of the order of 0.1% or less. We therefore adopt the analytical
strategy that the oxygen explores the protein-water interface
by diffusive motions and employ models for the paramagnetic
contributions to the proton spin-lattice relaxation rate constants
based on the relative diffusive motion of the interacting spins.
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The intermolecular relaxation models assume that the point
dipole approximation for the intermoment coupling is valid, and
we know of no evidence to question this assumption, particularly
for intermolecular couplings where covalent connectivity is
absent.20

The analytical models for the spin-lattice relaxation rate
constants when the length as well as the orientation of the
intermoment vector may change are generally very different
from those for intramolecular dipolar couplings modulated by
rotational diffusion. There are two major differences: the
spectral density functions that enter the relaxation equation are
not Lorentzian so that the magnetic relaxation dispersion profile
is not Lorentzian but may be considerably broader.21 The
dependence of the paramagnetic contribution to the relaxation
rate constant on distance appears to be weaker because one
integrates over the range of intermoment distances, which may
include the extremes of the sample volume. Analytical expres-
sions for the translational contribution to the paramagnetic
relaxation rate constant have been developed by Ayant, Hwang,
Freed, and others16-18,22-24 on the basis of the relative diffusion
of the interacting particles. For the applications of interest here,
there are two limits for the electron spin relaxation time,T1e,
of the freely diffusing paramagnetic center: (1)T1e is long
compared with the translational correlation time or the rotational
correlation time of the target molecule of interest. (2)T1e is
short compared with translational diffusion correlation times.
The first case is relevant to nitroxide centers and some metal
centers that have been used most often in the past;2,4,6,7,9-11,21,25-28

the second is important to the present discussion where we use
dioxygen as the paramagnetic relaxation agent.2,3,29,30 The
paramagnetic contribution to thekth proton in solution origi-
nating from a dipolar coupling to the oxygen center is given by
Freed16

where

[C] is the concentration of the paramagnetic molecule, whileS
is the electron spin, 1 in this case,ω is the Larmor frequency
for the nuclear spin,I, or the electron spin,S, P is a factor
discussed below that equals 1 for a hydrogen atom,b is the
distance of closest approach between the electron and nuclear
spin,D is the relative diffusion constant, and〈r2〉 is the mean-
square jump length of the small solute. In the present case, the
motion of the protein is slow so that the effective diffusion
constant becomes that for the paramagnet, oxygen.TjS is the
electron spin-lattice or transverse relaxation time forj ) 1 or
2, respectively, and the other symbols have their usual mean-
ing.16

The electron relaxation rate constant for dioxygen is 7.5 ps
and is not sensitive to viscosity.31 The translational correlation
time for water computed from eq 3g is also 7.5 ps; however,
estimates of the translational mobility at the protein interface
are a factor of 3 or more slower.21 Thus, the fluctuations in the
electron-nuclear coupling at the macromolecular interface will
be dominated by the rapid electron spin relaxation. Because the
correlation time for the electron-nuclear coupling in oxygen
solutions is short and minimally sensitive to oxygen rotational
or translational dynamics, the correlation time for the electron-
nuclear coupling is practically constant and the paramagnetic
contribution to the spin relaxation rate constant at each proton
is proportional toP[C].

The relaxation of small molecules is somewhat different from
that of large molecules. In the case of small molecules, the
diffusion jump length is often approximated as the distance of
closest approach, which is close to the molecular diameter of
the small molecule. However, in the case of macromolecules
such as proteins, a proton may be sterically excluded from
contact with the small molecule or buried by the protein fold.
In this case, the diffusion jump length and the distance of closest
approach may be different. Thus, eq 1 suggests that the
relaxation rate constant is proportional to 1/b; however, for small
molecules, the mean jump length is approximately the same as
the distance of closest approach andr2=b2.32 Substitution ofD
) b2/6τj into eq 1 yields the steeper distance dependence of
b-3, which is appropriate for small solutes or for surface protein
protons. However, for an arbitrary protein proton, the distance
of closest approach of the diffusing paramagnetic center may
be very different from one proton to another, although the
relative protein-oxygen diffusion constant is the same. There-
fore, 〈r2〉 * b2 and the effective dependence of the nuclear
relaxation rate constant on distance is more complex.16 We point
this out for generality: this manuscript focuses on surface
protons, where the distance of closest approach,b, is practically
the same for all surface protons and this complication is
unimportant.

Figure 1 was computed on the basis of eqs 1-3 with the
assumption of spherical symmetry of a hydrogen atom, the
correlation time set at 7.5 ps, and the translational diffusion
constant equal to that of the solvent water, 2× 10-5 cm2 s-1.
The calculation is truncated at distances below the sum of the
van der Waals radii of the hydrogen and oxygen atoms. The
dashed line indicates the relaxation rate that would be observed
if the distance of closest approach to the hydrogen atom is
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increased by the presence of an intervening water molecule;
the relaxation rate constant falls by nearly a factor of 10 if water
is in the way so thatb increases by 3 Å. The strong dependence
of the proton relaxation rate on distance is supported by early
calculations which indicate that, for purely diffusional contribu-
tions, approximately 90% of the relaxation occurs within 10 Å
of the detected proton.21 Because the correlation time is theT1e

value for oxygen, the relaxation rate constant is not significantly
sensitive to changes in the translational mobility of the oxygen
in the vicinity of the protein or other solute molecule. Therefore,
the paramagnetic contribution to the proton relaxation rate is
an effective measure of the time-average proximity of oxygen
to the measured proton or the local concentration, which is
generally found to be larger in the vicinity of the protein protons
than implied by the equilibrium concentration of oxygen in
water. The volume associated with defining the effective local
oxygen concentration is implied by Figure 1. For the surface
proton, the majority of the paramagnetic relaxation contribution
derives from the first several angstroms and more than 90% of
the paramagnetic relaxation contribution derives from the
oxygen within 10 Å of the detected proton as noted. Thus, the
effective volume associated with the local concentration is
defined by a radial distance of approximately 2 or 3 water
molecule diameters. For the spectral effects observed to be in
the fast chemical exchange limit, the time scale for the averaging
process must be short compared to the proton relaxation time
when the oxygen is adjacent to the proton, which is ap-
proximately 0.2 ms. All present evidence indicates that the mean
lifetimes for the oxygen interactions are short compared with
this value.

The parameterP includes factors that may change the
accessibility to a particular nuclear spin including steric factors
and any biases in the effective local concentration created by
the local intermolecular energetic profile. This factor may be
divided into two parts: a steric factor and an equilibrium
constant that accounts for locally different concentrations of the
diffusing paramagnet created by intermolecular interactions.
Thus, we write for thekth proton site

wherefk is a geometric factor that accounts for the local bonding
pattern in the molecule that limits the uniform distance of closest
approach to the detected nuclear spin.

fk will be computed in detail, but it is useful to consider a
proton located on a planar surface to deduce the magnitude of
the factors. In this case, the oxygen or other relaxation agent
may approach the detected proton from only one side of the
plane; thus, one anticipates a reduction in the relaxation rate
by a factor of about 2. In a macromolecule such as ribonuclease
A (RNase A), the proton on the surface may have van der Waals
contact with the oxygen from one side but the distance of closest
approach on the opposite side may be several tens of angstroms
away on the other side of the protein. Because of the short
electron relaxation time for oxygen, the paramagnetic relaxation
rate constant and the steric factors may be computed using a
lattice model. The protein is placed in a box of lattice points,
the dimensions of which are defined by the largest dimensions
of the protein in each coordinate plus the van der Waals diameter
of the oxygen molecule. The box is then enlarged until the lattice
sums computed do not change in the fourth place as computed
for a hydrogen atom. The total paramagnetic contribution to
the relaxation rate constant is then a sum of contributions from
each lattice point weighted by the volume element appropriate
for the grid size, 0.025 Å, setting to zero any point that is inside
a protein atom or inside the molecular surface defined by the
van der Waals contact between oxygen and the atoms of the
protein. This calculation agrees well with the paramagnetic
contribution to proton spin-lattice relaxation rates measured
in small molecules and incorporates the several aspects of
excluded volume and steric factors associated with the anisot-
ropy in the distances of closest approach between the protein
protons and the oxygen molecule.32 The calculation also
establishes the relaxation rate constants appropriate for the force-
free or hard-sphere limit for the intermolecular potential. The
strategy of the approach developed here is then to compare
measured relaxation rate constants with those computed from
the lattice model to deduce local concentrations of the oxygen.
The geometric factors,fk, are computed on the basis of the
structural coordinates of the protein deduced from the X-ray
structure or NMR structure. The remaining unknown in eq 4 is
thenKk, which provides the free energy difference between the
bulk solution and the region immediate to the detected proton
spin through the classic relation

An alternative way to define the equilibrium constantKk is
in terms of a specific independent binding constant

where [O2] is the equilibrium solubility of oxygen in water at
this pressure. The concentration of oxygen in thekth site is then

where PrT is the total protein concentration and the arrow yields
the limit of smallK′k and low oxygen concentration, which is
appropriate for the present cases. Comparison of eq 7 with eq
4 shows thatKk ) K′kPrT, and for comparison of the free
energy differences on the surface of the protein, the two
approaches are equivalent because the total protein concentration
divides to unity.

Figure 1. Oxygen induced relaxation rate constant contribution as a
function of distance from the proton assuming an oxygen concentration
of 13.3 mM, a translational diffusion constant of 2× 10-5 cm2 s-1,
and a correlation time of 7.5 ps for the electron-nuclear coupling. The
plateau is established at van der Waals contact, the dashed line
represents the relaxation rate at a distance of 3.0 Å further away, that
is, the distance an intervening water molecule would add.
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Computation

Protein proton accessible surface areas are computed on the
basis of the ACCESS program (v. 2.2.4) from the Center of
Structural Biology at Yale University (http://www.csb.yale.edu/
download/download_descrip.html),33 modified by David Le-
Master.2 The distance of closest approach,b, for the intermo-
lecular electron-nuclear interaction of each protein proton is
defined by computing the shortest distance between a proton
and the calculated Connolly protein molecular surface defined
by a surface probe with a radius of 1.4 Å (Molecular Simulations
Inc., San Diego, CA). The lattice sums were computed using a
Fortran program written in this laboratory using a lattice spacing
of 0.025 Å in each coordinate based on the coordinates retrieved
from the Protein Data Bank (7RSA).34 The results are sum-
marized in the Supporting Information.

NMR Spectroscopy

All NMR data were acquired using a 500 MHz Varian Unity
Plus spectrometer. BothT1-weighted gradient double-quantum-
filtered correlation spectroscopy (gDQF-COSY) spectra and one-
dimensional proton (1H) spectra were acquired for each sample.
gDQF-COSY spectra were recorded in the phase-sensitive mode
using quadrature detection in the directly detected dimension
(D2) and hypercomplex detection in the indirectly detected
dimension (D1). The carrier frequency was centered at the HOD
resonance frequency which is also used as the internal reference
at 4.75 ppm. The RNase A spectra were acquired at 30°C with
spectral widths of 5000 Hz in both dimensions. Each acquisition
consisted of 16 transients, containing 1024 complex points in
D2 and 256 complex points in D1, corresponding to a total
acquisition time of∼3 h for every 1 s of saturation recovery
delay.

The protonT1-weighed pulse sequence was edited by adding
a 1H π/2 pulse (saturation pulse), followed by a saturation
recovery delay before a gDQF-COSY pulse sequence.35,36Two
additional gradient pulses were added immediately before and
after the saturation pulse to spoil any remaining coherences.
The delay table was constructed according to the response of
the average peak intensity of the protein protons in a one-
dimensional inversion recovery experiment for each sample. The
spectra were typically measured with a saturation recovery delay
list of 0.105, 0.233, 0.357, 0.511, 0.693, 0.911, 1.20, 1.61, 2.30,
3.0, 4.0, 5.0, and 6.0 s for the diamagnetic sample and 0.05,
0.1, 0.156, 0.244, 0.304, 0.402, 0.528, 0.706, 1.01, 1.31, 2.0,
3.0, 4.0, and 5.0 s for the paramagnetic sample.

The time domain data were first filtered with aπ/2 phase-
shifted sine-bell window function in both dimensions and then
zero-filled to 2048 points in D2 and to 1024 points in D1 prior
to Fourier transformation. Absolute values of cross-peak intensi-
ties were used to simplify the effects of antiphase components.
All data were processed using VNMR 6.1B (Varian Inc., Palo
Alto, CA) and Felix 2000 NMR software (Molecular Simula-
tions Inc., San Diego, CA).1H chemical shift assignments for
RNase A were used as reported at 30°C and pH 3.237 and at
35 °C and pH 4.0.38

The peak intensities in a COSY spectrum were measured by
integrating the peak magnitude over the peak area. Negative
multiplet components of a normal COSY cross-peak were
inverted to positive values so that the integration of the peak
magnitude over the peak area gives nonzero values of peak
intensities. However, peak overlap is not unusual, which may
result in composite peak intensities that could interfere with
the determination of the relaxation parameters unique to each
proton in the protein structure. In such a case, peak areas were

defined to include only multiplet components that did not
overlap. Spectral peaks where clear isolation was not possible
using this strategy were not used. Variations in relaxation rates
as a result of the choice of peak area were small compared to
the standard error from the data fitting routine.

A total of 463 cross-peaks, including some slowly exchanging
amide proton cross-peaks, were unambiguously assigned in the
2D COSY spectra. Since scalar coupling occurs between nuclei
that are separated by one to three chemical bonds, a specific
proton may be coupled to two distinct protons, resulting in two
cross-peaks with the same relaxation character in the COSY
spectrum. For example, if protons A, B, and C are coupled to
one another, six cross-peaks at (ωA, ωΒ), (ωA, ωC), and (ωB,
ωC) and symmetrically (ωΒ, ωA), (ωC, ωA), and (ωΒ, ωC)
can be observed in the spectrum. However, both cross-peaks at
(ωA, ωΒ) and (ωA, ωC) characterize the relaxation parameters
unique to proton A. The resonance frequency in the second
dimension does not encode the initial population of proton B
or C and merely shows connectivity as a result of scalar
coupling.

Ideally, relaxation parameters characterized by cross-peaks
at (ωA, ωΒ) and (ωA, ωC), for example, should give the same
∆R1 value for proton A; however, fitting to an exponential is
subject to error that is propagated by the necessity of subtracting
two relaxation rate constants, that is, that for the paramagnetic
oxygenated sample and that for the deoxygenated sample under
the same pressure of nitrogen.

In the case where the values of∆R1 for proton A as measured
by different cross-peaks at (ωA, ωΒ) and (ωA, ωC) differed
slightly, the cross-peak with a greater signal-to-noise ratio, a
smaller residual in the fit to a single exponential, or more
complete isolation from other cross-peaks was used to charac-
terize the relaxation for proton A. For most of the cross-peaks
that carry redundant information, the differences in the relaxation
rates are small and comparable to the standard errors of the fit
(∼10%). Some cross-peaks have larger errors because of rapid
transverse relaxation or longitudinal relaxation.

In the COSY spectra, 300 out of 463 cross-peaks were
uniquely resolved out of a total of 787 protons in RNase A,
excluding amide protons. The relaxation parameters for amide
protons were not characterized because both the proton relax-
ation and the hydrogen/deuterium exchange mechanism may
affect the peak intensities. Nevertheless, the number of reporter
sites within a protein from a COSY spectrum is large; most of
the residues provide more than two reporter protons. Some
residues, such as 8F, 115Y, and 120F, provide five resolvable
reporter protons, and all reporter protons of the same residue
render unique relaxation rate constants for measurements of
oxygen accessibility at that site.

The apparent proton spin-lattice relaxation rate,R1, char-
acterized by a cross-peak was determined by fitting the peak
intensities to a single exponential (eq 2) using the nonlinear
least-squares fitting routine (Levenberg-Marquardt method) in
the Mathematica 3.0 program (Wolfram Research, Inc., Cham-
paign, IL). The cross-peak intensity data were fit to the equation

whereI0 is the intensity att ) ∞, R1 is the protein proton spin-
lattice relaxation rate constant, andB is the background intensity.
If the intensity I0 is normalized to 1, then we fit the only
parameterR1; B is experimentally measured by integrating the

∆R1 ) ∆R1
O2 - ∆R1

N2 (8)

I(ti;R1,I0) ) I0 × (1 - e-ti×R1) + B (9)
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noise density over the width of the COSY peak. Assuming a
normal distribution of error between the data and the fit,

To find the maximal likelihood, the parameterR1 is adjusted to
minimize ø2 defined as

R1 is found from the condition

Substituting eq 9 into eq 12 yields

We note that in eq 13 the difference between the experimental
measurementD(ti) and the hypothesisI(ti;R1) is weighted by a
factor oftie-ti×R1. In the range of observed protein proton spin-
lattice relaxation rates, the initial points of the data collected
have a much stronger influence in determining the parameter
R1 than the later points. Therefore, the values ofR1 extracted
are not very sensitive to the effects of spin diffusion, which
appear at long times.

Results and Discussion

Comparisons with Hard-Sphere Models. If only steric
factors are important in intermolecular exploration, the measured
paramagnetic contributions to the proton relaxation rate should
be proportional to the accessible surface area of each proton.
For the relaxation rates computed from lattice sums of the
dipolar couplings, this is the case, as shown in Figure 2A. The
correlation is good (r2 ) 0.98 andp ) 0); the scatter derives
from the discreteness of the lattice and the adjacent steric
constraints that do not affect the surface area in the same way
as the relaxation rates which are weighted as the inverse sixth
power of the distance. Experimental relaxation rate constants
do not scale simply with accessible surface area based on the
crystal structure, as shown in Figure 2B (r2 ) 0.049 andp )
0.403). Thus, factors other than exposed surface area are
important, but we note that the relaxation rate constants do not
correlate simply with other often-used metrics such as hydro-
phobicity indices of each amino acid, charge, or Debye-Waller
factors.15

A classic and major difficulty in local measures of spin-
lattice relaxation rate constants in macromolecules is the
contribution from spin diffusion or proton-proton dipolar
coupling. Although initial decay constants are little affected,
the effects at long times may be significant. In this work, we
minimize ø2 to find the spin-lattice relaxation rate,R1, in eq
9, which is predominately determined by the initial points of
the data sets (details in the Supporting Information) shown in
Figure 3. Indeed, at long times, deviations from exponential
decay are apparent. There are several ways to minimize the
effects of spin diffusion; one is to measureT2. However, the
dynamic range of the relaxation experiment is compressed
because proteinT2 values are fairly short, which requires
significantly higher concentrations of paramagnet to develop a
reliable measurement of the paramagnetic contributions. An

alternative and technically challenging approach is to execute
a magnetic field cycle on the sample so that the sample resides
at a magnetic field where the cross-relaxation rate is zero during
the relaxation period. For the surface protons, the paramagnetic
contributions to the individual protons will be underestimated
if spin diffusion is significant because the interior protons will
generally be less well relaxed by the paramagnet and thus slow
the surface proton relaxation rate through the spin coupling. A
possible consequence is that the local concentrations and thus
the free energy differences deduced by this approach will be
systematically somewhat underestimated. Thus, in the present
work, we will focus discussion on the surface residues where
the paramagnetic contributions are the largest and local motions
minimize the efficiency of proton-proton coupling. We note
that the approach we present is, however, general and provides
an interesting map of the energy landscape of the protein-water
interface.

In summary, hard-sphere models fail to account for the
magnitude of the spin-lattice relaxation rate constants or their
distribution. The relaxation rates computed using the lattice sum
approach provide a useful reference that includes the geometric
factors created by the details of the folded protein structure as
well as the steric factors of the chemical bonding at each proton
site but is otherwiseforce free. Substitution of eq 4 into eq 1
provides the basis for analyzing the experimental relaxation rate
constants at each site in terms of the effective local concentration
of the paramagnet at each site taking the computed rate as the
reference. We note that, in nonaqueous solutions of small
solutes, work in this laboratory has shown that the computed

D(ti) - I(ti;R1,I0) ∼ N(0,σ) (10)

ø2(R1) ) ∑
i)1

m

(D(ti) - I(ti;R1))
2 (11)

∂ø2

∂R1
) 0 (12)

∑
i)1

m

((D(ti) - I(ti;R1)) × tie
-ti×R1) 0 (13)

Figure 2. (A) Computed proton spin-lattice relaxation rate constant
as a function of exposed surface area based on the Lee and Richards
algorithm33 for ribonuclease A. (B) Experimental proton spin-lattice
relaxation rate constant as a function of exposed surface area of proton
computed from the Lee and Richards algorithm.
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relaxation rates agree with the measured relaxation rates within
experimental error after the geometrical factors have been
included.32

Relaxation Rate Distributions. Protons that are within 0.1
Å of the protein surface defined by the Lee and Richards
criterion33 are considered as surface protons, while protons that
are buried more than the short axis of the oxygen molecule or
1.3 Å deeper than the surface are considered as interior. The

measured and computed paramagnetic contributions to the
surface proton relaxation rate constants are summarized in parts
A and B of Figure 4, respectively, based on the high resolution
crystal structure (7RSA);34 the interior proton data are sum-
marized in Figure 4C and D. The measured relaxation rate
constants are generally larger than expected on the basis of the
calculation assuming completely free diffusion. For the interior
protons, the difference is dramatic and affected significantly

Figure 3. Semilogarithmic graphs of the magnetization decay vs time in the COSY experiments for protons of ribonuclease A. The magnetization
is in arbitrary units. (A and B) (34HB2:HB1) An example of the relaxation curves of a surface proton in the presence of oxygen and nitrogen. (C
and D) (17HG1:HB) An example of the relaxation curves of an interior proton (depth 4.0 Å) in the presence of oxygen and nitrogen.

Figure 4. (A) Distribution of the measured paramagnetic relaxation rate constant contributions from oxygen for 165 resolved surface protons of
ribonuclease A. (B) Distribution of the computed paramagnetic relaxation rate constant contributions from oxygen for the surface protons of
ribonuclease A using a lattice model with a 0.025 Å grid spacing. (C) Distribution of the measured paramagnetic relaxation rate constant contributions
induced by oxygen for interior protons in ribonuclease A. (D) Distribution of the calculated relaxation rate constants for interior protons in ribonuclease
A using a lattice model with a 0.025 Å grid spacing.
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by specific interactions where the oxygen affinity is larger than
that associated with diffusional contact which have been
described in detail.19 The computed interior proton spin-lattice
relaxation rates at large effective intermoment distances or
distances of closest approach implied by the Lee and Richards
contact surface are not consistent with the measured interior
proton relaxation rates. These differences may arise from several
factors in addition to weak but specific binding to interior
sites: The oxygen may penetrate the protein interior, which may
be made more accessible by structural fluctuations. The surface
proton relaxation rates, which are generally larger, may raise
the interior proton relaxation rates by interproton dipole-dipole
couplings, that is, spin diffusion. The magnitude of this effect
is difficult to model quantitatively because the assumption of a
uniform global correlation time for the protein and solving the
coupled differential equations predict interior paramagnetic
relaxation rates that are considerably larger than those observed.
We note that the spin diffusion problem may be experimentally
defeated using highly deuterated proteins and by exploiting
nitrogen-15 or carbon-13 labeled proteins. However, these
approaches may reduce the number of spins available to report
molecular accessibility. We focus quantitative interpretation on
the surface protons where the effects of spin diffusion are the
smallest; the effect of spin diffusion is to reduce the surface
proton relaxation rate constants and the associated free energy
differences.

The surface proton relaxation rate constants are generally
larger than the computed relaxation rate constants. If an oxygen
molecule were bound in van der Waals contact at a specific
proton site for the duration of the relaxation time measurement,
the relaxation rate constant would be 6200 s-1.39,40Weak oxygen
binding interactions have been discussed in detail;19 those that
have been detected are weak with an effective occupancy of
the order of 0.1-0.5% in the strongest cases. For surface protein
protons, such weak binding interactions have the same net effect
of increased local oxygen concentration.15 The surface proton
relaxation distribution includes some protons with small relax-
ation rate constants. There are not many of these sites, which
may result in part from the protein structural fluctuations
changing the effective exposure to the diffusing paramagnet.
The small calculated relaxation rate constants tend to be
localized in the concave hydrophobic regions of the protein
surface. However, these regions also provide a favorable
opportunity for the hydrophobic oxygen molecule to escape from
the water, which may cancel the apparent reduction in acces-
sibility implied by the X-ray diffraction data that is the basis
for the calculated reference rate. As expected, no large rates
are computed for the surface protons.

On average, the fact that the measured surface relaxation rate
constants are larger than the computed relaxation rate constants
demonstrates that the local oxygen concentration at the surface
is larger than that implied by the solubility of oxygen in water
by approximately a factor of 3. The calculated relaxation rates
for surface protons are plotted against the measured relaxation
rates in Figure 5. Unlike the case of small molecule in
nonaqueous solvents, the agreement is very poor. Therefore,
factors other than steric constraints must dominate the measure-
ment. The reference state implicit in eq 5 is the bulk solution
with the assumption that the oxygen accessibility to the protein
protons is determined by hard-sphere potentials and the geo-
metric constraints implied by the structure of the folded protein.
The free energy deduced from the ratio of relaxation rate
constant differences includes contributions to the increased
oxygen contact from fluctuations in the protein structure which

may increase the apparent accessibility. The values provided
by eq 5 are then the free energy differences for oxygen between
the bulk solution and the vicinity of each detected surface proton
and include effects of structural fluctuations and spin diffusion
that act in opposite ways. The measurement error contributes
an average uncertainty of approximately 10% to the free energy
deduced from the ratio of relaxation rate contributions.

Figure 6 shows the distribution of surface proton free energy
differences reported in units ofRT using the crystal structure
7RSA34 and a subset of the 32 NMR structures 2AAS41 as
reference coordinates. The solid line is a Gaussian fit to the
distribution that accounts for the shape well except for several
points in the region of high affinity. The distribution corre-
sponding to the solid line is centered at-1.26RT with a full
width of 1.2RT, which corresponds to a factor of 3.5 in the
average effective local oxygen concentration from one side of
the distribution to the other. The strongest interactions are not
well determined because of the uncertainty in the relaxation
rates related to the selection of delay times in the data
acquisition; however, that the oxygen induced relaxation at these
protons is not in doubt on the basis of both the line widths and
the rapid decay of longitudinal magnetization.

The measured relaxation rate constants that enter the con-
struction of Figure 6 represent averages over the dynamics of
the protein; however, the reference state employed was either
the static X-ray structure or a selection of NMR structures. The
trajectories of the protons are complex, and Figure 6 includes
the effects of the dynamical averaging over the acquisition time
of the experiment in the magnitude of the free energy difference

Figure 5. Measured oxygen induced relaxation rate constant contribu-
tions plotted against the relaxation rate constants computed from a lattice
model using a 0.025 Å grid spacing for surface protons of ribonuclease
A.

Figure 6. Distribution of free energy values deduced for each site on
the basis of eq 5 for surface protons of ribonuclease A. The coordinates
reported for a high resolution crystal structure (7RSA) were used34 for
one calculation, and the average of the free energies for each of 11
coordinate sets reported on the basis of the NMR solution structure
(2AAS) were used for the other.46
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relative to that for the static structure. One may approach the
magnitude of the dynamical correction for the local motion of
the protons by considering a harmonic displacement of the
proton in the CH bonds using the temperature dependence of
the B-factors as a guide.19 An alternative is to use different
structures in the set reported on the basis of the solution NMR
determinations and compare the free energy differences deduced
from these with those deduced from the crystal structure. We
have done this for 11 of the coordinate sets reported on the
basis of the NMR structure.41 Although the computed relaxation
rate for a proton that is partially buried by neighbors at the
interface changes from one coordinate set to another with a
standard deviation of the order of 0.25RT, the width of the
distribution is 4 times larger than this variation. Computing the
free energy distribution from the average of 11 of the NMR
coordinate sets yields a similar free energy distribution, as shown
in Figure 6; the results based on the NMR coordinates as a
reference change little with the addition of more than five
coordinate sets. The problem of an appropriate reference
structure is of greater concern for the protein protons than for
a small molecule solution. However, Figure 6 shows that
although different reference coordinate systems may cause
individual proton energy differences to change, the distribution
of free energy differences is relatively insensitive to the
coordinate choices and Figure 6 provides a useful characteriza-
tion of the distribution of intermolecular free energy differences.

The values of the free energy associated with each resolved
surface proton site correlate with the accessible surface area of
the proton on the basis of the X-ray structure (7RSA coordi-
nates), as shown in Figure 7. This correlation coefficient is
0.628, andp is practically 0. The correlation is still poor but
much better than that of Figure 2C because the steric factors
that affect accessibility are incorporated in the lattice sum
calculations that serve as the reference. The largest absolute
deviations occur below the line or to large negative free energies
that may reflect the effects of weak binding interactions. These
deviations are large for protons when the computed surface area
approaches zero and the free energy differences increase,
particularly in regions of the protein that are hydrophobic and
concave in the molecular surfaces. We note that it is unlikely
that such a simple correlation should be very good because the
surface area metric does not directly include contributions from
adjacent positions and side chains that may modulate the local
free energy significantly.

The surface proton data are summarized differently in Figure
8, which shows the free energy difference represented on a two-
color scale ranging from red to white to blue. White represents
the center of the distribution in Figure 6. Red corresponds to
the largest negative free energies relative to the mean, and blue,
the largest positive free energies relative to the mean. The largest

negative free energy regions correspond to concave regions of
contact with the molecular surface defined by a 1.4 Å probe
size. In addition, these regions often have favorable side chain
interactions that provide the hydrophobic oxygen with an
alternative hydrophobic escape from the water where the
entropic price has already been paid by the protein. The smallest
interactions are found in the relatively convex regions of the
contour surface, which is consistent with weaker hydrophobic
contributions to the free energy.42-44

Figure 1 shows that the presence of an intervening water
molecule with high occupancy would reduce the oxygen
relaxation rate contribution dramatically on the basis of the hard-
sphere collision model, which is the reference for measurements.
However, the distribution of relaxation rate contributions from
oxygen for the surface protons shows practically no dramatic
reduction in accessibility to the paramagnet implied by Figure
1; there are practically no large positive free energy values
deduced. Therefore, while there is a distribution of effective
interaction strengths of the oxygen with different regions of the
protein surface that undoubtedly reflect differences in local
solvation effects, the positions identified in the crystal structure
with strong localization of water do not appear strongly in these
experiments that probe the water occupancy indirectly by the
accessibility to oxygen. For surface proton positions where one
water molecule is reported to be localized in the crystal structure
within 3 Å of theobserved proton, the range of relaxation rate
constants is 0.47( 0.1 to 7.4( 1.35 s-1. When more than one
water molecule is identified in the crystal structure within 3 Å
of the observed proton site, the relaxation rate constants are all
smaller than 3 s-1, which is consistent with modest steric
exclusion of the oxygen from these protons by water, yet water

Figure 7. Free energy values deduced from eq 5 vs the accessible
area of each surface proton for ribonuclease A. No correction has been
made for local surface motions, although a strategy for first-order
corrections has been presented elsewhere.15

Figure 8. Stereopair representations of the surface of ribonuclease A
defined with a 1.4 Å probe at two different orientations. The values of
the intermolecular free energy deduced from eq 5 are represented on a
two-color scale; the most red color corresponds to free energies equal
to 1.26RT larger than the mean of the distribution shown in Figure 6,
white, the mean of that distribution, which is still a negative free energy
relative to the hard-sphere model, and the most blue, 1.26RT times
more positive free energy than the mean of the distribution in Figure
6.
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molecule induced oxygen exclusion is far from complete. The
surface free energy differences may also be modulated by
binding of counterions, which may be quite large as hydrated
species. We note that magnetically silent ion binding sites may
be identified on the basis of paramagnetic effects of explorer
species, although they are not of clear importance in the present
case.45

Conclusion

The use of freely diffusible paramagnetic centers provides a
useful characterization of the free energies that govern how one
molecule interacts with another on a local scale determined by
the spectral and spatial resolution provided by the proton NMR
spectrum. The basic idea is similar to spectroscopic quenching
experiments, but the localization depends on the strong distance
dependence of a dipole-dipole coupling. The present work
advances an analytical strategy that provides intermolecular free
energy differences sensed at hundreds of places on a large
molecule such as a protein. This work has focused on the surface
sites interacting with the freely diffusing oxygen molecule,
which is found to contact essentially all surface sites more
frequently than predicted from a hard-sphere force-free model
taken as the reference. Correlations between the observed
paramagnetic contributions to the proton spin-lattice relaxation
rate constants and obvious physical parameters such as the
exposed surface area of an observed proton are largely absent
because the factors that regulate local oxygen concentrations
are not uniform. The local oxygen concentrations are generally
higher than those predicted by force-free models by a factor of
the order of 3; however, the local interactions differ considerably
in water. The distribution of free energies that characterize the
local oxygen-protein interaction is centered at-1.25RT(-3.1
kJ/mol), and the nearly Gaussian distribution has a full width
of 1.24RT(3.1 kJ/mol). Although no strong oxygen binding sites
are found, there are several positions both outside and inside
the protein that have magnetic coupling to oxygen that is
significantly greater than the average. Nevertheless, even these
sites are populated only at a level of 0.2% or less. The energy
of any one of these interactions is small; however, the several
hundred characterized represent a fraction of the total associated
with the intermolecular interaction. The local heterogeneity
detected provides a useful view of how the energetic landscape
varies as a small molecule explores a protein in water.
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