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Abstract

Nitroxide species, which have an unpaired electron localized on a nitrogen atom, can be useful as NMR
probes to identify areas of the surface of a protein involved in the formation of a complex. The proxim-
ity of an electron spin leads to higher NMR relaxation rates for protein nuclei. If a protein—ligand com-
plex is formed the radical is excluded from certain sites on the protein surface, protecting them from
relaxation effects. We show here that charged nitroxide species can be helpful for identifying regions of

the surface of the “F1°F1 module pair from human fibronectin involved in peptide binding.

Solutions containing paramagnetic solutes influ-
ence nuclear relaxation via the strong local mag-
netic fields produced by the magnetic moment of
the unpaired electron(s). This feature has often
been applied to probe specific details of protein
structure and dynamics (Dwek, 1973; Ball et al.,
1999; Hustedt and Beth, 1999; Barnakov et al.,
2002; Brown et al., 2002; Gross and Hubbell, 2002;
Ulmer et al., 2002; Bhargava and Feix, 2004). In
the absence of either covalent attachment or a spe-
cific strong binding site, protein-radical interactions
in solution can, in general, be assumed to exhibit
very short random lifetimes, which vary for differ-
ent protein sites; these interactions are governed
primarily by diffusion processes. The quadratic
dependence of paramagnetic relaxation enhance-
ment on the magnetogyric ratio, y;, of the nuclear
spin makes the 'H nucleus particularly sensitive
to effects from paramagnetic substances such as
nitroxide and trityl radicals or even from dis-
solved oxygen (Teng and Bryant, 2000; Prosser
et al., 2001; Ulmer et al., 2002). For a diffusion
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model of dipole—dipole electron—nuclear interac-
tions, an important influence upon nuclear relax-
ation is expected from the translational diffusion
correlation time, 74, governed by the relative
translational self-diffusion coefficients of the pro-
tein, D, and the free radical, Dy, the distance of
closest approach, d, between a 'H nucleus and a
radical and the local radical concentration sur-
rounding the "H nucleus. Assigning the values

p=5x107" m?s7 D =40x 107" m* 57
and d = 5A, which are typical values for the
types of systems under discussion here, an
approximate estimate for tq can be obtained
from the relationship 14 = 2d” / (D, + Dy) giv-
ing a value for t4 of ~1.1 ns. The dipolar interac-
tion will also be influenced by the electron spin
longitudinal relaxation time, T;., when this is
faster than the translational diffusion correlation
time (7. < 14), 1.e. if the electron spin changes its
orientation before the protein-radical orientation
changes. However, for nitroxide and trityl radi-
cals T, is typically found to be in the region of
~10—500 us (Hass et al., 1993) and assuming
the effective correlation time, t, for the fluctua-
tion of the electron-nuclear dipolar interaction
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can be written as t ' =T ' + 747" is expected
to be dominated by the diffusion process.

The use of the nitroxide radical TEMPOL as a
molecular probe is well established (Niccolai et al.,
1984; Esposito et al., 1992; Molinari et al., 1997;
Scarselli et al., 1999). Typically for these studies
the TEMPOL radical has been used at relatively
high concentrations (50 mM) and the radical
accessible protein surface is characterized by the
disappearance of resonances from the spectrum
due to paramagnetic relaxation enhancement (PRE)
although the use of such high concentrations can
lead to a general broadening of resonances.

The present study investigates the use of low
concentrations of charged nitroxide radicals, in
addition to non-charged TEMPOL, as an aid for
identifying regions of a protein surface involved
in ligand binding. For those residues on the pro-
tein surface involved in binding interactions, the
ligand provides protection from any non-specific
weak protein radical interactions, thus leading to
changed PRE effects between the free and com-
plexed forms of the protein. The residue specific
differential PRE effects, A(PRE), due to the pro-
tein-ligand binding interaction provides a com-
plementary dataset to a chemical shift map of
the same system (Pellechia et al., 2002).

The “F1°F1 module pair (residues 152-244) of
mature human fibronectin binds to the C-terminal
region of the fibronectin binding protein FnBPA
from Staphylococcus aureus. The peptide fragment
D3t (¢cKPSYQFGGHNSVDFEEDTLPKVn) in
FnBPA contains correctly ordered F1 binding
motifs for binding to the sequential modules
‘FI°F1, Kp=28.1 £ 0.6 uM (Schwarz-Linek
et al., 2003). The site-specific '"H™ transverse PRE
from the *F1°F1 module pair was measured, both
free and complexed to the D3t peptide, using the
nitroxide radicals shown in Figure 1.

The “F1°F1 protein was expressed as described
elsewhere (Penkett et al., 2000) and all NMR
measurements were performed at temperature
T=37°C on a spectrometer operating at
500 MHz for 'H and the pH of the samples was
adjusted to five. The D3t peptide was purchased
from Alta Bioscience, Birmingham, U.K. and used
after purification by HPLC. Dioxan, TEMPOL,
3-carboxy-PROXYL and 4-amino-TEMPO were
purchased from Sigma and used without further
purification. Solutions of 3-carboxy-PROXYL
were obtained by adding small amounts of 1 M

H/N\
\

H

H
1. 2. 3.

Figure 1. Neutral and charged nitroxide moieties for probing
the peptide binding surface in the *F1°F1 module pair: (1)
TEMPOL: 4-hydroxy-2,2,6,6-tetramethyl-1-piperidinyloxy (2)
3-carboxy-PROXYL: 3-carboxy-2,2,5,5-tetramethyl-1-pyrolidi-
nyloxy (3) 4-amino-TEMPO: 4-amino-2,2,6,6-tetramethyl-1-
piperidinyloxy. Each molecule is soluble in aqueous solution in
the range pH 5-8 and over this range of pH is associated with a
charge of 0, —e, and +e respectively. For illustrative purposes
only the unpaired electron is shown as being completely local-
ized on the N atom.

NaOH. The 'H™ and '"N transverse relaxation
rates were measured using a CPMG (Carr and
Purcell, 1954; Meiboom and Gill, 1958) sequence
for dioxan and a two dimensional CPMG-HSQC
(Carr and Purcell, 1954; Meiboom and Gill, 1958,
Bodenhausen and Rubex, 1980) sequence for the
backbone *F1°F1 "H™ nuclei.

In order to gain insight into the dependence
of the 'H transverse PRE upon concentration of
each nitroxide species, the transverse relaxation
rate (R,) of the dioxan 'H nucleus (0.8 mM) in
solutions containing varying radical concentra-
tions (0—10 mM) was measured using a CPMG
sequence (Carr et al., 1954). The concentration
dependence of the transverse PRE was measured
by monitoring the change to the dioxan 'H
transverse relaxation rate, AR,(PRE)=
Ro(dioxan + nitroxide) — Ra(dioxan)- 10 @ good approx-
imation, for this simple system, the dioxan trans-
verse relaxation rate was found to depend linearly
upon radical concentration in the range from
0 to 10 mM. The proportionality coefficients
AR,(PRE)/[Radical/M]  for the  3-carboxy-
PROXYL, 4-amino-TEMPO and TEMPOL spe-
cies are similar (173 =2, 102 +£ 0.3 and
182 + 15 s7'mol™" respectively) with the 4-amino
TEMPO species being slightly less effective.

For the backbone 'HY of the non-complexed
“F1°F1 module pair, the transverse PRE effect
from each nitroxide radical, AR,(PRE)s.., was
measured as the difference in 'HY transverse
relaxation rate between two datasets recorded



with ((R2)free T AR (PRE)g ) and without radical
((R2)free)- These data are shown in Figure 2a. For
two residues (43 and 88) no detectable signal
could be observed using the 3-carboxy-PROXYL
species, even at relatively low concentrations
(5 mM) of radical. Although a PRE value could
not be measured directly for residues 43 and 88,
the PRE effect is estimated to make a contribu-
tion to the transverse relaxation rate of at least
~230 Hz and ~260 Hz respectively. In the
absence of radical, for a given peak in an 2D-
HSQC experiment, the signal intensity to noise
ratio, S/N, is proportional to exp(—TexpR>)/Ra,
where 7.y, is the effective duration of the pulse
sequence (for a standard HSQC, 7ep = 11 ms),
during which the "H™ magnetization is affected
by transverse relaxation. If nitroxide radical is
added, a PRE effect (AR>(PRE)) can be measured
and the new signal intensity to noise ratio S/N;
is proportional to exp(—Texp[R2+AR(PRE)])/
[R,+AR,(PRE)]. No significant differences to the
longitudinal (7)) paramagnetic relaxation enhan-
cement was detected for any of the "H™ nuclei in
“F1°F1 when using nitroxide concentrations
below 10 mM. Within the assumption that
R>("HY) is constant between the experiments per-
formed with and without radical the signal inten-
sity to noise ratios are related via Equation 1:

(S/No)/(S/N1) =[1 + ARy (PRE)/R;] )
exp(fexpAR2(PRE))
allowing a lower limit for AR,(PRE) to be esti-
mated assuming S/N; =1 and the experimental
value for S/N,. For the free *FI1°F1 species a
combined total of 10 'HY nuclei for the three
radicals were found to exhibit a minimum
AR>(PRE)g.. effect > 25 Hz (14, 24, 25, 35, 41,
43, 44, 67, 88 and 90).

A similar series of PRE  datasets,
AR>(PRE)pouna, Were measured for *FI°F1 fully
complexed to the D3t peptide in the presence of
similar concentrations of each radical and these
data are shown in Figure 2b. The PRE variation
between the complexed and free species,
(APRE = ARy(PRE)pound =~ AR2(PRE)gee), as a
function of residue number for each radical is
shown in Figure 2c. These data show the 'HM
nuclei exhibiting a significantly differential PRE
effect — APRE — upon complex formation and 13
"H™N nuclei exhibit a minimum APRE of at least
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Figure 2. (a) "HN transverse PRE as a function of residue number
recorded from solutions of N isotopically enriched *F1°F1, pH 5,
containing 10 mM of either 3-carboxy-PROXYL (blue), 4-amino-
TEMPO (red) or TEMPOL (green). (b) '"HY transverse PRE as a
function of residue number recorded from solutions of >N iso-
topically enriched “FI°F1 containing a small molar excess of the
D3t peptide, pH 5, and 10 mM of either 3-carboxy-PROXYL
(blue), 4-amino-TEMPO (red) or TEMPOL (green). The residue
numbers of those "H™ nuclei exhibiting the largest transverse PRE
are highlighted. (c) The change in AR,(PRE) — APRE — highlights
the "H™ relaxation rates most affected by the binding of the ligand.
The 'HY line width was determined from a series of '"N-"H 2-
Dimensional CPMG-HSQC datasets, i.c., a train of spin echoes
applied on protons followed by a HSQC filter to select the
"HN->N pairs (Carr and Purcell, 1954; Meiboom and Gill, 1958;
Bodenhausen and Rubex, 1980). No PRE effects could be mea-
sured for residues 7 and 45 in the free and for residues 14, 45, 53
and 86 in the bound forms due to overlap or low signal to noise.

+ 18 Hz (15, 20, 24, 35, 41, 43, 44, 51, 67, 69,
88, 90, and 92). The "H™ nuclei of the free and
bound *F1°F1 species exhibiting the largest PRE
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variations between the free and bound forms are
shown superimposed upon a ribbon diagram of
the “F1°F1 structure in Figures 3a and 3b.

For free *FI1°F1 the major PRE effects from
the neutral species TEMPOL are for residues
HYs; and H™;5 and each is located in a loop
exposed to solvent. Assuming that one of the fac-
tors promoting TEMPOL-*F1°F1 interactions is
the requirement for a hydrophobic environment
these residues are located within ~5 A of L73
and L74, and C33, L34 and 141 respectively. The
neutral nitroxide species TEMPOL does not
affect significantly residues 41, 43, and 88, which
are exposed to the solvent, indicating that a
hydration shell might prevent a close approach
to the protein surface in the corresponding
region. For the positively charged nitroxide spe-
cies 4-amino-TEMPO a large PRE effect is only
measured for residue 14, which forms part of a
p-strand and, assuming that in this case electro-
static interactions influence the lifetime of the
transient interactions, is located within ~5A of

Figure 3. Ribbon diagrams of the *F1°F1 module pair (Wil-
liams et al., 1994) (a) free and (b) of a model of “F1°F1 com-
plexed with the peptide D3t. D3t in (b) is shown in green and
the acidic and basic side chains of “F1°F1 are highlighted in red
and blue respectively by a dotted surface. The "HY nuclei which
are more affected by the nitroxide in solution in the free (a) or in
the bound (b) forms are highlighted in green. The structure of
the complex was derived from an NMR structure of *FI1°F1
with manual addition of the D3t peptide using Hyperchem® so
as to form an additional anti parallel f-strand between the
peptide and residues 41-44 and 86-90 of *FI1°F1, in the manner
predicted previously (Schwarz-Linek et al., 2003).

the negatively charged side chain of residue E17.
For the negatively charged species 3-carboxy-
PROXYL a larger set of residues exhibit signifi-
cant transverse PRE effects (24, 25, 43, 44, 88,
41, 67 and 90). All of these are solvent accessible
and located within ~5A of a positively charged
side chain (R40 for 41, 43, 44; R83 for 43 and
44; K87 for 88; R90 for 90; K67 for 67; K21 for
24 and 25), which may help to explain why these
residues, except 67, are unaffected by the posi-
tively charged radical 4-amino-TEMPO. HY;
which is affected by both charged radicals is also
located near to the negatively charged side chain
of D68. Previous studies had demonstrated that
TEMPOL, which is uncharged and hydrophobic,
might not be able to break through the water shell
which surrounds the charged side chains exposed
to the solvent (Scarselli et al., 1999, Niccolai
et al., 2001). This seems to be the case for H 4,
H™,; and HNgg which are exposed to the solvent,
but only the negatively charged nitroxide 3-car-
boxy-PROXYL is able to influence their trans-
verse relaxation rates significantly. Hence, the
current study indicates that charged 3-carboxy-
PROXYL and 4-amino-TEMPO (for HY,4) might
be more able to penetrate the hydration shell,
seemingly due to weak electrostatic interactions
with the protein (Likhtenshtein et al., 1999).

For free *FI°F1 the '"H™ nuclei exhibiting a
high PRE effect are accessible to the solvent.
However accessibility alone is not sufficient to
give a significant PRE effect as there are other
exposed "H™ nuclei which show relatively small
effects for at least one of the nitroxide species.
This shows and the use of charged radicals sug-
gests that either local electrostatic properties or
the presence of a hydration shell might hinder
the approach of a nitroxide molecule. Hence, the
use of nitroxide species carrying different charges
offers the potential for a larger number of acces-
sible surface residues to experience a significant
PRE effect.

When the *F1°F1 module pair is complexed
to the D3t peptide a significantly reduced PRE
effect is found for 1HN:‘;S, ]HN41, 1HN43, lHN44
and '"HMgg suggesting these '"H™ nuclei are no
longer accessible to the radical when D3t is
bound to *FI°F1. For 'H",; a small PRE effect
can be observed in the complex, indicating that
this residue is still partially accessible to the nitr-
oxide molecules in solution-but the accessibility is



much reduced by binding to D3t. The 'H" atoms
of residues 15, 20, 24, 51, 67, 69, 90 and 92 exhi-
bit a slightly increased PRE effect (~20-100 Hz)
in the complex compared to the free species sug-
gesting that there are small conformational rear-
rangements in the protein backbone or side chains
leading to some modifications of the protein radi-
cal interactions.

The major reduction to the AR,(PRE) effects
caused by the binding of D3t to residues H™;s,
HY,1, HY,5, HYy and HNgg (Figure 2¢) can be
compared to the 'HY and "N backbone chemi-
cal shift differences caused by complex forma-
tion. The binding of D3t peptide leads to many
significant backbone "HN and '°N chemical shift
perturbations, Ad, and these are shown as a func-
tion of residue number in Figures 4a and b
respectively. In a system such as this, where the
“F1°F1 protein backbone is thought to undergo
only limited conformational rearrangement upon
ligand binding, the largest backbone protein
chemical shift perturbations are usually assumed
to identify those residues specifically within or
close to the ligand binding site, although the ori-
gin of the shift perturbations in this type of sys-
tem is not well understood. It is interesting to
note that for some nuclei there is a correlation
between the largest chemical shift changes and
the largest changes to the PRE effects upon D3t
binding. This applies particularly to residues 41,
43, 44 and 88 (Figures 2c and 3a). The chemical
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Figure 4. Chemical shift changes for backbone amide protons
and nitrogens in *FI°F1 upon binding to D3t (Penkett et al.,
2000).
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shift differences also show many small differences
for residues remote from the binding sites (resi-
dues 28-30, 32-35, 48, 57, 58, 60, 77 are close to
the binding site but are not directly involved in
the binding process).

The change in the transverse relaxation rate
of backbone amide protons, 'HY, has been
monitored using three different nitroxide species
(3-carboxy-PROXYL, 4-amino-TEMPO and
TEMPOL) for the protein *F1°F1 both in the free
and bound state.

A small group of residues could be identified
whose "HY nuclei were protected from the radi-
cals in the bound state and each of these resi-
dues were found to be located close to the
known ligand binding site. The bound peptide
protects these residues inaccessible to the radi-
cals and they exhibit much reduced PRE effects.
Those residues exhibiting the largest changes to
the PRE effects upon ligand binding also exhibit
significant chemical shift changes. For systems
similar to *F1°F1, where the protein is known
to undergo only limited conformational changes
upon ligand binding, the reductions to the PRE
effects caused by the presence of ligand are use-
ful for identifying residues near or in the ligand
binding site and these data represent useful
starting information for ligand docking pro-
grams such as HADDOCK (Dominguez et al.,
2003).

The interaction between the fibronectin 'F1%F1
module pair and a bacterial fibronectin-binding
peptide has been shown to involve the creation
of an additional beta strand in a zipper-like
mechanism (Schwarz-Linek et al., 2003). The four
residues reported here to exhibit the largest
reductions to their PRE effects upon the binding
of D3t peptlde to 4F15F1 (HN41, HN43, HNgg and
HMNy0) are located on the same face of the protein
and are consistent with this type of zipper model
as predicted previously (Schwarz-Linek et al.,
2003). The loops containing residues 20, 24, 51, 67
and 69, show enhanced PRE effects upon D3t
binding suggesting there are most likely small
conformational rearrangements to the protein and
changes to the local electrostatic properties.

The use of radical species carrying a different
electrostatic charge has been demonstrated to
give a more complete picture of the accessible
surface than simply using only TEMPOL. Previ-
ous studies had demonstrated that TEMPOL
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might not be able to break through the water
shell which surrounds the charged side chains
exposed to the solvent (Scarselli et al., 1999,
Niccolai et al., 2001). In the present system,
HY,;, HY4; and HNgg, which are all exposed to
the solvent, were only affected by the negatively
charged nitroxide 3-carboxy-PROXYL. Hence,
the current study indicates that charged 3-car-
boxy-PROXYL and 4-amino-TEMPO (for HY,,)
is more able to penetrate the local hydration
shell, due to weak electrostatic interactions with
the protein (Likhtenshtein et al., 1999).

We have thus demonstrated the significant
potential of two charged, stable and water solu-
ble nitroxide species, i.e., 3-carboxy-PROXYL
and 4-amino-TEMPO in addition to TEMPOL
for probing the surface exposed to solvent. More-
over, the differences between the paramagnetic
relaxation enhancements observed for each
nitroxide species provides local information
about the sign of the local electrostatic potential
(negative in the vicinity of residue 14, positive in
the vicinity of residues 41, 43 and 88) and the
presence or not of a hydration shell (41, 43 and
88 are less affected by TEMPOL).

We used a quantitative measurement of the
transverse relaxation rate, which allowed us to
use lower concentrations of nitroxide species,
allowing more selective effects be observed in the
NMR HSQC spectrum.
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