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Abstract Paramagnetic relaxation enhancement provides

a tool for studying the dynamics as well as the structure of

macromolecular complexes. The application of side-chain

coupled spin-labels is limited by the mobility of the free

radical. The cyclic, rigid amino acid spin-label TOAC

(2,2,6,6-Tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic

acid), which can be incorporated straightforwardly by pep-

tide synthesis, provides an attractive alternative. In this

study, TOAC was incorporated into a peptide derived from

focal adhesion kinase (FAK), and the interaction of the

peptide with the Src homology 3 (SH3) domain of Src

kinase was studied, using paramagnetic NMR. Placing

TOAC within the binding motif of the peptide has a con-

siderable effect on the peptide-protein binding, lowering the

affinity substantially. When the TOAC is positioned just

outside the binding motif, the binding constant remains

nearly unaffected. Although the SH3 domain binds weakly

and transiently to proline-rich peptides from FAK, the

interaction is not very dynamic and the relative position of

the spin-label to the protein is well-defined. It is concluded

that TOAC can be used to generate reliable paramagnetic

NMR restraints.
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Abbreviations

TOAC 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-

4-carboxylic acid

Fmoc 9H-fluorenylmethyloxycarbonyl

HATU O-(7-azabenzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate

NMM N-methylmorpholin

PyBOP Benzotriazol-1-yl-oxy-tris-pyrrolidino-

phosphonium hexafluorophosphate

TFA Trifluoro acitic acid

SH Src homology

FAK Focal adhesion kinase

Introduction

In recent years, paramagnetic relaxation enhancement

(PRE) NMR spectroscopy has become a useful tool for

studying the structure and dynamics of macromolecular

complexes (Ramos and Varani 1998; Johnson et al. 1999;

Mahoney et al. 2000; Varani et al. 2000; Jain et al. 2001;

Mal et al. 2002; Gross et al. 2003; Ueda et al. 2004; Iwa-

hara et al. 2004a; Card et al. 2005; Tang et al. 2006;

Iwahara and Clore 2006; Volkov et al. 2006; Macnaughtan

et al. 2007). PREs are caused by the magnetic dipolar

interaction of a nucleus with the unpaired electron in a

paramagnetic centre, leading to an increased relaxation of

the nuclear magnetization and a decreased intensity of the

corresponding NMR peak. The magnitude of the PRE
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depends on the distance between the observed nucleus and

the paramagnetic centre. Thus, PREs can provide infor-

mation about the distance between the amino acid residues

in one protein and a paramagnetic group in another protein,

which can be used to determine the structure of the com-

plex. The non-linear distance dependence of the PREs also

makes it possible to detect the presence of alternative

protein conformations, even if the proteins only spend a

small fraction of the time in the minor state (Hansen et al.

2003; Volkov et al. 2006; Tang et al. 2007).

A common approach in paramagnetic NMR is to use site-

directed spin labelling, in which a spin label is attached to a

cysteine residue engineered onto the protein surface. Com-

monly used spin labels include nitroxide spin labels

(Gillespie and Shortle 1997; Gaponenko et al. 2000; Battiste

and Wagner 2000; Dedmon et al. 2005; Volkov et al. 2006;

Liang et al. 2006) or metal-chelating spin labels (Iwahara

et al. 2003; Gaponenko et al. 2004). A disadvantage of these

spin labels is their high mobility due to the conformational

freedom of the cysteine side chain and the linker of the spin

label. This causes the position of the spin label to be ill-

defined and leads to averaging of paramagnetic effects. The

mobility of the spin-label can be limited by attaching it to the

protein via two arms, making it possible to model the posi-

tion of the paramagnetic centre relative to the protein within

a few Å (Vlasie et al. 2007; Vlasie et al. 2008).

For the study of peptide-protein interactions, labelling

with 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-car-

boxylic acid (TOAC, Fig. 1) provides an alternative. TOAC

is an amino acid with a stable nitroxide radical and a reduced

mobility, due to its rigid structure. It can be incorporated

directly into peptides via solid-phase synthesis (Marchetto

et al. 1993; Toniolo et al. 1995; Martin et al. 2001) and

recent advances in chemical protein synthesis (Nilsson et al.

2005) may also enable the incorporation of TOAC into

proteins for paramagnetic NMR protein interaction studies.

TOAC-containing peptides have been used extensively for

EPR studies (Smythe et al. 1995; Pertinhez et al. 1997;

Toniolo et al. 1998; Barbosa et al. 1999; McNulty et al.

2000; Victor and Cafiso 2001; Bettio et al. 2002; Nakaie

et al. 2002; D’Amore et al. 2003; Schreier et al. 2004; Ka-

rim et al. 2004; Marsh 2006; de Deus Teixeira et al. 2007;

Inbaraj et al. 2007). Despite the wide-spread use of TOAC

for EPR, to our knowledge it has not been employed for

structural studies using paramagnetic NMR. Here, we use

PRE NMR spectroscopy to study the structure and dynamics

of TOAC-labelled peptides binding to the Src homology 3

(SH3) domain of Src kinase. SH3 domains are ubiquitous

interaction domains involved in a vast number of signal

transduction pathways. These modular domains generally

recognize and bind to proline-rich regions that can form

polyproline type II helices, with a core motif of the form

PxxP (Li 2005). The Src SH3 domain has been shown to bind

to peptides derived from a region in focal adhesion kinase

(FAK) with a sequence RALPSIPKL (Thomas et al. 1998).

Using TOAC-labelled peptides derived from this region of

FAK, we find that although the peptide-protein interaction is

of a weak and transient kind, the peptides bind in a well-

defined position relative to the protein.

Experimental procedures

Cloning and protein expression

A DNA fragment coding for the mouse Src SH3 domain,

residues 85-142, was amplified by PCR from the full-length

Src plasmid pUSE Src wt (kindly provided by Prof. B. van de

Water, Leiden University), and ligated into pET28a, using

the NcoI and XhoI restriction sites. The resulting construct

was verified by DNA sequencing. The 15N-labelled, His-

tagged SH3 domain was produced in Escherichia coli BL21

incubated in M9 minimal medium with 15NH4Cl as the sole

nitrogen source. A freshly transformed E.coli BL21 colony

was used to inoculate 10 ml LB/kanamycin (50 g/L) and

incubated overnight at 37�C and 250 rpm. The preculture

was diluted 1:100 into the 15N-minimal medium and incu-

bated to an OD600 of 0.6, at which point gene expression was

induced by the addition of 0.5 mM isopropyl b-D-1-thio-

galactopyranoside. After 4 h the cells were harvested by

centrifugation.

Protein purification and NMR sample preparation

The cell pellet was resuspended in lysis buffer (20 mM

Tris-HCl, pH = 8, 0.5 M NaCl, 10 mM imidazole and

1 mM phenylmethanesulfonyl fluoride) and cells were

lysed by two passages through a French pressure cell. The
Fig. 1 Structure of the nitroxide radical-containing amino acid 2,2,6,6-

Tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid (TOAC)
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cell lysate was centrifuged at 40,000 rpm for 30 min, the

supernatant was loaded onto an affinity column (HisTrap

HP, GE Healthcare) and protein was eluted with a gradient

of 10–300 mM imidazole. Pure fractions, as judged by

SDS-PAGE, were pooled, concentrated and exchanged into

NMR buffer (20 mM KPi, pH = 6.5, 100 mM NaCl). All

NMR experiments were performed in this buffer. The

purity of the protein was estimated to be above 95%. The

protein concentration was determined using a theoretical

extinction coefficient at 280 nm of 16,960 M-1 cm-1

(Gasteiger et al. 2005).

Peptide synthesis and preparation

Synthetic peptides were prepared by normal Fmoc-chemis-

try using preloaded Tentagel resins, PyBop/NMM for in situ

activation and 20% piperidine in NMP for Fmoc removal

(Hiemstra et al. 1997). Couplings were performed for

75 min. The amino acid N-terminally of TOAC was coupled

overnight at 37�C using HATU/NMM activation. After final

Fmoc removal peptides were cleaved with TFA/H2O 19/1

containing additional scavengers when a cysteine or a tryp-

tophan was present in the peptide sequence and isolated by

ether/pentane precipitation. The peptides were treated 3 h

with 10% ammonia for activation of the spin label, lyophi-

lized and stored at -20�C until use. Peptides were checked

on purity using rpHPLC and on integrity using MALDI-TOF

mass spectrometry.

Fmoc-TOAC-OH was prepared as has been described

before (Toniolo et al. 1995).

Before the NMR titrations peptides were dissolved in

NMR buffer and the pH was adjusted to 6.5 with small ali-

quots of 0.1–0.5 M solutions of NaOH or HCl. The fraction

of paramagnetic peptide was checked by EPR and found to

be 53% for peptide P3Tm and 30% for peptide P3Te.

NMR experiments

All NMR experiments were recorded at 303 K on a Bruker

DMX600 spectrometer equipped with a TCI-Z-GRAD

cryoprobe (Bruker, Karlsruhe, Germany). The data were

processed with Azara (http://www.bio.cam.ac.uk/azara/)

and analyzed using Ansig For Windows (Kraulis 1989;

Helgstrand et al. 2000). For amide backbone resonance

assignments 3D NOESY-HSQC and 3D TOCSY-HSQC

spectra were recorded on a 1 mM 15N SH3 sample con-

taining 6% D2O. The protein was assigned with the help of

assignments for chicken Src SH3-SH2 domains (Tessari

et al. 1997).

Titrations were performed by adding microlitre ali-

quots of concentrated peptide stock solution to 500 ll of
15N SH3 with an initial concentration of 0.2 mM. Two-

dimensional 15N–1H HSQC spectra were recorded before

addition of peptide and at each titration point. The

chemical shift perturbations for the amide 15N nuclei

were plotted against the molar ratio of peptide to protein.

The data were analysed using a non-linear least squares

fit to a one-site binding model (Eq. 1) with the pro-

gramme Origin (OriginLab corporation, Northampton,

MA).

Ddbiniding ¼
1

2
Dd1 A�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A2 � 4R=C

q

� �

ð1Þ

A ¼ 1þ R=Cþ LR=Cþ U

LUKa

In Eq. 1, R is the molar ratio of peptide to protein,

Ddbinding is the chemical shift perturbation at a given ratio of

peptide to protein, Dd? is the chemical shift perturbation at

100% bound protein, L is the initial concentration of 15N-

labelled protein, U is the concentration of the peptide stock

solution, Ka is the association constant of the complex and C

is a parameter introduced to correct for any error in R, e.g.,

caused by the use of a theoretical extinction coefficient for

the protein. R and Ddbinding are the independent and

dependent variables, respectively, and Dd?, C and Ka are

the fitted parameters.

The average amide chemical shift perturbations were

calculated according to Eq. 2:

Ddavg ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DdN
binding=5

� �2

þ DdH
binding

� �2

2

v

u

u

t

ð2Þ

where DdN
binding and DdH

binding are the chemical shift

perturbations of the amide nitrogen and amide proton,

respectively.

Distance restraints

After activation of the nitroxide spin label, peptides were

titrated into 15N-labelled Src SH3 domain, and HSQC

spectra were recorded with peptide P3 as a diamagnetic

control to obtain experimental distance restraints for sub-

sequent docking calculations (Battiste and Wagner 2000).

To correct for any differences in concentration between

the paramagnetic and control samples, the peak intensities of

all residues were normalized internally against a residue

unaffected by peptide binding. For all residues, the ratio

between paramagnetic peak intensity (Ipara) and diamagnetic

peak intensity (Idia), measured by the peak heights, was

calculated. The residues were divided into three classes:

residues that disappeared in the paramagnetic spectrum,

visible residues with an intensity ratio of less than 0.85 and

residues with an intensity ratio above 0.90. R2,dia, the

transverse relaxation rate of a resonance in the diamagnetic
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sample, was determined from the peaks after processing with

a 2 Hz line-broadening exponential window function. The

linewidth at half maximum, t1/2, was extracted from a Lo-

rentzian peak fit using the software MestRe-C (Cobas and

Sardina 2003). After correction for the artificial line-broad-

ening the R2,dia was obtained according to Eq. 3:

R2;dia ¼ pDm1=2 ð3Þ

From Eq. 4 (Battiste and Wagner 2000) R2,para, the

paramagnetic contribution to the transverse relaxation rate,

was calculated.

Ipara

Idia

¼
R2;dia exp �tR2;para

� �

R2;dia þ R2;para

ð4Þ

The R2,para values were converted into distances

between the amide proton and the spin label, using Eq. (5):

r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2g2b2

20R2;para

4sc þ
3sc

1þ x2
hs

2
c

� �

6

s

ð5Þ

where r is the distance between the unpaired electron of

TOAC and a given amide proton of SH3, sc is the correlation

time of the dipolar interaction of the electron and the nucleus,

xh is the proton Larmor frequency, c is the proton gyro-

magnetic ratio, g is the electronic g-factor and b is the Bohr

magneton. Assuming no internal mobility of the spin label,

the correlation time sc is defined as (sr
-1 + ss

-1)-1, where sr

is the rotational correlation time of the protein-peptide

complex and ss is the effective electron relaxation time. In

the case of organic nitroxide radicals the electronic relaxa-

tion times are long and the correlation time is therefore

dominated by the rotational correlation.

For residues broadened beyond detection in the para-

magnetic spectrum the maximum intensity ratio was

estimated from the noise level and converted into an upper

distance restraint (class 1). Residues with an intensity ratio

below 0.85 were given both upper and lower distance

restraints (class 2). For residues with an intensity ratio above

0.9, a common lower distance restraint was estimated, using

a R2,dia value representative of the spectrum and an intensity

ratio set to 0.90 (class 3). The calculated distances using this

R2,dia will differ slightly from the distance calculated using

an individual R2,dia value for each residue, but the differences

are within the margins used in the docking calculations and it

is therefore not necessary to use a separate R2,dia for each

residue in this class. Intensity ratios between 0.85 and 0.90

were not used to generate restraints.

Docking calculations

The rotational correlation time of the protein-peptide com-

plex was estimated to 5 ns, using the software hydroNMR

(Garcı́a de la Torre et al. 2000) and a structure of chicken Src

SH3 bound to a similar peptide, PDB Entry 1RLQ (Feng

et al. 1994). The PDB file was modified by mutating residue

T125 (chicken Src numbering, corresponding to residue 127

in mouse Src) to S in silico, in accordance with the mouse Src

SH3 sequence. The fraction of protein bound was determined

using the titration data, for P3Te it was estimated to 80% and

for P3Tm to 44% at the concentrations used. Random start-

ing positions were generated for the TOAC oxygen atom,

and rigid-body docking calculations were performed in

Xplor-NIH (Schwieters et al. 2003). Only one energy term,

corresponding to the distance restraints, was used.

For the solutions obtained in the docking calculations,

Q-factors (Iwahara et al. 2004b; Tang et al. 2006) were

calculated according to:

Q ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P

i

rcalculated;i � robserved;i

� �2

P

i

r2
observed;j

v

u

u

u

u

t

ð6Þ

where robserved,i is the distance from the TOAC oxygen

atom to the amide proton of residue i derived from the PRE

NMR data, and rcalculated,i is the spin-label to amide dis-

tance for residue i in the docked structure.

All molecular graphics in this work were rendered with

PyMol (DeLano 2002).

Results and discussion

To study the interaction of the Src SH3 domain with FAK

peptides, three peptides were synthesized: one unlabelled

control peptide, P3, with the sequence RALPSIPKL, and

two peptides containing a TOAC residue either at one end

of the sequence or within the binding motif. The peptide

with TOAC within the core binding motif has the

sequence RALP-TOAC-IPKL and is referred to as P3Tm,

the peptide with TOAC at the end is referred to as P3Te,

with the sequence TOAC-RALPSIPKL. All peptides

contained acetylated and amidated N- and C-termini,

respectively.

Titrations with non-paramagnetic peptides

Upon titration of peptide P3 into 15N-labelled Src SH3

domain, chemical shift perturbations were observed for

some backbone amides. Broadening of NMR peaks for res-

idues with large shift changes indicated that the resonances

of free and bound SH3 were in intermediate to fast exchange

on the NMR timescale. From the binding curves (Fig. 2) a Kd

of 56 ± 11 lM was determined. Titration of non-activated

peptide P3Te produced very similar chemical shift
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perturbations (Fig. 3) and a Kd of 95 ± 15 lM. This indi-

cates that placing TOAC at the end of the peptide influences

the binding of the peptide to the SH3 domain to some extent,

although the effect is limited. For peptide P3Tm, which

contains a TOAC residue within the binding motif, the

observed chemical shift changes are much smaller than for

peptides P3 and P3Te at the same ratio of peptide to protein

(Fig. 3). Fitting of the data to a 1:1 binding model yields a

dissociation constant of 0.9 ± 0.1 mM, a 16-fold weaker

binding. The TOAC in P3Tm is within the binding motif, but

in a position where it is expected to point outward and not

directly make contact with the protein. Pairs of TOAC resi-

dues have been shown to promote helical content in short

peptides (Hanson et al. 1998), however, no direct spectro-

scopic evidence exists that a single TOAC residue causes any

changes in secondary structure of peptides (Karim et al.

2004). For comparison, the 15N as well as average chemical

shift perturbations were calculated and extrapolated to 100%

bound protein for all three peptides. The binding maps show

very similar patterns (Fig. 4 and supplementary material,

Fig. S1), indicating that the peptides bind in a similar

conformation.

Paramagnetic peptide experiments and docking

calculations

After deprotonation of the TOAC nitroxide, peptides were

added to 15N-labelled Src SH3 domain, causing a decrease

in intensity for some residues (Fig. 5). Distance restraints

Fig. 3 Comparison of 15N chemical shift perturbations of two SH3

resonances upon peptide titration. Filled symbols: Residue E16. Open

symbols: Residue T33. Squares: Peptide P3, Triangles: Peptide P3Te,

Circles: Peptide P3Tm

Fig. 2 15N Chemical shift perturbations of SH3 resonances upon

titration with peptide P3. The curves represent the best global fit to a

1:1 binding model with a Kd of 56 ± 11 lM

Fig. 4 Chemical shift perturbations upon titration with peptides P3

(a), P3Tm (b) and P3Te (c), mapped onto the surface of Src SH3

domain. Shift changes were extrapolated to 100% bound protein and

SH3 residues were coloured according to the size of the average

chemical shift perturbation, Ddavg. Red: Ddavg C 0.3 ppm; orange:

0.3 [Ddavg C 0.1 ppm; yellow: 0.1 [Ddavg C 0.04 ppm; blue:

Ddavg \ 0.04 ppm. Shown in grey are residues that could not be

assigned (proline residues or residues that were exchange-broadened

beyond detection at the point of extrapolation)
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were calculated from the NMR data and used in docking

calculations (supplementary material). For peptide P3Tm

multiple rigid-body docking runs with random starting

positions for the TOAC nitroxide oxygen atom consistently

produced a single low-energy solution (Fig. 6a). Analysis

of the solution shows that virtually all restraints are satis-

fied and that the position of the spin-label is well-defined

(Fig. 6b). Any violations observed can be explained by

small movements of residues situated in more flexible

regions of the protein. To measure the agreement between

the observed and calculated distances a Q-factor was

calculated for the double-bounded restraints (see Experi-

mental Procedures). For peptide P3Tm the Q-factor was

0.08 with a correlation coefficient of 0.96 (Fig. 6c). The

calculated position of the spin-label is reasonable as judged

from comparison with a structure of chicken Src SH3

domain in complex with a similar peptide (Fig. 6d). It

should be noted that the introduction of the TOAC can

have distorted the peptide, given the large reduction in the

affinity.

Although the error margins used for the distance

restraints are very narrow (Fig 6b), almost all restraints

are satisfied. To investigate what effect random error in

Fig. 6 (a) Calculated position of TOAC oxygen atom, shown as pink

sphere, in complex between peptide P3Tm and SH3 (shown in green).

(b) Violations analysis of calculated position of TOAC in P3Tm in

complex with SH3. Dotted line: PRE-derived distance; white circles:

distance in calculated structure; shaded area: error margins used in

calculations. For class 1 residues (upper bound only) the error margin

was +2Å, for class 3 residues (lower bound only) a -2Å error margin

was used, and for class 2 residues (both upper and lower distance

restraints) the error margins were ± 1 Å. (c) Distance from TOAC

oxygen atom to backbone amide proton for class 2 residues: distance

obtained in rigid-body docking calculations versus PRE-derived

distance. (d) Same as (a), overlaid with structure of SH3 in complex

with peptide RALPPLPRY, shown in yellow (PDB entry 1RLQ). In

purple is shown the residue in peptide RALPPLPRY that corresponds

most closely to the position of TOAC in peptide P3Tm
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Fig. 5 (a and c): Intensity ratios of backbone amide SH3 resonances

in complex with paramagnetic peptide P3Tm (a)/P3Te (c) and control

peptide P3. The dashed horizontal line represents an intensity ratio of

0.85, residues with intensity ratios below this are considered to be

affected by TOAC. The asterisks indicate residues for which no

intensity ratio data were available. (b) and (d): Detail from the

spectrum of SH3 in complex with peptide P3Tm (b)/P3Te (d) in red,

overlaid with the spectrum of SH3 with P3 in blue
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the observed intensity ratios has on the calculations, the

observed ratios for P3Tm were randomly varied between

-20% and +20% for all residues with both upper and

lower distance restraints (class 2). In this way 30 datasets

were generated. For two residues the intensity ratios

sometimes exceeded 0.9, in those cases the ratio was set

to 0.9. New R2,para values were calculated for the 30 data

sets, generating new distance restraints. Docking calcu-

lations were performed for each set of randomized

distance restraints, yielding a cluster of solutions

(Fig. 7a). Analysis of the solutions shows that the varia-

tion in target distance and calculated position due to

variation in intensity ratios is small (Fig. 7b). An average

root mean square deviation (RMSD) from the mean

position of 0.7 Å was calculated, with a standard devia-

tion of 0.3 Å, suggesting that any error contributions

caused by uncertainty in the determined intensity ratios

are likely to be small. Other contributions to the error

come from the use of an overall correlation time for all

residues, as well as any errors in the estimated fraction

bound protein and fraction of peptides containing a rad-

ical. A consideration for single time-point measurements

is that the magnetization recovery levels will differ

between the paramagnetic samples and the diamagnetic

control, owing to the PRE on the longitudinal relaxation

rate (Iwahara et al. 2007). The higher recovery levels for

the paramagnetic sample can lead to a systematic under-

estimation of the PRE effects, resulting in overestimated

distances from the spin-label to the protein. This effect

does not seem to be very pronounced in our system, given

that the calculated position for the TOAC nitroxide is

already close to the protein surface.

Rigid-body docking calculations for the position of

TOAC in the complex of SH3 and peptide P3Te also yields

a single, reproducible solution (Fig. 8a). Analysis of the

solution, however, shows violations for several residues

(Fig. 8b). A Q-factor of 0.17 was calculated together with a

correlation coefficient of merely 0.62 (Fig. 8c). Closer

inspection of the data shows that the poor fit is largely due

to one residue, D10 (corresponding to residue D93 in full-

length mouse Src). This residue has an intensity ratio of

0.70, but is located far from the rest of the residues that

exhibit an effect from the spin-label, and pulls the calcu-

lated final position of the spin-label away from the other

residues. Excluding this outlier from the docking calcula-

tions changes the final position of the TOAC oxygen atom,

the TOAC is now positioned further away from the centre

of the peptide in a more realistic position (Fig. 9a). This

improves the fit, with a new Q-factor of 0.13 and a cor-

relation coefficient of 0.81 (Fig. 9b,c). There are still

regions where the observed PRE effect is slightly larger

Fig. 7 (a) Influence of variation in intensity ratio on calculated spin-

label position. Shown as pink spheres are the resulting TOAC oxygen

atom positions for 30 data sets, for which Ipara/Idia for the class 2

residues has been randomly varied by ± 20%. The calculated TOAC

positions have an average RMSD from the mean of 0.7 Å, with a

standard deviation of 0.3 Å. (b) combined violation analysis of the 30

‘‘randomized’’ datasets. Dotted line: mean of the PRE derived

distance for the 30 data sets. White circles: Mean of calculated

distance from TOAC oxygen atom to backbone amide proton for the

30 data sets, error bars: ± one standard deviation. Shaded area: For

class 1 and class 3 residues: error margins used in the calculations,

+2Å and -2Å, respectively. For class 2 residues: ± one standard

deviation from the PRE derived distance

Fig. 8 (a) Calculated position of TOAC oxygen atom, shown as pink

sphere, in complex between peptide P3Te and SH3 (in green, residue

D10 is shown in purple). Overlaid with structure of SH3 in complex

with peptide RALPPLPRY, shown in yellow (PDB entry 1RLQ). The

N-terminus of the peptide, coloured blue, corresponds to the place of

attachment of the TOAC amino acid in peptide P3Te. (b) Violations

analysis of calculated position of TOAC in P3Te in complex with

SH3. Dotted line: PRE-derived distance; white circles: distance in

calculated structure; shaded area: error margins used in calculations.

For class 1 residues (upper bound only) the error margin was +2Å,

for class 3 residues (lower bound only) a -2Å error margin was used,

and for class 2 residues (both upper and lower distance restraints) the

error margins were ± 1 Å. (c) Distance from TOAC oxygen atom to

backbone amide proton for residues with both upper and lower

distance restraints (class 2): distance obtained in rigid-body docking

calculations versus PRE-derived distance

c
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than expected from the calculated structure. This is typi-

cally seen in systems where dynamics is present (Volkov

et al. 2006) and can be accounted for by small movements

of the spin-label placed at one end of the peptide, where the

flexibility is higher.

The effect felt by residue D10 cannot be explained by

small peptide movements around the binding site. It is,

however, possible to account for this effect by a small

percentage of peptide binding in an alternative orientation.

Experiments to investigate this possibility are underway.

Fig. 9Fig. 8
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Conclusions

By using TOAC it was demonstrated that the interaction

between the Src SH3 domain and a proline-rich peptide

derived from FAK is not very dynamic, and the position of

the peptide relative to the protein is remarkably well-

defined, despite the weak and transient binding. For studies

of peptide-protein interactions, paramagnetic NMR with

TOAC spin-labelled peptides provides a way to gain

information about the dynamics as well as the structure of

the complex. The rigid structure of TOAC makes it an

attractive alternative to spin-labelling via cysteine residues,

although the introduction of a TOAC residue in a peptide

may have a large influence on the binding affinity when

introduced in the core of the recognition motif. With the

advancements in chemical synthesis of partial or even

entire proteins, the application of TOAC in studies of

interactions of proteins with small molecules, nucleic acids

or other proteins will be feasible.
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Overhand M, Ubbink M (2007) Long-range-distance NMR

effects in a protein labeled with a lanthanide-DOTA chelate.

Chem Eur J 13:1715–1723

166 J Biomol NMR (2008) 41:157–167

123



Vlasie MD, Fernández-Busnadiego R, Prudêncio M, Ubbink M
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