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Abstract Structural determination of target-bound con-

formations of peptides is of primary importance for the

optimization of peptide ligands and peptide–mimetic

design. In the structural determination of weakly binding

ligands, transferred nuclear Overhauser effect (TrNOE)

methods have been widely used. However, not many dis-

tance constraints can be obtained from small peptide

ligands by TrNOE, especially for peptides bound to a target

molecule in an extended conformation. Therefore, for

precise structural determination of weakly binding pep-

tides, additional structural constraints are required. Here,

we present a strategy to systematically introduce dihedral

angle constraints obtained from multiple transferred cross-

correlated relaxation experiments and demonstrate precise

structures of weakly binding peptides. As a result, we could

determine the bioactive conformations of phage-derived

peptide ligands and define their core binding motifs.
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Introduction

Peptide ligands are often used as pharmaceuticals and to

study those biological processes that they promote or

inhibit (Hruby 2002). With the development of combina-

torial approaches such as phage libraries, more and more

peptide ligands are being identified and studied (Smith

1985; Scott and Smith 1990; Cwirla et al. 1990; Sidhu et al.

2003).

Structural determination of target-bound conformations

of peptides is of primary importance for the optimization of

peptide ligands and peptide–mimetic design. In the struc-

tural determination of weakly binding ligands, transferred

nuclear Overhauser effect (TrNOE) methods have been

widely used (Clore and Gronenborn 1982; Ni 1994).

However, not many distance constraints can be obtained

from small peptide ligands by TrNOE, especially for

peptides bound to a target molecule in an extended con-

formation. Therefore, for precise structural determination

of weakly binding peptides, additional structural con-

straints are required.

More than a decade ago, cross-correlated relaxation

(CCR) experiments were proposed for determining the

backbone dihedral angle W (Fig. 1a, b; Reif et al. 1997;

Yang et al. 1997) and it has been demonstrated that these

CCR phenomena can be utilized for structural determina-

tion of weakly binding ligands in the so-called transferred

CCR (TrCCR) regime as an analogy of TrNOE (Blommers

et al. 1999; Carlomagno et al. 1999; Carlomagno et al.

2003). However, thereafter, dihedral angle constraints
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derived from CCR experiments were not frequently used in

structural determination of weakly binding peptides

(Blommers et al. 2007). One reason might be that there are

some complexities in obtaining information about the

backbone dihedral angle U (Fig. 1c, d) by utilizing CCR

experiments (Pelupessy et al. 1999; Kloiber and Konrat

2000; Kloiber et al. 2002). Recently, we developed a

novel and simple two-dimensional version of quantitative

CCR experiments for determining U angles (Fig. 1c, d;

Takahashi and Shimada 2007), and these pairwise CCR

experiments enabled us to utilize the dihedral angle con-

straints of U angles with the same criteria as the dihedral

angle constraints of W angles.

Here, we present a strategy to systematically introduce

dihedral angle constraints obtained from multiple TrCCR

experiments and demonstrate precise structures of weakly

binding peptides. As a result, we could determine the

bioactive conformations of phage-derived peptide ligands

and define their core binding motifs.

Materials and methods

NMR sample preparation

Non-labeled peptides were synthesized commercially and

purchased from Bex (Tokyo, Japan). Isotope labeled pep-

tides were purified from the cleavable phage library system

(Mizukoshi et al. 2006), or KSI-fusion vectors (Novagen,

Madison, WI) were constructed and expressed in E. coli

BLR (DE3) pLys S. Anti-FasL antibody, RNOK2 (Nisihara

et al. 2001) was gifted from Chemo-Sero-Therapeutic

Research Institute (Kumamoto, Japan). The lyophilized

peptides were resuspended in NMR buffer (20 mM phos-

phate, pH 6.0, 95% H2O/5% D2O).

NMR spectroscopy

NMR measurements were recorded on a Bruker Avance

600 equipped with a cryo-cooled triple resonance probe or

Bruker Avance 700 spectrometer.

TrNOE

Two-dimensional TrNOE experiments were performed at

313 K on a Bruker Avance 600 equipped with a cryo-

cooled triple resonance probe. For the attenuation of broad

resonances of large proteins, a relaxation filter that utilizes

spin-locking of z-magnetizations after the preparation

delay was applied. Spectra of free peptides were acquired

on 1.5 mM synthetic peptide and spectra of complexes

were acquired on a mix of 1.5 mM synthetic peptide and

90 lM protein. NOE spectra were recorded with 400

complex t1 points and 1 K complex t2 points. Optimal

conditions for TrNOE measurements were determined by

using mixing times of 25, 50, 75, 100, 150, and 200 ms.

Since the NOE build up curve showed monotonic increase

until mixing time of around 75 ms, and we use the NOE

data of mixing times of 50 ms (Supporting Figure S1). In

this condition, NOE cross-peaks originating from the

peptide in the absence of the target protein were mostly

suppressed.

Cross-correlation between 15N-1H dipolar–dipolar

interactions and 15N chemical shift anisotropy

(DD/CSA)

15N-1H DD/CSA experiments were carried out at 310 K on

a sample of 2 mM 15N, 13C-labeled peptide with or without

100 lM protein. The pulse sequence was according to

Tjandra et al. (Tjandra et al. 1996). Data matrices acquired

at 700 MHz consisted of 1024(t2) 9 80(t1) data points. A

total of 128 scans per complex t1 increment were collected

in ‘reference’, whereas 512 scans were for ‘cross’ experi-

ment. The CCR relaxation period was set to 40 ms. Data

were processed and analyzed using by NMRPipe (Delaglio

et al. 1995).

Cross-correlation experiments for dihedral

angles W and U

The CCR experiments were applied to 2 mM 15N, 13C-

labeled peptides with or without 100 lM protein in NMR
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Fig. 1 Schematic representation of four cross-correlated spin relax-

ation rates associated with determination of backbone dihedral angles

W(a, b) and U (c, d). Here, CX,Y describes the cross-correlated

relaxation rate between X and Y, where X and Y represent dipole–

dipole interactions between a proton and a heteronucleus or chemical

shift anisotropy (CSA) of a heteronucleus. Each CCR rate is

paraphrased with CDD or CDC, where DD represents the tensor

interaction between two dipolar couplings and DC represents the

tensor interaction between a dipole coupling and a CSA. W or U in

parenthesis indicates that the CCR rate is used to obtain information

about the corresponding backbone dihedral angle
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buffer. All spectra were recorded at 310 K. The pulse

sequences for measurement of CHaCa,HN(W) and CHa-

Ca,C0(W) were intrinsically the same as those published by

Chiarparin (Chiarparin et al. 1999). The pulse sequences

for measurement of CHN,HaCa(U) and CC0,HaCa(U) were

those established in our laboratory (Takahashi and

Shimada 2007). In all CCR experiments, the constant time

delay in which cross-correlated relaxation is operative was

28 ms. In the CHaCa,HN(W) measurements, spectra of free

peptide for ‘reference’ and ‘cross’ measurements were

recorded using 32 and 512 scans, with corresponding

acquisition times of 1 and 13 h, respectively. For peptide–

protein complexes, spectra for ‘reference’ and ‘cross’

measurements were recorded using 64 and 512 scans, with

corresponding acquisition times of 2 and 13 h, respec-

tively. In the CHaCa,C0(W) measurements, spectra of free

peptide for ‘reference’ and ‘cross’ measurements were

recorded using 16 and 256 scans, with corresponding

acquisition times of 0.5 and 4.5 h, respectively. For pep-

tide–protein complexes, spectra for reference and cross

measurements were recorded using 32 and 512 scans, with

corresponding acquisition times of 1 and 13 h, respec-

tively. In the measurement of CHN, HaCa(U), spectra of free

peptide for ‘reference’ and ‘cross’ measurements were

recorded using 64 and 512 transients per FID, with corre-

sponding acquisition times of 1.5 and 14 h, respectively.

For peptide–protein complexes, spectra for reference and

cross measurements were recorded using 64 and 1024

scans, with corresponding acquisition times of 1.5 and

27 h, respectively. In the measurement of CC0,HaCa(U),

spectra of free peptide for ‘reference’ and ‘cross’ mea-

surements were recorded using 32 and 512 scans, with

corresponding acquisition times of 1 and 14 h, respectively.

For peptide–protein complexes, spectra for reference and

cross measurements were recorded using 64 and 512 scans,

with corresponding acquisition times of 2 and 14 h, respec-

tively. The data were processed and analyzed using NMR-

Pipe (Delaglio et al. 1995). The cross-correlated relaxation

rates of both experiments were obtained from the normalized

intensity ratios between reference and cross experiments in

considering the different number of scans.

Structure calculation

Transferred-NOESY data were used to extract distance

restraints for quantitative structure calculations. The cross-

peak intensities were calibrated using the cross-peak

intensities of the resolved phenyl-ring Hd-He (Phe3) for

P1 or indole-ring Hg2-Hf2 (Trp10) for P2, correlation

peaks assuming an internuclear distance of 2.46 Å. Quan-

titative distances were obtained according to the literature

(Eisenmesser et al. 2000). Dihedral angle constraints from

the TrCCR experiments were introduced to the structure

calculation, as described in Sect. ‘‘Results and discussion’’.

Allowed ranges for the dihedral angle constraints are

estimated by the experimental errors of the TrCCR

experiments, as well as the possible variety of the residue-

specific C0 CSA tensor parameters (Loth et al. 2005, Sup-

porting Figure S2).

CYANA v.2.1 (Herrmann et al. 2002) was used to

compute 200 conformers. The 20 lowest target function

structures were chosen for the final structure ensemble. The

computer programs MOLMOL (Koradi et al. 1996) and

PROCHECK-NMR (Laskowski et al. 1996) were used for

visualization and analysis of generated peptide structures.

Results and discussion

In this study, we used two individual peptides (P1,

SPFARPLLSYGSGDhomoS; and P2, LDTPVPRPPWGS

GDhomoS; Mizukoshi et al. 2006). Their common C-ter-

minal Gly-Ser-Gly-Asp-homoSer sequence is a 4-residue

linker (GSGD) and the reaction product (homoSer) of the

cleavable Met residue by CNBr cleavage. These peptides

were obtained from a random peptide library and bound to

an anti-Fas-ligand antibody (RNOK2:*150 kDa; Nisihara

et al. 2001). Competitive NMR analyses indicated that both

peptides, in spite of the absence of sequence homology,

bound to an identical site on the target molecule

(Mizukoshi et al. 2006). The dissociation constants of both

peptides against RNOK2 are 4 9 10-4 M, and this range

of binding affinity is suitable for TrNOE experiments. As a

result of the TrNOE experiments, we collected 41 intra-

residue and 25 interresidue TrNOE cross-peaks for P1, and

33 intraresidue and 18 interresidue TrNOE cross-peaks for

P2. In the case of P1, almost all TrNOE cross-peaks were

found in residues 3–8, and in the case of P2, most cross-

peaks were found in residues 5–10. These results suggest

that the C-terminal linker region does not tightly bind to

the antibody molecule. Furthermore, the fact that no cross-

peaks between the backbone amide protons and no inter-

residual long-range cross-peaks (i–j [ 4) were observed

suggests that these peptides bind to the RNOK2 molecule

in an extended conformation. Actually, the structures cal-

culated by using these distance constraints showed the

extended forms (Fig. 3a, c). However, these structures

were not well converged and the backbone RMSD is

1.47 ± 0.30 Å for P1 and 1.32 ± 0.37 Å for P2. There-

fore, we could not obtain precise structural information,

such as side chain orientation, from these structures.

For more precise structures, we collected TrCCR data for

backbone dihedral angles as follows. First, in order to assess

the contact region of the peptides to the target molecule,

we measured the cross-correlation between 15N-1H

dipole–dipole and 15N chemical shift anisotropy (CSA),
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represented as CHN,N, (Tjandra et al. 1996) of these peptides

with and without RNOK2. Since the CCR rate depends on

the rotational correlation time sc, the relaxation property of

resonances originating from an excess amount of free ligand

is dominated by a small amount of the bound state in weakly

binding systems, if the molecular weight of the target

receptor molecule is large enough compared with that of the

ligand, just as with the TrNOE experiment. Furthermore,

this TrCCR would be affected by the local correlation time

of the binding ligand, and more specifically, how tightly

each part of the ligand molecule binds to the target mole-

cule. As pointed out by Bodenhausen et al. an appropriate

exchange rate is required for observing TrCCR phenomena

(Ravindranathan et al. 2003). The exchange rate can be

controlled to some extent by a choice of experimental

conditions (temperature, pH, etc.). Therefore, through these

TrCCR (CHN,N) experiments, one can optimize the experi-

mental conditions to enhance the TrCCR phenomena. As a

result of these experiments, we could restrict the region for

introducing dihedral angle constraints from residues 2 to 10

for both peptides (Supporting Figure S3).

Next, we performed a suite of TrCCR measurements to

obtain information about the backbone dihedral angles W
and U (Fig. 1). The pulse sequences for the measurement

of CDD(W) and CDC(W) were intrinsically the same as those

published by Chiarparin (Chiarparin et al. 1999) and those

of CDD(U) and CDC(U) were the same as those established

in our laboratory (Takahashi and Shimada 2007). In the

case of the TrCCR experiments for the weakly binding

ligands, the observed CCR rate, Cobs, is a weighted average

between the CCR rate of the free state and that of the

bound state, represented as follows:

Cobs ¼ ð1� aÞCfree þ aCbound ¼ Cfree þ aðCbound � CfreeÞ
ð1Þ

where a is the fraction of the bound ligand. If the relaxation

in the bound state is dominant, i.e., sc
free \\ sc

bound;

therefore Cfree \\Cbound, and the difference between

Cobs and Cfree is approximated by aCbound. Therefore, the

CCR rates in the bound states multiplied by the fraction of

the bound state can be described as follows:

aCbound ¼ Cobs � Cfree ð2Þ

In order to obtain Cfree and Cobs, 13C, 15N-labeled

peptides were subjected to two sets of pairwise CCR

experiments mentioned above with or without RNOK2,

respectively. Lists of obtained CCR rates (aCDD
bound(W),

aCDC
bound(W); aCDD

bound(U), and aCDC
bound(U)) are shown as

aCDD and aCDC in Table 1 and Supporting Table S1

Table 1 CCR rate of P1, aCDD, aCDC, CDC/CDD and dihedral angle constraints (W: upper panel, U: lower panel)

Residue aCDD (s-1) aCDC (s-1) CDC/CDD Angle constraints (W)

Pro2 -2.47 ± 0.21 -0.04 ± 0.05 0.016 ± 0.020 100� ± 10� or 140� ± 10�
Phe3 -1.95 ± 0.23 -0.57 ± 0.05 0.292 ± 0.043 90� ± 10� or 150� ± 10�
Ala4 -1.98 ± 0.13 0.97 ± 0.03 -0.490 ± 0.036 120� ± 20�
Arg5 ND ND

Pro6 -2.30 ± 0.10 -0.76 ± 0.03 0.330 ± 0.019 90� ± 10� or 150� ± 10�
Leu7 -1.94 ± 0.08 0.25 ± 0.03 -0.129 ± 0.016 120� ± 20�
Leu8 -1.37 ± 0.35 0.64 ± 0.07 -0.467 ± 0.130 120� ± 20�
Ser9 -0.50 ± 0.15 -0.26 ± 0.04 0.520 ± 0.175 90� ± 10� or 150� ± 10�
Tyr10 -0.36 ± 0.19 -0.36 ± 0.04 1.000 ± 0.539 80� ± 10� or 160� ± 10�

Residue aCDD (s-1) aCDC (s-1) CDC/CDD Angle constraints (U)

Pro2 ND ND

Phe3 -2.70 ± 0.35 0.18 ± 0.13a -0.067 ± 0.049 -120� ± 20�
Ala4 -2.17 ± 0.36 -1.06 ± 0.14 0.488 ± 0.104 -150� ± 10� or -90� ± 10�
Arg5 -2.08 ± 0.22 -0.33 ± 0.11 0.159 ± 0.055 -150� ± 10� or -90� ± 10�
Pro6 ND ND

Leu7 -1.24 ± 0.15 -0.95 ± 0.09 0.760 ± 0.118 -160� ± 10� or -80� ± 10�
Leu8 -0.75 ± 0.10 -1.45 ± 0.07 1.932 ± 0.274 -160� ± 10� or -80� ± 10�
Ser9 -2.15 ± 0.45 -0.38 ± 0.19 0.176 ± 0.096 -150� ± 10� or -90� ± 10�
Tyr10 -1.57 ± 0.21 -0.33 ± 0.09 0.210 ± 0.064 -150� ± 10� or -90� ± 10�

Error estimations were performed according to the literature (Carlomagno and Griesinger 2000). ND means no signal to be detected. aThe signal

intensities in cross experiments showed undetectable small values, and the intensities were set to zero ± standard deviation of noise intensities in

CCR rate calculations
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For the following step, the dihedral angle constraints can

be obtained from these CCR rates as described below.

First, by comparing the signs and the relative intensities of

the pairwise CCR rates (aCDD and aCDC) with their theo-

retical curves (Fig. 2a or b), we can restrict appropriate

angular regions for both the dihedral angles W and U. For

the dihedral angle W, when CDD(W) shows a positive value

and CDC(W) shows a negative or small positive value, the

appropriate angular regions should be limited between

-180 and -85� or -35 and 60�. In the case of a negative

value for CDD(W), if CDC(W) shows a relatively large

positive, the appropriate regions should be limited between

-85 and -35�; on the other hand, if CDC(W) shows a

negative or small positive value, the appropriate regions

should be limited between 60 and 180�. In the similar

manner, the appropriate regions for the dihedral angle U
could be approximately defined in the first step. Next, in

order to tightly define the range, we calculate the aCDC/

aCDD = CDC/CDD values (Blommers et al. 1999; Carlo-

magno et al. 2003). This calculated value in principle

removes the common terms between CDD and CDC, and

therefore alleviates the issues concerning small ligands

which weakly bind to the large target molecules, like

overall sc and its anisotropy in the bound state, and the

population of the bound state.

In this study, by first comparing the pairwise CCR rates,

CDD(W) showed negative values and CDC(W) showed

negative or small positive values. Therefore, the appro-

priate regions should be limited between 60 and 180�, as

shown in the red frames in Fig. 2a. In the same way, the

appropriate regions for dihedral angle U were limited

between -180 and -60�, as shown in the red frames in

Fig. 2b. Next, we calculated CDC/CDD values and, conse-

quently, more tightly defined constraints for dihedral

angles W and U could be obtained. The criterion was set as

follows. If the CDC/CDD value for W is negative, the

dihedral angle W is constrained between 100 and 140�. If

the value is positive and less than 0.1, the dihedral angle

constraints for W are set to 100 ± 10� or 140 ± 10�. If the

value is between 0.1 and 0.6, the constraints for W are set

to 90 ± 10� or 150 ± 10�. If the value is more than 0.6,

the constraints are 80 ± 10� or 160 ± 10�. Taking into

consideration the cumulated uncertainties for the mea-

surements (Vögeli and Yao 2009) and intrinsic diversity of

residue-specific CSA (Markwick and Sattler 2004; Loth

et al. 2005), the uncertainty of the dihedral angle con-

straints are set to ±10�. To obtain more accurate CCR rates

avoiding systematic errors, one should carry out experi-

ments, using multiple constant time delays (Chiarparin

et al. 1999).

In the case of the dihedral angle U, the same procedure

should be followed (Fig. 2b, d). The dihedral constraints

for W and U angles of both P1 and P2 were obtained and

are summarized in Table 1 and Supporting Table S1,

respectively. A total of 15 angle constraints were system-

atically obtained for P1 and 8 angle constraints were

obtained for P2. In addition to these angle constraints

obtained from TrNOE experiments, peptide conformations

were calculated. Out of the 200 generated structures, 20

structures with the lowest target function were selected,

and no structure had NOE violations greater than 0.2 Å for

either P1 or P2. The structural statistics are shown in

supporting information (Supporting Tables S2 and S3). As

shown in Fig. 3, 20 selected structures were well con-

verged compared with those from the distance constraints

alone. The backbone RMSD value was improved from

1.47 ± 0.30 Å to 0.94 ± 0.27 Å for P1 and from

1.32 ± 0.37 Å to 0.37 ± 0.10 Å for P2.
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Fig. 2 Theoretical curves of W (a) & U (b) angles as a function of the

peptide backbone dihedral angles (Schwalbe et al. 2001). Theoretical

curves of CDC/CDD values for dihedral angles W (c) and U (d).

Standard bond lengths and angles (cNH = 1.02 Å
´

and cCH = 1.09 Å
´

)

were used for the calculation. CSA tensor parameters of C’ nuclei

values rxx, ryy and rzz were assumed to be 244, 178, and 90 ppm,

respectively (Teng et al. 1992)
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On the other hand, the essential residues for binding

were identified to be Phe3, Arg5, and Leu8 of P1 and Val5,

Arg7, and Trp10 of P2 by alanine-substitution (Supporting

Table S4). According to the peptide structures of the lowest

target function, which we determined by utilizing TrCCR

data, the backbones of two individual peptides were

superimposed with a small RMSD value of 1.06 Å and the

side chains of the important residues were oriented in a

similar direction (Fig. 4). Nishimura et al. investigated the

epitope of FasL against RNOK2 antibody by the muta-

tional studies, which revealed that the contact region is

quite large, and some discontinuous residues including

Arg198 were critical for the binding (Nisihara et al. 2001).

Both peptides assumed the extended conformation in the

bound state and include Arg residue (Arg5 of P1 and Arg7

of P2), which might mimic a local part of the epitope.

These results suggest that the precise determination of the

bound conformation of the ligand provides a more concrete

view of the structure-function relationship for the active

ligand molecule.

In this study, we did not obtain any evidence of multiple

conformations from our NMR data. In particular, we obtain

two different kinds of structural parameters—that is, dis-

tance constraints and dihedral angles constraints, based on

TrNOE experiments and TrCCR experiments, respectively,

and there is no conflict between these data. If each data is

conflict, one should consider the possibility of multiple

conformations in the bound state. In other words, these

complementary experiments would also be useful for the

validation of determined structure.

In conclusion, we determined the precise structures of

weakly binding peptides by comprehensively introducing

dihedral angle constraints from a suite of CCR experiments.

The fact that the precise tertiary structures of the peptide

ligands in the bound state can be obtained easily in this way

accelerates the study of rational design of peptides and/or

small molecules with higher affinity to target molecules.
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