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Abbreviations 
BMRB Biological Magnetic Resonance Bank 

CP cross polarization 

CSA CSA 

CW continuous wave 

DARR dipolar assisted rotational resonance 

EDTA 2,2',2'',2'''-(Ethane-1,2-diyldinitrilo)tetraacetic acid 

GB1 B1 domain of streptococcal protein G 

MAS magic angle spinning 

NMR nuclear magnetic resonance 

NOE nuclear Overhauser effect 

PCS pseudocontact shift 

PDB Protein Data Bank 

PRE paramagnetic relaxation enhancement 

RDC residual dipolar coupling 

RF radio-frequency 

RMSD root-mean-square deviation 

TPPM two pulse phase modulation
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Abstract 
Magic angle spinning (MAS) solid-state nuclear magnetic resonance (NMR) is a powerful 

method for structure determination of insoluble biomolecules. However, structure determination 

by MAS solid-state NMR remains challenging because it is difficult to obtain a sufficient amount 

of distance restraints owing to spectral complexity. Collection of distance restraints from 

paramagnetic relaxation enhancement (PRE) is a promising approach to alleviate this barrier. 

However, the precision of distance restraints provided by PRE is limited in solid-state NMR 

because of incomplete averaged interactions and intermolecular PREs. In this thesis, an approach 

for structure determination of proteins that combines qualitative transverse PRE restraints and 

CS-Rosetta is described. 

In the part I, the paramagnetic signal decay of the rotating samples is considered by 

numerical simulations, and the theoretical values are compared to the experimental ones derived 

from uniformly 13C, 15N labeled and paramagnetic EDTA-Mn2+ tag attached B1 domain of 

streptococcal protein G (GB1). Then, I found the purely attractive and repulsive restraints 

expressed by the rectified quadratic function is suitable to handle the low precision PRE restraints 

derived from solid-state NMR. 

In the part II, I demonstrated the structure calculations combining the qualitative 

transverse PRE restraints and CS-Rosetta to redeem the quality of the PRE restraints derived from 

solid-state NMR. The derived structure of GB1 has a Cα RMSD of 1.49 Å relative to the X-ray 

structure. It is noteworthy that our protocol can determine the correct structure from only three 

cysteine-EDTA-Mn2+ mutants because this number of PRE sites is insufficient when using a 

conventional structure calculation method based on restrained molecular dynamics and simulated 

annealing. In addition, transferability of this approach is discussed by the structure calculations 

using simulated PRE restraints, then I concluded the structure of a protein whose size is at least 

ca. 110 residues can be determined. 

This study shows that qualitative PRE restraints can be employed effectively for 

protein structure determination from a limited conformational sampling space using a protein 
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fragment library. 



� )�

General introduction 
Solid-state NMR is a powerful method to analyze structure of insoluble molecules. In the field of 

structural biology, membrane proteins, protein fibrils and large molecular assemblies are the 

major targets of solid-state NMR measurements. The solid-state NMR signal lines of "raw" 

samples are extremely broad (typically >10 kHz), because the effect of various anisotropic 

interaction (e.g. chemical shift anisotropy and dipolar coupling) cannot be averaged out by fast 

molecular tumbling. To overcome this problem, two principal approaches are generally used. 

Preparation of mechanically, magnetically and/or motionally aligned samples is widely used 

approach to investigate membrane protein structures and them membrane orientation [1-4]. The 

second approach is using magic angle spinning (MAS) technique to remove the anisotropic 

interactions by fast sample spinning (>5 kHz) around the magic angle (54.74o to the external 

magnetic field) [5-8]. This approach has three significant advantages: (i) The sample orientation 

is not necessary; then various samples can be measured. (ii) The isotropic chemical shifts those 

are observable in solution NMR can be measured. (iii) The removed anisotropic interactions can 

be reintroduced by radio-frequency (RF) pulse schemes (so-called recoupling); then coherence 

transfer and collection of structural information via anisotropic interactions can be achieved. 

These features allow us to design measurement and analysis strategies analogous with those of 

solution NMR. The feasibility of protein structure determination by MAS solid-state NMR has 

been shown by structure determination of α-spectrin SH3 domain[9]. Recently, technologies 

included high-field magnets[10], spectrometers and probes[11-14], and RF schemes/techniques 

[15-18] are rapidly improved. At last, MAS solid-state NMR achieved a significant milestone for 

protein structure determination with studies describing the structure of heptahelical membrane 

proteins [4,19]. 

In general, protein structure determination by MAS solid-state NMR is performed by 

following three steps; (1) chemical shift assignment, (2) unambiguous space through correlation 

assignment and initial structure calculation and (3) model refinement by ambiguous distance 

restraints. The backbone and side-chain assignment protocols using e.g. 3D-NCACX, NCOCX, 



� 
�

CANCO and CCC measurements are well established [20,21]. Recently, rapid assignment 

strategies based on proton detection under the ultra fast MAS condition (>60 kHz) are rapidly 

developed [22-27]. Using 4D measurements are also proposed to resolve the chemical shift 

ambiguity [28-31]. In addition, automatic assignment algorithms specialized for solid-state NMR 

are designed [32-36]. Therefore, difficulty of the chemical shift assignment is gradually decreased. 

However, even today, collection of space through correlations is still a challenging task and a 

major bottleneck of protein structure determination. 

The primary reason for this bottleneck is that dipolar couplings between 1H, 13C and 

15N spins are scaled with the inverse third power of the internuclear distance. Thus, the signal 

intensities from these spatial correlations are usually weak, because small through space dipolar 

couplings are quenched by the simultaneous presence of much larger dipolar couplings across 

chemical bonds. This phenomenon is called dipolar truncation [37]. To alleviate or avoid dipolar 

truncation, many techniques have been proposed. 13C spin dilution can reduce the quenching 

effect by directly bonded 13C neighbors and is used widely in structure determination [9,19,38,39]. 

The combination of 1H-1H spin diffusion and indirect detection of 13C or 15N (e.g., CHHC/NHHC) 

is a powerful method for the detection of spatial 1H-1H contacts [18]. Proton-assisted recoupling 

(PAR) avoids homonuclear dipolar truncation by the third spin-assisted recoupling mechanism 

[16]. However, a drawback of such methods is that the experiments are time consuming. 

The second drawback is spectral complexity. A spatial correlation by dipolar 

recoupling between a nuclei pair gives rise to one or two peaks in the spectrum. In general, multi-

spin recoupling is used for collection of spatial correlations, leading to the appearance of hundreds 

or thousands of peaks in a spectrum. Chemical shift ambiguity caused by inhomogeneous line 

broadening prevents accurate and correct assignment of the resonances. Automatic assignment 

methods of ambiguous distance restraints (e.g., ARIA [40,41] and CANDID [42]) have been 

introduced for solid-state NMR data analysis using methods that were originally developed for 

solution-state NMR [43,44]. Some protein structures have been solved using these methods; 

however, the success of assigning ambiguous restraints relies on the precision of the chemical 
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shifts. To assign chemical shifts with high precision, the peak line widths should be narrow. 

Micro-crystallization is a promising method to suppress inhomogeneous line broadening [45]. 

However, this approach is not applicable, for example, to lipid-bound membrane proteins and 

protein fibrils. Therefore, the success of the automatic assignment depends highly on sample 

properties. Based on the above shortcomings, a method for obtaining long-range distance 

restraints without increasing the number of cross peaks would be highly advantageous in structure 

determination by solid-state NMR. 

The utilization of paramagnetic species is a powerful method to obtain long-range 

distance restraints without increasing the number of cross peaks. The unpaired electron changes 

the NMR observables, chemical shifts and relaxation rates, depending on the nuclei-unpaired 

electron geometry. The changes of the chemical shift and relaxation rate by the paramagnetic 

species are called pseudocontact shift (PCS) [46] and paramagnetic relaxation enhancement 

(PRE) [47], respectively. The PCSs and PREs can edit the NMR spectra based on the molecular 

shape (Figure. 1). In general, proteins do not have the paramagnetic center. Then, the 

paramagnetic probes can be introduced to some arbitrary position on the protein surface [48-54], 

and the geometry between the specific site and nuclei of the protein can be obtained easily from 

simple chemical shift correlation spectra once the backbone assignment process is complete. 

Addition, the electron gyromagnetic ratio is 2-3 orders of magnitude larger than that of nuclei, 

providing >10 Å distance restraints. For de-novo protein structure determination, measurements 

of PREs are more suitable than those of PCSs, because values of magnetic susceptibility 

anisotropy tensor (Δχ -tensor) determined using known protein 3D structure are required to 

convert the PCS values to geometric restraints. PRE techniques are widely used for protein 

structure determination from limited distance restraints in solution NMR [55-59]. In solid-state 

NMR, the initial study describing introduction of PREs to MAS solid-state NMR protein structure 

analyses were reported around 2007 [60]. Recently, structure determination using PRE distance 

restraints have been reported [19,61-63]. 

The major drawback of PRE is the distance information derived from PREs has a lower 
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precision when compared with other techniques. In solid-state NMR, the distal unpaired electron-

nucleus dipolar coupling can be interfered by homo- and heteronuclear dipolar couplings between 

1H and 13C spins [64]. Thus, a method that use low precision distance restraints is attractive for 

protein structure analysis by solid-state NMR. 

In this thesis, an approach for structure determination of proteins that combines 

qualitative transverse PRE restraints and an advanced computational method is described. In part 

I of this thesis, I investigated the property of paramagnetic signal decay by transverse PRE in 

rotating solid-state samples using numerical calculations and measurements of a model protein, 

B1 domain of streptococcal protein G (GB1). In part II, I demonstrated the structure calculations 

combining the qualitative transverse PRE restraints and CS-Rosetta, a method of protein 3D 

structure prediction from the backbone chemical shifts [65]. 

Figure 1. Schematic paramagnetic NMR spectra. (a) and (b) illustrate the effects of PRE and PCS, 

respectively. 
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Abstract 

Paramagnetic relaxation enhancement brings unambiguous long-range distance restraints those 

have crucial roles for protein structure determination by NMR. In solid-state, the PRE process is 

interfered by the incompletely averaged anisotropic interactions originated from immobility of 

the molecules. Paramagnetic anisotropic shift dispersion in immobile solid-state samples also 

decreases the signal intensities in addition to PREs. Furthermore, dense molecular packing causes 

non-negligible intermolecular PREs those are unwanted in the protein structure determination. 

Then, consideration of the influence of those factors are necessary to handle PRE distance 

restraints in solid-state NMR. In this part, the paramagnetic signal decay of the rotating samples 

is considered by numerical simulations, and the theoretical values are compared to the 

experimental ones derived from uniformly 13C, 15N labeled and paramagnetic EDTA-Mn2+ tag 

attached GB1. Spin dynamics simulations of cross polarization under the paramagnetic center is 

presence condition illustrate the influence of paramagnetic anisotropic interaction is included in 

the PRE signal decay model. Intermolecular PREs derived from the crystal packing model of GB1 

suggest 1:3 dilution of paramagnetic molecules by diamagnetic ones are required for the effective 

intermolecular PRE suppression. Despite of those considerations, some experimentally derived 

distance restraints have large error. Finally, we found the purely attractive and repulsive restraints 

expressed by the rectified quadratic function is suitable to handle the low precision PRE restraints 

derived from solid-state NMR. 

 

Introduction 

The measurement of PRE is a promising method to obtain long-range (~20–25 Å) distance 

restraints. In solution NMR, it is well known that the nucleus-unpaired electron distance can be 

quantitatively obtained from peak intensity ratio of the paramagnetic and diamagnetic samples 

and Solomon-Bloembergen equation [1-3]. However, in solid-state NMR, it is not an obvious 

manner. The PRE process is originated from fluctuation of the dipolar coupling between nucleus 

and unpaired electron, and this fluctuation is caused by random (incoherent) molecular motions. 
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Under the condition that the anisotropic interactions are incompletely averaged, coherent process 

(e.g. dipolar dephasing by homo- and heteronuclear dipolar couplings between 1H and 13C spins) 

also interferes the nuclear relaxation. The coherent processes are difficult to distinguish from the 

incoherent PRE process [4]. In addition, some paramagnetic center causes paramagnetic 

anisotropic shift dispersion and decreases signal intensities because the cross polarization (CP: a 

fundamental RF technique in solid-state NMR [5]) efficiency is reduced in addition to PRE [6]. 

Thus, the distance information derived from PREs has low precision. To avoid this precision 

problem, Jaroniec and co-workers used Cu2+-15N longitudinal PREs to improve precision [7]. The 

smaller gyromagnetic ratio of the 15N nucleus and its lower abundance in proteins is preferable 

for nuclear dipolar coupling suppression. Additionally, the small spin quantum number and single 

electronic relaxation time of Cu2+ are favorable to prevent undesired signal intensity decay during 

the direct and indirect detection periods. However, this approach is rather difficult to use when 

trying to obtain side chain restraints. This approach is also time consuming owing to the slow 15N 

longitudinal relaxation rate. In addition, intermolecular PREs caused by dense molecular packing 

in solid-state samples also reduce the precision. Thus, investigation of the influences of the 

coherent processes, paramagnetic anisotropic shift dispersion and intermolecular PREs is 

important to handle the PRE profiles derived from transverse PREs those can readily obtained 

from the peak intensity ratio of the paramagnetic and diamagnetic samples. In this part, the 

paramagnetic signal decay of the rotating samples is considered. the influences of the coherent 

processes, paramagnetic anisotropic shift dispersion and intermolecular PREs are estimated by 

numerical simulations. Then, the theoretical values are compared to the experimental ones derived 

from uniformly 13C, 15N labeled and paramagnetic EDTA-Mn2+ tag attached GB1. Finally, we 

propose a PRE restraints handling manner. 

 

Paramagnetic signal decay of rotating samples 
�
Solomon mechanism 

PRE restraints were obtained using the pulse sequence shown in Figure 1-1(a). The 13C-13C 
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spectra using short DARR mixing [8] are widely used to obtain 1- or 2-bond correlations. We 

appended a 13C spin-locking period to enhance the signal decay by the longitudinal relaxation rate 

in the rotating frame. During the 13C spin-locking period, the PRE peak intensity decay can be 

encoded without restriction of the fast longitudinal relaxation in the rotating frame of 1H and 

spectral complexity can be increased using long-time 13C mixing. 

The restraints were obtained from the peak intensity ratios of paramagnetic- and 

diamagnetic-labeled samples. Thus, relaxation during all periods of the pulse sequence was 

considered. 

The paramagnetic effect of 13C magnetization growth during the CP [5] period was 

estimated by a kinetic model as follow. The spin temperature changes during CP can be described 

in the following differential equation. 
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%& and %'  are the inverse spin temperatures of 1H and 13C spins, respectively. 1 +,- is the 

transfer rate between 1H and 13C spins, and 1 +./,& and 1 +./,'  are longitudinal relaxation 

rates in the rotating frame of 1H and 13C, respectively. 12 is the ratio of heat capacities of the 13C 

and 1H spins [9]. 

%& and %'  are proportional to the 1H and 13C magnetization, respectively (%& ∝ 5&, %' ∝

5'). 1 +./,& and 1 +./,'  can be expressed as 

 
1

+./,&
= 6./,& + 8./,& (1-2) 
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6./,& and 6./,'  are the intrinsic relaxation rates in the rotating frame of 1H and 13C, respectively. 

8./,& and 8./,'  are the paramagnetic induced relaxation rates. The intrinsic contribution parts 

can be neglected (6./,&, 6./,'~0) because the contact time used in our experiments is short. 

In the Hartmann-Hahn condition, 12 is given as: 

 

 12 =
<-= = + 1

<,5 5 + 1
 (1-4) 

 

<, and <- are the numbers of 1H and 13C spins, respectively, and 5 and = are the spin quantum 

numbers of 1H and 13C, respectively. For the 13C enriched 1H-13C spin pairs, the ratio of heat 

capacities is deemed to be ~1. 

Using the above approximations, equation (1-1) can be described as: 
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where, 6,- = 1 +,-. 

The 13C magnetization, 5'  given by equation (1-5), is expressed as: 

 

 5' = exp A.$ + 	exp	(AD$) (1-6) 

 

where, 
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− 26,- + 8./,& + 8./,' − 46,-
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(1-8) 

 

The rate constant, 6,- was experimentally determined to be 6.63 ms–1 by the build-up curve of 

contact time dependent Cα signal intensities in CPMAS spectra of N-[1-13C]acetyl-[U-13C, 15N]L-

valine (NAV). The Cα signal intensities and the curve fitting result are shown in Figure 1-2(a,b). 

The 13C magnetization growth in some Mn2+-1H / 13C distances are shown in Figure 1-2(c).  

The signal reduction of 13C, 5'G in the CP period, is given by: 

 

 5'G $ =
exp	 A. 8./,&, 8./,' $ + exp	 AD 8./,&, 8./,' $

1 − exp	 −26,-$
 (1-9) 

 

where� $	is the contact time. The denominator, 1 − exp	(−26,-$) is a form of 5'  under 

the condition of 8./,& = 8./,' = 0. 

In the spin-locking and DARR-mixing periods 13C magnetization is reduced exponentially 

by the unpaired electron. The reductions 5-H and 5IJKK are expressed as: 

 

 5-H $ = exp	 −8./,'$  (1-10) 

 5IJKK $ = exp	 −8.,'$  (1-11) 

 

8.,'  is the paramagnetic longitudinal relaxation rate of 13C, and $ is the spin-locking and DARR-

mixing times. 

In the evolution and detection periods, the signal intensity (peak height) L  is 

proportional to L ∝ 1 6, where 6 is a transverse relaxation rate. Thus, the signal intensity of 

diamagnetic and paramagnetic samples in the direct and indirect detected dimensions are 

proportional to LMNO ∝ 1 6D,MNO  and LPOQO ∝ 1 6D,POQO , respectively. 6D,MNO  is the intrinsic 
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transverse relaxation rate of the 13C spin and is estimated from the line width at half-height (RMNO) 

using the equation, 6D,MNO = SRMNO. The transverse rate of the paramagnetic sample, 6D,POQO is 

expressed as a sum of the intrinsic (6D,MNO) and paramagnetic contributions (8D,' ), 6D,POQO =

6D,MNO + 8D,'  [10]. Thus, the peak intensity reduction during the evolution and detection periods, 

5TUand 5TV are expressed as: 

 

 
5TU = 5TV =

LPOQO
LMNO

=
1 6D,MNO + 8D,'

1 6D,MNO
=

SRMNO
SRMNO + 8D,'

 (1-12) 

 

Finally, the total signal decay, 5 = 5POQO 5MNO is expressed using equation (1-9), (1-

10), (1-11) and (1-12) as: 

 

 
5 =

5POQO
5MNO

= 5'G W'G ⋅ 5-H W-H ⋅ 5TU ⋅ 5IJKK WIJKK ⋅ 5TV (1-13) 

 

The paramagnetic relaxation rates, 8. , 8./ , and 8D  are given by the Solomon–

Bloembergen equation [1-3]. 
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where Z[  is the permeability of free space, \]  is the nuclear gyromagnetic ratio, ^_  is the 

electron g-value, %	 is the Bohr magneton, = is the electron spin quantum number, a is the 

unpaired electron-nucleus distance, and e] and e_ are the Larmor frequencies of the nucleus 

and electron, respectively. The correlation times, Wd.	 and WdD  were approximated to the 
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longitudinal electron spin relaxation time constant +._ [7]. 

The peak intensity decay profile is dependent on the unpaired electron-nucleus 

distance as shown in Figure 1-1(b). W'G, W-H, and WIJKK are set to 0.32, 1.04, and 20.0 ms, 

respectively. The paramagnetic parameters, ` and +._ are set to 5/2 and 10 ns, respectively, to 

evaluate the effect from Mn2+ used in our experiments ([11], see Materials and Methods). 	RMNO 

is set to 75 Hz (ca. 0.5 ppm at 14.1 T). At a = 10	Å, the reductions, 5'G,	5-H,	5IJKK, and	5TU ∙ 5TV 

are 0.45, 0.68, 0.89, and 0.15, respectively. Thus, the PRE signal decay occurs primarily during 

the direct and indirect detection periods. We performed the PRE experiments for a series of spin-

locking time (0~2.08 ms), however the obvious spectral changes did not appear (Figure 1-3). The 

value of 5-H is 0.47 at the condition of a = 10	Å and W-H = 2.08 ms, and it is greater than that 

of 5TU ∙ 5TV . The values of 5-H  and 5TU ∙ 5TV  support our experimental results. Under our 

experimental condition, the contribution of the decay during the 13C spin-locking is limited 

because spin-locking time is short, which prevents RF sample heating. For this purpose, the RF 

1H decoupling can be replaced with high-speed MAS. The value of 5-H is 0.11 at the condition 

of a = 10	Å and W-H = 6.0 ms, thus the 5-H decay becomes dominant with the 13C spin-locking 

time longer than 6.0 ms. The spin-locking time can control the distance that the effective PRE 

signal decay can be observed. For example, at a = 15	Å and W-H = 1.04 ms, value of the total 

decay, 5 is 0.68. By changing the W-H to 20 ms, the value of 5 decreases to 0.37. Thus, more 

long-range distance restraints can be obtained. 

Additionally, our findings are transferable to the case of using nitroxide spin labels as 

the paramagnetic probe, because the constant part of the Solomon-Bloembergen equation of the 

nitroxide spin label (` = 	 1 2 and +._ ≈ 100	ns [11,12]) is similar to that of Mn2+. Indeed, the 

values of 5  at a = 15	Å  are 0.68 and 0.73 when using Mn2+ and nitroxide spin labels, 

respectively, under our experimental conditions. We adopted Mn2+ because paramagnetic 

transition metal ions have more stable unpaired electrons than nitroxide radicals. 
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Paramagnetic anisotropic shift dispersion 

Mn2+ causes paramagnetic anisotropic shift dispersion in the immobile solid-state owing to its 

large electron spin quantum number and decreases signal intensities because the CP efficiency is 

reduced in addition to PRE. The line shape of paramagnetic anisotropic shift dispersion is similar 

to the line shape of chemical shift anisotropy (CSA). Thus, the line shape scales linearly with the 

B0 field and can be removed by MAS [13] . In addition, the CP efficiency is dependent on the B1 

field. 

To evaluate the effects from paramagnetic anisotropic shift dispersions under the 

experimental conditions used in this report, we performed spin dynamics simulations of 1H-13C 

CP in the presence of Mn2+ at B0 = 14.1 T, a sample temperature of 273 K and a MAS condition 

of 12.5 kHz. Spin dynamics simulations were performed on a 1H-13C two-spin system (I-S spin-

system) with thermally averaged Mn2+ electron spins using an in-house program written in C++. 

The 1H-13C distance was set at 1.08 Å (the Hα-Cα bond length in CHARMM22 force field 

[14,15]) and the Mn2+-1H/13C distance was set to 1.0–25.0 Å (variable). The coordinates of 1H 

and 13C viewed from the Mn2+ were approximated to be the same. The coupling vectors of Mn2+-

1H/13C and 1H-13C in the principal axis frame were aligned to the B0 field. The B1 field of 1H and 

13C were set to 50.0 kHz and 37.5 kHz, respectively. The Hamiltonian in the Zeeman interaction 

frame was defined by: 

 

 L = LKl,& + LKl,' + LI,m]n& + LI,m]n' + LI,&n'  (1-16) 

 

where LKl,&  and LKl,'  are RF Hamiltonians of 1H and 13C (the phases are set to o), and 

LI,&n'  is the dipolar coupling Hamiltonians of 1H-13C. LI,m]n& and LI,m]n'  are the dipolar 

coupling Hamiltonians of 1H/13C and thermally averaged Mn2+ electron spins. The mathematical 



� �)�

expressions of the Hamiltonians are described in [16]. The thermally averaged dipolar coupling 

Hamiltonians are treated in the same manner as the axially symmetric CSA. The dipolar coupling 

constants between Mn2+-1H/13C are approximately given by:  
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where \ is the gyromagnetic ratio of nuclei, Z[ is the permeability of free space, ` is the 

electron spin number of Mn2+, % is the Bohr magneton, ^ is the g-factor of Mn2+, vw is the 

Boltzmann constant, + is the sample temperature and a is the distance between Mn2+ and 

nuclei [2,17]. The g-factor of Mn2+ is anisotropic and, ^xx, ^yy and ^zz are 2.00305, 

2.00339 and 2.00953, respectively [18]. However, the anisotropy is small, and thus the isotropic 

g-factor (^ = (^xx + ^yy + ^zz) 3 ) was used.  

Time evolution of the density operator was calculated by the integrated Liouville-von 

Neumann equation: 

 

 | $ = } $, 0 | 0 }~ $, 0  (1-18) 

 

where | $  is the density operator, and } $, 0  is the unitary propagator for the time period 

from 0 to t. The initial state, | 0  is set to 5x and the transverse magnetization of the 13C spin 

(S) at time, $, was obtained by $a =x| $ . The relaxation of nuclei was omitted. The 

integration of the unitary operator derived from the total Hamiltonian, L, coordinates the 

transformation of the principal axis into the laboratory frame and powder averaging was 

performed following a previous reference [16]. The powder averaging was performed by 28,656 

poses of the planar ZCW method [19-22]. 

Figure 1-4(a) shows the CP buildup curves under various Mn2+-1H/13C distance 
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conditions. It is obvious that the efficiencies of the polarization transfer increase as the Mn2+-

1H/13C distance is incremented. At 10 Å, maximum efficiency relative to a condition with an 

infinite distance is ~100%. Indeed, the line width (�∥ − �Å) of a static 1H in an Mn2+ coupled 1H 

single spin-system is ca. 6.9 kHz (11.5 ppm at 14.1 T). The value is lower than the MAS speed 

and the interaction can therefore be removed. Figure 1-4(b) shows that the polarization transfer 

efficiencies are dependent on the Mn2+-1H/13C distance under paramagnetic anisotropic shift 

dispersion and the Solomon mechanism. At 2.0 Å, the transfer efficiency of paramagnetic shift 

dispersion is higher than the transfer efficiency at either 1.0 or 3.0 Å. This result was probably 

caused by interference of the RF irradiation and dipolar couplings, because the peak was 

weakened by other Hartmann-Hahn matching conditions (data not shown). The efficiency from 

paramagnetic anisotropic shift dispersion reaches a plateau before that from Solomon-mechanism 

is raised. From these results, we conclude that paramagnetic anisotropic shift dispersions can be 

included in our experimental condition. 

 

Materials and Methods 

Numerical simulation of intra-/intermolecular PREs 

The intra-/intermolecular PREs from Mn2+ were calculated by the Monte Carlo method using the 

X-ray structure of GB1 (PDB ID: 2GI9). The coordinates of 14 crystal neighbors were calculated 

using its symmetric entries. The peak intensity ratio of paramagnetic to diamagnetic labeled 

samples in the pulse sequence used in our experiments (Figure 1-1(a)), 5ÇÉÑÖ_, is given by: 

 

 5ÇÉÑÖ_,N =
1

<
5 8.,'

2 (Ü, á), 8./,&
2 (Ü, á), 8./,'

2 (Ü, á), 8D,'
2 (Ü, á)

á∈POTT_Q]

 (1-19) 

 

where Ü  is the residue index (Ü ∈ 1,⋯ ,56), ãå$$çaé  is the group of paramagnetic labeling 

pattern vectors (á = ãJ, ãw, ã',⋯ , ãè , ãJ,⋯ , ãè  are the labeling states of the each chain) 
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derived from the paramagnetic molar ratio. The labeling state of the central chain, ãJ was always 

set to 1 to calculate intramolecular PREs. ãê (v ∈ u,⋯ , ë) is stochastically given by 

 

 ãê =
1, í ≥ `
0, î$ℎçaRÜ`ç

 (1-20) 

 

where í is the paramagnetic molar ratio and ` is a uniformly distributed random number with 

an interval [0, 1]. < is the number of the labeling pattern vectors. 5 is the signal decay defined 

by equation (1-13). 8′.,ñ, 8′./,ñ and 8′D,ñ are apparent 8.,ñ, 8./,ñ, and 8D,ñ of X-nuclei (X 

= 1H, 13C), respectively. These three terms can be calculated from the labeling pattern and 

distances between Cαi atoms in chain A (the central monomer) and Cβ atoms of paramagnetic-

labeled residues (pseudo paramagnetic center) as follows: 

 

 82 Ü, á = ãó8 aNó
ó∈J,⋯,è

 (1-21) 

 

where ò is the chain index of the PDB data (ò ∈ ô,⋯ , ë), 8 is the paramagnetic relaxation rates 

given by equations (1-14) and (1-15), and aNó is the distance between a Cαi atom in chain A and 

the pseudo paramagnetic center in chain ò. 

One thousand labeling pattern vectors were prepared for each molar ratio. The 

calculation was independently performed 100 times and the convergence of the results was 

confirmed (the maximum deviation of the signal intensities was ca. 0.016). N8, E19, and T53 

were selected as the paramagnetic labeled residues (they are referred to as GB1-N8Mn2+, GB1-

E19Mn2+, and GB1-T53Mn2+). The other parameters were similarly set to describe Paramagnetic 

signal decay. 
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Protein expression and purification 

The cDNA of GB1-T2Q/F52Y (referred to as GB1) was introduced into a pET-22b(+) vector. 

Three single cysteine mutants N8C, E19C, and T53C were constructed using quick-change site-

directed mutagenesis. Natural abundance GB1-wt was expressed in E. coli BL21(DE3) in LB 

medium and the U-13C, 15N single cysteine mutants were expressed in M9 minimal medium 

containing 1 g/L 15NH4Cl and 3 g/L 13C-glucose. The unlabeled GB1-wt and U-13C, 15N single 

cysteine mutants were purified using the same protocol, except the buffers used for the 

purification of the single cysteine mutants contained 5 mM DTT. The cell suspension was 

incubated in water for 10 min at 80 °C and the supernatant was loaded onto a HiTrap DEAE FF 

column [23]. The purities of the samples were checked by SDS-PAGE. 

 

Ligation of EDTA-metal complex to single cysteine mutants 

Ligation of the EDTA-metal (EDTA-M, M = Mn2+, Zn2+) complex to single cysteine mutants was 

performed as described previously [7]. Solutions of the single cysteine mutants were eluted 

through a PD-10 desalting column equilibrated with 50 mM sodium phosphate, pH 6.5. 

Immediately thereafter, the proteins were incubated overnight at 4 °C with a five-fold molar 

excess of N-[S-(2-pyridylthio)cysteaminyl]EDTA, delivered as an aqueous solution and 

preloaded with 1.1 mol equiv. of Mn2+ or Zn2+ using MnCl2 or ZnCl2. Excess N-[S-(2-

pyridylthio)cysteaminyl]EDTA-Mn2+/Zn2+ was removed by a PD-10 desalting column 

equilibrated with 50 mM sodium phosphate, pH 5.5. MALDI-TOF MS was used to confirm the 

incorporation of EDTA-Mn2+/Zn2+ side chains. 

 

Microcrystallization of GB1 samples 

Microcrystals of GB1 were prepared as described previously [7,24]. A solution of unlabeled GB1 

was dialyzed with 50 mM sodium phosphate, pH 5.5. Protein solutions were concentrated to 30 

mg/mL. To suppress intermolecular PREs, the single cysteine mutants were mixed with three-
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fold molar excess of unlabeled GB1-wt. Those solutions were mixed with a three-fold volume of 

precipitation solution (2-methyl-2,4-pentanediol:2-propanol = 2:1, v/v) three times, and then 

incubated for 3 d at 18 °C. Finally, the precipitant was collected by centrifugation at 2000 g for 

10 min and packed into 3.2 mm Varian standard-wall and JEOL RESONANCE zirconia rotors. 

 

MAS Solid-state NMR spectroscopy 

Solid-state NMR experiments were performed with Varian Infinity-plus 600 MHz and JEOL 

RESONANCE ECA 600 MHz II spectrometers equipped with MAS probes for 3.2-mm rotors. 

The sample spinning frequency was 12.5 kHz at a probe temperature of −10 °C. The chemical 

shifts were indirectly referenced to 2,2-dimethyl-2-silapentane-5-sulfonic acid by adjusting the 

position of the 13C adamantane downfield peak to 40.49 ppm [25]. The pulse sequence used in 

the experiments is shown in Figure 1-1(a). The π/2 pulse widths were 3.2 µs for 1H and 13C. The 

1H-13C CP employed 320 µs contact time at 50 kHz 1H RF field and with the 13C lock field ramped 

linearly around the n = 1 Hartmann-Hahn condition (ramp gradients were 12.5 kHz). The contact 

time was determined experimentally to maximize the aliphatic carbon signal intensities. 37.5 kHz 

and 1.04 ms of 13C spin locking was performed under 78 kHz of CW 1H decoupling followed by 

a CP period. 13C-13C short-range mixing was performed for 20 ms under the n = 1 DARR condition 

[8]. TPPM decoupling [26] was performed for t1 and t2 periods at a 1H RF field of 78 kHz. 

Maximal t1 and t2 periods were 10 ms. All spectra were processed by NMRPipe [27] and analyzed 

in Sparky [28]. 

 

Molecular dynamics simulation 

The initial coordinates of GB1-N8, E19 and T53EDTA-Mn2+ (Figure 1-5) were generated based 

on the X-ray structure (PDB ID: 2GI9) using tleap included in AmberTools 15 [29]. The charge 

of the EDTA tag was assigned by the RESP method [30]. Force field parameters of AMBER 

ff12SB were applied [31] to the protein and EDTA-based tag. The Mn2+ ion was described using 
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the parameter developed by Bradbrook [32]. A cuboidal solvent box whose edges are 12 Å from 

the closest GB1 and EDTA-tag atoms was added to each structure. 4611, 4928 and 4295 

molecules of TIP3P water were added to each solvent box, respectively [33]. Then, Na+ ions were 

added to the solvent boxes to neutralize each system [34]. 

MD simulations were performed using GROMACS 5.0.2 [35]. The files of the initial 

coordinates and force field parameters were converted into GROMACS format using ACPYPE 

[36]. The initial structures were first energy minimized by steepest descent without any 

constraints. The 100 ps of NVT (constant particle number, volume and temperature) dynamics 

run was initially run and followed by the NPT (constant particle number, pressure and 

temperature) dynamics run for equilibration. During the equilibration, position restraints were 

applied to the GB1 and EDTA-tag atoms using a force constant of 1000 kJ mol–1 nm–2. After 

equilibration, a 50 ns NPT dynamics run was performed. To avoid dissociation of the Mn2+-

EDTA-tag complex, distance restraints expressed in following equation between Mn2+ and the tag 

were applied: 

 

 ö aNó =

1

2
v aNó − a[

D
	 õîa aNó < a[

0 õîa a[ ≤ aNó < a.
1

2
v aNó − a.

D
õîa a. ≤ aNó < aD

1

2
v aD − a. 2aNó − aD − a. õîa aD ≤ aNó

 (1-23) 

 

where, aNó is the distance between Mn2+ and the other atoms and v is a force constant. For Mn2+-

O2, O4 and O6 restraints, a[, a. and aD were set to 2.0, 2.5 and 3.0 Å, respectively. For Mn2+-

N2 and N3, those were set to 3.0, 4.0 and 5.0 Å, respectively (Figure 1-5). v was set to 2.5 × 105 

kJ mol–1 nm–2. All dynamics simulations were performed using the following protocol. We used 

2 fs time steps with constraints to all bond lengths by the LINCS algorithm [37]. The cut-off of 
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van der Waals and electrostatic interactions were set to 10.0 Å. The long-range electrostatic 

interactions were calculated using the particle-mesh Ewald method [38]. The temperature was 

controlled by the velocity-rescaling thermostat with 0.1 ps of the temperature coupling time 

constant [39]. The pressure was controlled by the Parrinello-Rahman approach with 2.0 ps of the 

pressure time constant [40]. The above simulation sequence was performed twice for each initial 

structure using different random seeds and it was confirmed that the results did not depend on the 

initial velocities. 

 

Results and Discussion 
�
Influence of the intermolecular PREs 

Severe intermolecular PREs caused by dense molecular packing in the solid-state prevent 

structure determination. The dilution of paramagnetic labeled molecules by natural abundance 

and diamagnetic molecules reduces intermolecular PREs; however, it remains impossible to 

suppress all intermolecular PREs. Consequently, the accuracy of the apparent intramolecular PRE 

is reduced. Therefore, evaluation of intermolecular PREs is highly important for determining the 

optimum paramagnetic molar ratio and the shape of the restraint function. Jaroniec and co-

workers estimated the influence of the intermolecular PREs for analysis of Cu2+-15N couplings 

from measurements of various dilution ratio samples, and concluded that: (1) intermolecular 

PREs are effectively quenched at ca. 0.10–0.14 paramagnetic molar ratios; and (2) can be avoided 

by using purely repulsive restraints for atoms distal from the paramagnetic center in relatively 

low dilution ratio conditions [41,42]. Using Mn2+ as the paramagnetic center, intermolecular 

PREs are more severely affected, because the electron spin quantum number of Mn2+ is five times 

larger than Cu2+. The influence of intermolecular PREs from Mn2+ was assessed by numerical 

calculations using the X-ray structure of GB1 and its crystal neighbors (Figure 1-61-6(a)). 

Minimal and maximal distances between Cα atoms in a central chain and the pseudo-
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paramagnetic center in other chains are summarized in Table 1-1. The minimum of the maximal 

distances is 27.6 Å, and the signal decay by PRE cannot be observed in our model. We concluded 

that further increasing the size of the crystal-packing model was insignificant. 

Figure 1-6(b) shows the largest influence of the intermolecular PRE of GB1-N8, E19 

and T53Mn2+ for each paramagnetic molar ratio. Clearly, correlations of the no-dilution condition 

are largely affected by intermolecular PREs and decreasing the paramagnetic molar ratio reduces 

these intermolecular PREs in an essentially linear manner.�The trends are similar between the 

three paramagnetic centers, suggesting that the influence of the intermolecular PREs is nearly 

independent of the paramagnetic labeling site for GB1. We also tested intermolecular PREs using 

GB1-K28, E42 and D46Mn2+, and obtained similar results (data not shown). Figure 1-7 shows 

the correlation of paramagnetic/diamagnetic peak intensity ratios of GB1-E19Mn2+ between 

purely intramolecular PREs and PREs contaminated by intermolecular PREs at various dilution 

ratios. Under conditions of 1.0 and 0.5 paramagnetic molar ratios, many residues have errors of 

>1 Å from the pure intermolecular PREs. Under conditions where the molar ratio is <0.25, 

residues whose peak intensity ratio from contaminated PRE is < 0.4 (corresponding to ca. 13 Å, 

as estimated by the signal decay model (Figure 1-1(b)) do not have an error exceeding 1 Å. This 

error range is smaller than the error caused by other factors (for example, the average standard 

deviation of the Cα atoms to the Mn2+ distance of the GB1-E19EDTA-Mn2+ sample in a MD 

simulation trajectory is 2.6 Å. See Evaluation of error from the pseudo paramagnetic center 

approximation and EDTA-tag flexibility, Figure 1-13 and Table 1-2) and thus, intermolecular 

PREs can be ignored when the ratio is in this range. Residues that give rise to a peak intensity 

ratio from a pure intramolecular PRE more than 0.4 are highly affected by intermolecular PREs 

when the molar ratio is 0.25. When the molar ratio is 0.1, residues whose peak intensity ratio from 

contaminated intermolecular PRE is < 0.7 (corresponding to ca. 15 Å) do not have an error >1 Å. 

However, from the property of the peak intensity ratio changes depends on distance between the 
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nucleus and paramagnetic center, the estimation of this distance for the residues whose peak 

intensity ratios are high (>0.6~0.7) is susceptible to error owing to various factors (e.g., tag 

flexibility and spectral noise). Additionally, similar results were obtained for GB1-N8Mn2+ and 

GB1-T53Mn2+ (data not shown). Finally, we concluded that a paramagnetic molar ratio of 0.25 

was appropriate and struck a balance between sensitivity and the residual influence of 

intermolecular PREs. 

Our result is very similar to the report of Jaroniec and co-workers using Cu2+ [41]. In 

addition, our results also suggest that the influence is nearly independent of the paramagnetic 

labeling site. Since GB1 is a small globular protein, the influence of intermolecular PREs for 

other globular proteins is also expected to be suppressed by the same paramagnetic molar ratio 

and using a combination of purely attractive and repulsive restraints when Mn2+, Cu2+, or a 

nitroxide radical is used. The influence of intermolecular PREs in non-globular molecular systems 

(e.g., amyloid fibrils and bacterial secretion systems) remains unclear. However, some of those 

structures have been solved recently and it should be possible to estimate intermolecular PREs 

using a combination of those structures and numerical calculations. 

 

Structural restrains from PREs 

2D 13C-13C spectra of GB1-N8, E19 and T53EDTA-M are shown in Figure 1-8. Since the 

chemical shifts of the resonances are in close agreement with spectral data for GB1-wt, the EDTA-

M label does not significantly affect the structure (Figure 1-9). Spectra of these labeled mutants 

clearly showed that Mn2+ bleached out signals arising from some residues. This is because Mn2+ 

has a large electron spin quantum number and a single electron relaxation time. Resonance line 

broadening was not observed for the visible peaks of the Mn2+ attached samples. 

The absence of particular peaks reflects the GB1 fold. For example, the resonance 

representing M1 of E19-EDTA-Mn2+ was absent, whereas in the N8 and T53-EDTA-Mn2+ 
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samples, the resonance of M1 was observed. The M1Cα-N8Cβ, -E19Cβ and -T53Cβ distances 

in the X-ray structure (PDB ID: 2GI9) are 23.3, 5.7 and 17.9 Å, respectively (Figure 1-10(a)). 

The resonance of G9 in the N8 and T53-EDTA-Mn2+ spectra was missing, whereas in the 

spectrum of the E19-EDTA-Mn2+ sample, the resonance of G9 was observed. The G9Cα-N8Cβ, 

-E10Cβ and -T53Cβ distances in the X-ray structure are 4.9, 23.4 and 9.0 Å, respectively (Figure 

1-10(b)).  

The effect of intermolecular PREs was assessed by examining the peak intensities of G38 

and G41 of the GB1-T53EDTA-Mn2+ sample as probes to confirm the results of the numerical 

simulations (see Influence of the intermolecular PREs). The peak intensity of G38 is strong, 

whereas the peak intensity of G41 is very weak. This observation indicates the distance between 

G41Cα and the tagged Mn2+ at position 53 is closer to the PRE probe than G38Cα. The 

intramolecular T53Cβ-G38Cα and T53Cβ-G41Cα distances in the GB1 microcrystal structure 

determined by MAS solid-state NMR (PDB ID: 2KWD, chain A [43]) are 15.3 and 9.9 Å, 

respectively, thereby supporting the PRE observation. However, the intermolecular T53Cβ-

G38Cα and T53Cβ-G41Cα distances of the neighboring monomer (chain B) are 10.7 and 16.8 

Å, respectively (Figure 1-10(c)). If the influence of intermolecular PRE were not negligible, both 

peaks would be completely bleached. Therefore, we concluded that the influence of 

intermolecular PREs is negligible by diluting the Mn2+ attached protein with three molar-fold of 

non-labeled protein. 

Figure 1-11 shows the relative cross-peak intensities in EDTA-Mn2+/EDTA-Zn2+ spectra as a 

function of residue number (a, c, e) and location within the tertiary protein structure for N8, E19 

and T53EDTA-M (b, d, f). The peak intensity modulations appear to correlate with the distance 

between the corresponding residues and the EDTA-M attached residue. In Figure 1-12, we 

compared the observed peak intensities with the calculated values using the X-ray structure and 

equation (1-13). Clearly, the observed decay in peak intensities from PRE has a large error and 

cannot be treated as quantitative distance restraints. Taking this into consideration, we applied 
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purely attractive restraints as defined by equation (11) for the strong PREs observed and repulsive 

restraints defined by equation (12) for the weak PREs observed. The strong PRE (signal decay is 

< 0.4, corresponds to ca. 13 Å from the paramagnetic center) observed residues have a moderate 

upper bound error (~3 Å). The other residues have large upper and lower bound errors. However, 

the signal decay profile given by equation (1-13) suggests the weak PRE observed residues are 

ca. 10 Å distal from the paramagnetic center (corresponding to a signal decay of ca. 0.04). 

Therefore, using attractive and repulsive restraints expressed by following rectified quadratic 

functions can suitably handle the low-precision and qualitative PRE information:  

 öûü =
0	Üõ	a ≤ aûü

a − aûü
DÜõ	aûü < a

� (1-24)�

� öÖü =
a − aÖü

D	Üõ	a ≤ aÖü
0	Üõ	aÖü < a

� (1-25)�

Eub and Elb�are the upper bound (attractive) and lower bound (repulsive) PRE restraint function, 

respectively. r is the distance between the Cα atom of a PRE affected residue and the Cβ atom 

of the EDTA-M modified residue, and rub and rlb are set to 16.0 and 10.0 Å, respectively.�

Additionally, this approach avoids issues associated with intermolecular PREs. Strong 

PREs with relative intensities smaller than 0.4 were then converted into distances between Cα 

atoms of PRE affected residues and the pseudo-paramagnetic center with an upper bound of 16.0 

Å, otherwise, the distance restraints were set with a lower bound of 10.0 Å (because CS-Rosetta 

cannot treat the EDTA-M attached residues, the influence of this approximation is described in 

Evaluation of error from the pseudo paramagnetic center approximation and EDTA-tag 

flexibility). A total of 40 upper and 65 lower bound restraints were obtained from N8, E19 and 

T53EDTA-M samples. Comparisons of the restraints and distances between Cα atoms to the 

pseudo-paramagnetic center on the X-ray structure are shown in Figure 1-13. The restraints agree 

fully with the distances between the Cα atoms to the pseudo-paramagnetic center. 
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Evaluation of error from the pseudo paramagnetic center approximation and 
EDTA-tag flexibility 

We applied the PRE distance restraints between Cα atoms and the Cβ atom of paramagnetic 

labeled residues (pseudo paramagnetic center), because CS-Rosetta cannot handle the EDTA-M 

molecule. To evaluate the influence of the approximation, we performed molecular dynamics 

(MD) simulations of EDTA-Mn2+ attached to GB1. 

Most of the PRE restraints agreed with the distances between Cα atoms and the Mn2+-

EDTA-tag, after taking into consideration the error associated with tag flexibility (Figure 1-13 

and Table 1-2). However, a minor number of the restraints did not agree with the distances 

between Cα atoms and Mn2+ in the EDTA-tag obtained from trajectories of molecular dynamics 

simulations of EDTA-Mn2+ attached GB1.The errors have the potential to cause violations in the 

calculation. To overcome this problem, an iterative protocol was considered to be useful. For 

example: (i) CS-Rosetta calculation with PRE restraints; (ii) MD simulations of the lowest scored 

structure with the EDTA-M tag; and (iii) exclusion of clearly wrong restraints. Recently, a cyclen-

type metal ion binding tag that is more compact than the EDTA-tag has been developed [44]. As 

another approach, introduction of metal-chelating unnatural amino acids whose molecular size is 

similar to tryptophan is also an attractive option [45]. The options of different tags should also 

help alleviate the problem. 

The average of the standard deviation of Cα atoms to Mn2+ distances of GB1-N8, E19 and 

T53EDTA-Mn2+ in the MD simulation trajectories reflects the tag flexibility with average 

standard deviations of 2.9, 2.6 and 0.8 Å, respectively (Table 1-2). In our experiments, PRE 

restraints were determined to have errors whose widths were > 3 Å. Thus, the impact of the tag 

flexibilities is negligible. 



� ���

 

Figure 1-1 (a) The 13C-13C correlation pulse sequence. The filled rectangles represent π/2 pulses. 

The following phase cycling was used: Φ1 = (–y, y), Φ2 = (–x, –x, x, x), Φ3 = (x, x, x, x, –x, –x, –

x, –x) and ΦREC = (–x, x, x, –x, x, –x, –x, x). Quadrature phase detection in t1 is accomplished 

using the States scheme by π/2 phase shifting of Φ1. (b) The signal decay profile of the pulse 

sequence by PRE of Mn2+ (` = 5 2, +._ = 	10 ns) calculated using equation (1-13). W'G, W-H 

and WIJKK in equation (1-13) were set to 0.32, 1.04 and 20.0 ms, respectively. The intrinsic line 

width was set to 75 Hz. 
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Figure 1-2 (a) Cα signals of CPMAS spectra of NAV using various contact times. (b) The Cα 

signal intensities and curve fitting results. The plotted intensities are from the spectra indicated 

by the solid line in (a). The curve function represents the expression, 5 $ = 1 − exp −26,-$ , 

where 6,-  = 6.63 ms–1. (c) The magnetization change depends on the nuclei-Mn2+ distances 

represented by equation (1-6). 

 

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

0.01 3.011.01 2.01 4.01 5.01 6.01

Contact time [msec]

Contact time [msec]

(a)

(b)

(c)

5 Å
10 Å
15 Å

Contact time [ms]

R
el

at
iv

e 
in

te
ns

ity
R

el
at

iv
e 

in
te

ns
ity

 0

 0.2

 0.4

 0.6

 0.8

 1.0

 0  0.2  0.4  0.6  0.8  1.0



� 	��

Figure 1-3 13C spin-locking time dependency on relative peak intensity. The peak intensity ratios 

of GB1-N8EDTA-Mn2+ to Zn2+ in each spin-locking time are sorted in descending order and 

plotted. The ratios are normalized by the maximal values. 
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Figure 1-4 (a) Numerical calculation of the 1H-13C CP transfer for an Mn2+-1H-13C spin system 

with 5.0, 6.0 and 10.0 Å distances between the Mn2+ and 1H-13C. (b) Relative intensities estimated 

from spin dynamics calculations of the CP transfer and Solomon mechanism represented by 

equation (1-13) for the various Mn2+-1H/13C distances. The intensities of the CP transfer were 

normalized by the intensity for an infinite Mn2+-1H/13C distance. The plot of the Solomon 

mechanism is the same as Figure 1-1(b). 
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�
Figure 1-5 Schematic structure of the GB1 attached Mn2+-EDTA-tag complex. The red atoms 

correspond to O2, O4, O6, N2 and N3 atoms. 

�
Figure 1-6 (a) Crystal packing of GB1 used in the intermolecular PRE simulation (PDB ID: 2GI9). 

The central monomer used in the intramolecular PRE calculation is colored orange. The red- and 

blue-colored spheres indicate Cβ atoms of E19 used in the intramolecular and intermolecular 

PREs, respectively. (b) Maximal Ipara/Idia differences between data calculated in the absence and 

presence of intermolecular PREs with various paramagnetic molar ratios. 
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Figure 1-7 Comparison of Ipara/Idia of GB1-E19Mn2+ in the absence and presence of intermolecular 

PREs for paramagnetic molar ratios of (a) 1.0, (b) 0.5, (c) 0.25 and (d) 0.1. The dashed lines 

indicate an error of 1 Å between the pure intramolecular and contaminated PREs.�
�
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Figure 1-8 Cα-C’ regions of 2D-DARR spectra of N8, E19 and T53EDTA-M GB1. Signals from 

Mn2+ and Zn2+ attached samples are shown in red and blue, respectively.  

 

Figure 1-9 2D 13C-13C correlation spectra of GB1-wt (red) and GB1-E19EDTA-Zn2+ (blue). The 
13C spin-locking following CP was not performed. The DARR mixing time was set to 20 ms. 
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Figure 1-10 (a), (b) X-ray structures of GB1 monomer (PDB ID: 2GI9) and (c) its solid-state 

NMR quaternary structure (2KWD, only chain A and B are shown and presented in orange and 

gray, respectively). Red spheres indicate Cβ atoms of EDTA-M attached residues. Blue and white 

spheres indicate the positions of the Cα atoms that were used to describe intra- and intermolecular 

PREs in the text, respectively. 
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Figure 1-11 (a), (c), (e) Cα-C’ peak intensity ratios of N8, E19 and T53EDTA-Mn2+ to Zn2+, 

respectively. The orange bars indicate EDTA-M attached residues. The gray bars indicate 

overlapped peaks. (b), (d), (e) Crystal structure of GB1 (PDB ID: 2GI9). The peak intensity ratios 

of red colored residues are > 0.4, whereas those of blue colored residues are < 0.4 
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Figure 1-12 Comparison of Ipara/Idia of (a) GB1-N8EDTAMn2+, (b) GB1-E19EDTAMn2+ and (c) 

GB1-T53EDTAMn2+ to the calculated values from the Cα-pseudo paramagnetic center distances 

in the X-ray structure (PDB: 2GI9) using equation (1-13). The dashed line indicates the ±3 Å 

error threshold between observed and calculated signal decays. The error bars were calculated 

from the spectral noise. 
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Figure 1-13 Summary of PRE restraints, Cα to pseudo-paramagnetic center distances in the X-

ray structure (PDB ID: 2GI9) and Cα to Mn2+ distances in the trajectory of the MD simulations 

of (a) GB1-N8, (b) E19 and (c) T53-EDTA-Mn2+. The green and violet bars indicate the 

restraint function of zero and quadratic regions, respectively. The blue squared dots indicate the 

distance between Cα and the pseudo-paramagnetic center. The black colored crosses with error-

bar indicate the average and standard deviation of the distances between Cα and Mn2+ on the 

MD simulation trajectory. 
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Table 1-1. Summary of the distance distributions of GB1 (PDB ID: 2GI9) and its crystal 

neighbors. The distances between Cα atoms in the central monomer and the pseudo-paramagnetic 

center in crystal neighbors are summarized. 

�
Chain N8Mn2+ E19Mn2+ T53Mn2+ 

Min.1 Max.2 Min. Max. Min. Max. 

B 11.7 27.6 19.3 36.0 17.1 32.7 

C 23.2 45.0 23.9 39.3 18.1 38.9 

D 5.7 27.8 22.7 49.7 8.4 33.8 

E 19.0 47.7 18.9 45.3 18.8 46.8 

F 19.9 45.6 28.8 55.3 19.2 46.0 

G 19.0 41.5 6.7 27.9 18.0 39.7 

H 26.7 46.9 11.9 31.8 20.8 42.2 

I 11.8 35.6 29.0 50.2 17.2 39.0 

J 11.6 29.4 23.5 44.8 9.5 28.4 

K 20.8 48.2 12.4 36.1 18.9 45.5 

L 15.5 40.7 16.3 44.0 12.1 38.5 

M 24.7 49.8 9.7 29.5 22.0 44.5 

N 25.3 40.3 24.7 48.6 27.2 44.1 

O 21.7 40.6 16.9 33.3 15.4 35.6 

�
1,2The minimal and maximal distance between Cα atoms of in the central monomer and the pseudo-

paramagnetic center of the crystal neighbor, respectively. 
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Table 1-2 Summary of the chemical shifts, peak intensity ratios and Cα to paramagnetic center 

distances of GB1-N8, E19 and T53EDTA-M. 

�
GB1-N8EDTA-M 

Residue Chemical Shifts Ipara/Idia
1 Distance 

Cα C’ X-ray2 MD3 

M1 54.1 171.2 0.769 23.3 24.0±3.96 

Y3 56.9 174.6 0.538 16.9 19.1±4.01 

K4 54.8 173.1 0.344 13.5 15.9±3.74 

I6 59.9 174.8 0.182 6.91 11.8±2.49 

G9 44.8 173.3 0.065 4.91 14.0±2.13 

K10 58.7 179.3 0.346 7.52 15.5±3.02 

T11 61.8 173.6 0.140 9.45 16.0±3.49 

K13 53.3 175.8 0.227 6.01 12.3±2.66 

G14 44.7 171.4 0.093 7.71 12.6±2.81 

T16 60.1 171.8 0.489 12.7 16.3±3.16 

T17 60.0 174.2 0.529 15.5 18.4±3.53 

T18 61.2 170.9 0.981 18.2 21.6±3.50 

A20 50.6 177.7 0.803 22.5 25.3±3.60 

V21 63.2 174.8 1.000 25.3 27.1±3.75 

A23 54.6 179.6 0.682 20.0 23.3±3.93 

A24 54.6 180.9 0.700 20.9 25.5±3.61 

T25 67.2 175.6 0.734 21.6 26.2±3.39 

E27 59.2 177.8 0.587 16.5 22.2±3.14 

K28 60.2 178.9 0.928 18.5 25.1±2.79 

V29 66.3 178.8 0.709 18.0 24.3±2.76 

F30 57.3 179.0 0.878 14.2 21.0±2.57 

K31 60.1 179.6 0.800 14.3 22.4±2.13 

Q32 58.9 177.4 0.885 16.6 25.0±2.06 

Y33 61.5 178.7 0.544 14.6 22.7±2.13 

A34 56.0 179.5 0.478 11.7 20.9±1.70 

N35 57.0 179.4 0.522 14.5 24.1±1.56 
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G38 46.9 173.9 0.244 13.3 22.8±1.65 

V39 61.7 175.1 0.263 10.1 19.7±1.51 

G41 45.1 172.8 0.079 9.01 18.4±1.58 

W43 57.5 177.1 0.351 10.0 17.4±2.52 

Y45 57.5 172.2 0.323 13.6 16.3±3.99 

D46 50.8 176.3 0.593 15.2 15.6±4.66 

A48 54.1 179.5 0.830 19.3 17.8±4.96 

T49 60.1 175.6 0.592 17.0 15.6±4.96 

T53 60.3 172.1 0.300 7.36 13.2±2.64 

V54 58.1 172.4 0.091 6.23 14.7±1.70 

E56 56.9 180.3 0.149 6.39 15.9±1.88 

�
GB1-E19EDTA-M 

Residue Chemical Shifts Ipara/Idia
1 Distance 

Cα C’ X-ray2 MD3 

M1 53.8 171.2 0.037 5.68 11.1±2.45 

Q2 55.8 174.7 0.373 5.04 11.4±2.42 

Y3 57.0 175.0 0.041 7.36 14.2±2.20 

K4 54.7 173.4 0.381 10.1 16.5±2.51 

I6 59.8 175.1 0.623 16.1 22.4±2.60 

L7 54.8 175.0 0.527 18.4 24.6±2.47 

G9 44.6 172.9 0.678 23.4 29.4±2.75 

K10 59.3 178.9 0.833 27.0 31.0±3.87 

T11 61.9 173.4 0.776 26.0 30.6±3.71 

K13 53.3 175.7 0.734 21.3 27.1±2.81 

G14 44.7 171.3 0.504 18.6 24.0±2.95 

T16 59.9 171.6 0.317 11.6 17.6±2.69 

T18 61.1 172.0 0.149 4.82 12.4±2.03 

A20 50.5 177.6 0.013 4.59 11.6±2.18 

V21 63.4 174.7 0.211 7.50 12.6±2.64 

A23 54.6 179.3 0.651 11.0 17.5±2.13 

A24 54.6 181.1 0.554 13.0 19.3±2.48 
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T25 67.2 175.6 0.536 10.3 16.7±2.80 

E27 59.2 177.8 0.349 12.2 19.3±2.23 

K28 60.2 178.8 0.694 13.0 19.6±2.92 

V29 66.4 178.4 0.695 10.4 17.2±2.96 

F30 57.3 179.1 0.658 11.8 18.8±2.40 

K31 60.1 179.8 0.769 15.3 22.0±2.67 

Q32 58.8 177.5 0.577 15.2 21.3±3.29 

Y33 61.7 178.5 0.386 14.2 20.3±3.01 

A34 56.0 179.5 0.775 17.1 23.3±2.70 

N35 57.3 179.5 0.573 19.4 25.3±3.10 

D36 55.6 175.6 0.602 18.9 24.2±3.39 

G38 46.8 173.7 0.650 22.8 27.9±2.99 

V39 61.7 175.0 0.615 21.8 27.6±2.61 

G41 45.1 172.5 0.719 23.5 29.4±2.49 

W43 57.5 177.0 0.932 20.0 26.6±2.08 

Y45 57.5 172.2 0.615 16.5 23.4±2.29 

A48 53.8 179.0 1.000 17.1 22.1±3.81 

T49 60.1 175.5 0.471 15.0 20.1±3.77 

T53 60.3 171.9 0.647 19.2 24.0±2.26 

V54 58.4 172.3 0.886 19.2 28.9±2.41 

E56 57.3 179.9 0.661 25.6 30.6±3.01 

�
GB1-T53EDTA-M 

Residue Chemical shift Ipara/Idia
1 Distance 

Cα C’ X-ray2 MD3 

M1 54.2 171.4 0.858 17.9 18.4±1.17 

Y3 57.0 175.0 0.469 11.8 13.3±0.95 

K4 54.6 173.1 0.138 9.21 9.92±0.82 

G9 44.6 173.0 0.114 10.1 14.5±1.11 

K10 59.3 179.0 0.292 13.5 16.8±1.29 

K13 53.5 175.7 0.379 10.7 10.6±1.04 

G14 44.7 171.5 0.065 10.2 8.25±0.70 
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T16 60.1 171.9 0.361 11.3 9.52±0.56 

T18 61.4 171.1 0.881 14.6 15.0±0.78 

A20 50.6 177.7 0.798 17.5 20.0±0.96 

V21 63.4 175.0 1.000 19.8 22.7±1.05 

A23 54.6 179.6 0.375 16.3 19.6±1.00 

A24 54.5 181.0 0.891 15.1 22.4±0.87 

T25 67.3 175.7 0.863 16.3 22.2±0.82 

K28 60.2 178.7 0.800 14.4 21.7±0.62 

V29 66.3 178.7 0.954 14.4 20.0±0.63 

F30 57.2 179.1 0.635 10.9 17.0±0.56 

K31 60.1 179.4 0.630 11.6 19.5±0.56 

Y33 61.6 178.6 0.719 13.4 18.7±0.68 

A34 56.1 179.5 0.502 11.5 18.0±0.76 

N35 57.0 179.3 0.573 14.7 21.8±0.79 

G38 46.8 174.0 0.380 15.8 21.5±0.94 

V39 62.0 175.0 0.294 12.3 18.8±0.84 

G41 45.0 172.6 0.046 9.65 18.9±0.84 

W43 57.6 176.6 0.000 5.83 17.3±0.45 

Y45 56.9 172.2 0.000 6.86 14.9±0.83 

A48 54.0 179.5 0.439 13.2 15.3±1.40 

V54 57.4 172.5 0.060 4.38 13.9±0.43 

E56 57.5 180.4 0.153 10.0 17.6±0.84 

1 Cα-C’ peak intensity ratios of N8, E19 and T53EDTA-Mn2+ to Zn2+. The ratios were normalized using 

the maximal value. 
2Cα to pseudo-paramagnetic center distances on X-ray structure (PDB ID: 2GI9) 
3Cα to Mn2+ distances on trajectory of MD simulation 
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Part II 
Protein structure determination using qualitative PRE restraints 
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Abstract 

It is trivial that the precision of structural restraints is highly important to determine precise 

protein structure. However, the precision of distance restraints provided by PRE is limited in 

solid-state NMR because of incomplete averaged interactions and intermolecular PREs. This is a 

large barrier for the application of PRE restraints for the structure determination. In this part, the 

backbone structure of GB1 has been successfully determined by combining the CS-Rosetta 

protocol and qualitative PRE restraints. The derived structure has a Cα RMSD of 1.49 Å relative 

to the X-ray structure. It is noteworthy that our protocol can determine the correct structure from 

only three cysteine-EDTA-Mn2+ mutants because this number of PRE sites is insufficient when 

using a conventional structure calculation method based on restrained molecular dynamics and 

simulated annealing. This study shows that qualitative PRE restraints can be employed effectively 

for protein structure determination from a limited conformational sampling space using a protein 

fragment library. In addition, the structure calculations using simulated PRE restraints also 

suggest this approach is transferable to the backbone structure determination of a protein whose 

size is at least ca. 110 residues. 

 

Introduction 

It is trivial that the precision of structural restraints is highly important to determine precise 

protein structure [1]. The low precision of PRE distance restraints derived from solid-state NMR 

is a large barrier to application of those restraints for the structure calculation. In general, 

increasing the number of PRE restraints is the simplest way to overcome this problem; however, 

this is time consuming because it is necessary to prepare and measure more paramagnetic- and 

diamagnetic-labeled samples. Cu2+-15N longitudinal PREs bring the high precision distance 

restraints [2], however this approach is also time consuming owing to the slow 15N longitudinal 

relaxation rate. Thus, a method that can use low precision distance restraints is attractive for 

protein structure analysis by solid-state NMR. 

In this part, structure determination protocol from the low precision PRE distance restraints 
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combining CS-Rosetta is described. Using the CS-Rosetta fragment assembly [3], it is possible 

to compensate the quality of the PRE restraints from solid-state NMR measurements. Rosetta is 

a successful method for de novo protein structure prediction of small proteins [4,5]. NMR 

researchers have been extending the Rosetta protocol, for example, fragment picking restrained 

by backbone chemical shifts [3], conformational sampling combined with NOE restraints [6] and 

automated NOE assignment [7]. Currently, Rosetta is a suitable method for determining protein 

structure from limited restraint data sets, e.g., backbone chemical shifts, methyl-methyl/methyl-

amide/amide-amide NOEs and residual dipolar couplings (RDCs) of deuterated proteins in 

solution [8]. Here, I demonstrate the backbone structure determination of the EDTA-Mn2+ 

complex attached B1 domain of streptococcal protein G (GB1) by Rosetta fragment assembly 

using backbone chemical shifts and relaxation profiles of 13C-13C correlation spectra by short 

DARR mixing [9]. In addition, I discuss how general and transferable this protocol by structure 

calculations of three proteins having 76-108 amino acid residues from simulated data set. 

 

Methods 
�
Structure calculation of GB1 

PRE structural restraints were derived from Cα-C’ cross peak intensities of the DARR spectra. 

Strong PREs with relative intensities smaller than 0.4 to the diamagnetic reference were converted 

into distances between the Cα atom of the PRE affected residue and the Cβ atom of the EDTA-

M attached residue with an upper bound of 16.0 Å, otherwise, the distance restraints were set with 

a lower bound of 10.0 Å. C’-Cα cross peaks were not used to obtain restraints because the signal-

to-noise ratio was low due to the short CP. A total of 43 upper- and 60 lower-bound restraints 

were obtained from N8, E19 and T53EDTA-M samples (Table 2-1). For CS-Rosetta structure 

calculations, a non-homologous fragment library was generated using the amino acid sequence 

of GB1 and its backbone chemical shifts deposited in the BMRB database (entry 15156). 

Fragment picking was performed by CS-Rosetta toolbox version 3 (www.csrosetta.org). The 1H 

and 15N chemical shifts were ignored. The Cα, Cβ and C’ chemical shifts of Y52 were calculated 
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from chemical shifts of F52 (BMRB entry) and random coil shifts of phenylalanine and tyrosine 

[10]. We performed low-resolution (centroid) modeling with and without PRE restraints. For the 

unrestrained calculation, the modeling protocol followed the default protocol of AbinitioRelax in 

Rosetta 3.5 [11]. For the restrained calculation, the protocol was the same as the unrestrained 

calculation, except that the upper and lower bound PRE restraints were combined. The upper and 

lower PRE restraints, Eub and Elb were expressed by equation (1-24) and (1-25). rub and rlb of those 

equations are set to 16.0 and 10.0 Å, respectively. A weighting factor of the PRE restraints was 

set to 10. 5000 structures were calculated. The 500 lowest-energy structures from the low-

resolution CS-Rosetta structure pool that was derived from structures solved with and without 

PRE restraints were used for all-atom refinement calculations as the initial structure. The 

refinement protocol followed the default protocol of Relax in Rosetta 3.5 [11]. The weight factor 

of PRE restraints was set to 2.0. Ten refined structures were generated from one centroid model. 

The re-scoring by chemical shifts [3] was not performed. 

Conventional structural calculations based on restrained molecular dynamics and 

simulated annealing were performed using Xplor-NIH [12]. PRE and dihedral restraints were 

used. The PRE restraints were the same restraints used by the CS-Rosetta calculation. Dihedral 

restraints were obtained from TALOS+ [13] using the backbone chemical shifts employed for the 

fragment picking of CS-Rosetta calculations. For predicted dihedral angles with uncertainties of 

less than ±20°, the uncertainties were set to ±20° for the structure calculations [14]. Dihedral 

angles that were not classified as good were ignored. A thousand structures were calculated.�
 

CS-Rosetta calculation for simulated data of proteins 

We produced simulated distance restraints of human ubiquitin, the N-terminal domain of human 

N60D calmodulin and E. coli thioredoxin (referred to as ubiquitin, N-calmodulin and thioredoxin, 

respectively) from entries in the BMRB database or published data, and the protein structures 

from the PDB. The number of tag molecules was assumed to be four for ubiquitin and N-

calmodulin, and six for thioredoxin. This number is derived from the GB1 result that three tags 
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were required for the determining correctly the 56-residue GB1 fold (i.e., 0.054 tags per residue 

are required). The labeling scheme is illustrated in Figure 2-9(a,b,c). To make the situation more 

realistic, simulations of spectral resolution anticipated from 2D-NCA spectra that provide intra-

residue correlations were performed using logic similar to that described previously [15]. Briefly, 

the peak i in N or Cα axes is considered resolved from peak j (j ≠ i), if |Ωi,m – Ωj,m| > lwm, where 

m is an N or Cα atom, lwm is the line width of all peaks in the m axis, and Ωi,m and Ωj,m are the 

chemical shifts of peaks i and j in the m axis. Further, if peak i is resolved in any axis from all 

peaks j ≠ i, then peak i is considered to be resolved. lwm was set to 1.0 ppm for both N and Cα. 

The unassigned residues were ignored. The resolved peaks were used for production of the 

simulated PRE distance restraints. The simulated PRE distances were measured between the Cβ 

atom of potentially labeled residues and the backbone Cα atoms, and classified into the upper and 

lower bound restraints by: 

 

 ö =
öûüÜõ	ã > °(a)
öÖüÜõ	ã ≤ °(a)

 (2-1) 

 

where, p is a uniformly distributed random number on the interval [0, 1], r is distance between 

the Cβ atom of potentially EDTA-M attached residues and the backbone Cα atom, and P(r) is the 

cumulative distribution function of normal distribution whose average and standard deviation are 

12.5 and 1.0 Å, respectively. P(r) is expressed as: 

 

 ° a =
1

2
1 + erf

a − 12.5

2
 (2-2) 

 

For example, in the case of r = 10.0, 12.5 and 15.0 Å, the PRE restraint is classified into the upper 

bound restraint by the probability of 99.3, 50.0 and 0.7%, respectively. The details of the data set 

for structure calculation are summarized in Table 2-4. The structure calculations were performed 

in identical manner to the GB1 calculation. The all-atom refinement calculations were not 
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performed. 

 

Results 
�
Structure calculation of GB1 

To evaluate the availability of the qualitative PRE restraints, we performed structure calculations 

using PREs and dihedral restraints from the backbone chemical shifts based on restrained 

molecular dynamics and simulated annealing. However, the native structure was not obtained 

because of structural energy degeneration (Figure 2-1). We then performed the CS-Rosetta 

calculation. 

To examine whether the qualitative PRE restraints can identify the protein fold, we 

performed low-resolution CS-Rosetta calculations without the PRE restraints, and then re-scored 

with the PRE restraints. Figure 2-4(b) presents the energy profiles of the CS-Rosetta calculations. 

A funnel shape energy profile is observed and the RMSD between the Cα atoms of the lowest 

score structure and the X-ray structure (PDB ID: 2GI9, this RMSD is referred to as Cα RMSD) 

was 1.52 Å. These results indicate the CS-Rosetta calculation was successfully performed. The 

PRE violation profile of the CS-Rosetta calculation (Figure 2-2(a)) clearly shows a positive 

correlation between the Cα RMSD and the PRE violation. The largest Cα RMSD for structures 

with no PRE violations is 2.4 Å, and the overall structural topology is the same as the native fold 

(Figure 2-2(b)). This result indicates that qualitative PRE restraints obtained from solid-state 

NMR measurements can be used to identify protein fold from the CS-Rosetta structure pool. 

To evaluate the contribution of the EDTA-M number and position in determining the 

correct protein fold, we re-scored the CS-Rosetta structure pool by all combinations of the labeled 

samples. Figure 2-3 presents the largest Cα RMSD for structures that have no PRE violations. 

Clearly, the number of EDTA-M labeled samples and the position of the label are important in 

obtaining the correct fold. For example, the combination of N8 and E19EDTA-M restraints 

improves the RMSD when compared with using each set of restraints individually. In the case of 

using the N8EDTA-M restraints, arrangement of the first and second β-sheets was correct. 
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However, when using the T53EDTA-M restraints, arrangement of the third and fourth β-sheets 

was correct. In the case of using all or, N8 and T53-EDTA-M PRE restraints, the correct protein 

fold was successfully identified. In our labeling scheme, the N8 and T53EDTA-M labeled samples 

were required for correct protein fold identification. 

We performed low-resolution CS-Rosetta calculations with the PRE restraints. Figure 

2-4(a) presents the energy profiles of the CS-Rosetta calculations. Figure 2-5 shows that the 

lowest scored structure has the native fold. Additionally, the energy plot funnels towards native-

like structures, suggesting that the CS-Rosetta calculations were performed successfully. The PRE 

restraints improved slightly the Cα RMSD of the lowest score structure without PREs from 1.52 

to 1.49 Å. Moreover, the convergence (average Cα RMSD calculated between the lowest-score 

and the next four lowest-scoring structures) also improved from 1.74 to 1.22 Å (Table 2-1). Figure 

2-6 shows the Cα RMSD versus PRE violation plot. PRE violations were dramatically reduced 

when compared with the non-restrained CS-Rosetta calculations. These show clearly that the 

conformational sampling space was reduced by the PRE restraints. Figure 2-4(c,d) show the 

frequencies of Cα RMSD values to the crystal structure along the structure calculation with and 

without PRE restraints. Using PRE structural restraints, ~44% of the structures have Cα RMSD 

values of 1–2 Å. However, only 26% of the structures obtained without PRE structural restraints 

have Cα RMSD values of 1–2 Å. To evaluate the effect of the upper-bound distance restraints 

value, we performed CS-Rosetta calculations with rub = 15–18 Å. In all cases, the convergence 

and population of the low-RMSD structures were improved (Table 2-2, Figure 2-7). Moreover, 

the Rosetta scores of the high Cα RMSD structures derived from the structure calculations with 

PRE restraints were shifted upward when compared with non-restrained calculations, suggesting 

the high Cα RMSD structures were destabilized by the PRE restraints. These observations 

illustrate the ability of the PRE restraints to bias sampling towards the native structure. 

We performed all-atom refinement of the Rosetta protocol with and without the PRE 

restraints using 10% of the structures from the lowest energy structure of the low-resolution 

structures with and without PRE restraints. The results are summarized in Table 2-3. Compared 
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with the results of the structure refinements with and without PRE restraints, the Cα-RMSD of 

the lowest scored structure was improved when the PRE restrained initial structures were used. 

On the other hand, when using the non-restrained centroid modeling structures as the initial 

structure, the Cα-RMSD of the lowest scored structure was slightly deteriorated, however the 

difference was quite small. The energy profiles and RMSD histograms show that the 

conformational sampling space of the refinement calculation is also reduced by the PRE restraints 

(Figure 2-8). Thus, the PRE restraints impede sampling of high Cα-RMSD structures; however, 

they do not affect the low Cα-RMSD structures in the refinement calculations. This is probably 

because the shapes of PRE scoring terms have large flat bottoms. Convergences were degraded 

by the PRE restraints. We speculate that the restraints prevent the Monte-Carlo structure 

refinement around the native fold. 

 

CS-Rosetta calculation for simulated data of proteins 

The simulated paramagnetic labeling schemes are illustrated in Figure 2-9(a, b, c). PRE violation 

profiles of CS-Rosetta calculations without PRE restraints are shown in Figure 2-10. The funnel 

shapes are similar to GB1. The maximal Cα RMSDs of ubiquitin, N-calmodulin and thioredoxin 

structures with no PRE violations are 3.6, 7.1 and 3.7 Å, respectively. The value of N-calmodulin 

is relatively higher than the others and is due to the different arrangement of the N-terminal helix 

when compared with the native fold. The Cα RMSD without the N-terminal helix and loop 

(sequence 29 to 79) is 3.6 Å. Thus, the overall structures are similar to their native forms. These 

results suggest that the purely upper and lower bound restraints can sufficiently identify the native 

structure from the CS-Rosetta structure pools up to a protein size of ca. 110 residues. 

The results of the CS-Rosetta calculations with PRE restraints are shown in Figure 2-

9(d,e,f) and Table S4. In all cases, the Cα RMSD of the lowest score, the lowest RMSD from the 

structure pool and convergence are improved from the calculations without PRE restraints. In 

addition, bias sampling toward the native structure was performed (Figure 2-11, 2-12 and 2-13). 

In the cases of ubiquitin and thioredoxin, the Rosetta scores of the high Cα RMSD structure were 
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shifted upward and the Cα RMSDs of the lowest score structure were reduced when compared 

with the non-restrained calculations. These are similar to the results obtained with GB1. However, 

for N-calmodulin, obvious upward shifting of the Rosetta score was not observed. This is because 

the Rosetta score function unduly assessed its native structure (Rosetta scores using score3 

weights set [4] of the native and lowest score structure of non-restrained CS-Rosetta calculation 

were 26.859 and –10.994, respectively). However, the Cα RMSD of the lowest score structure 

and the conformational sampling bias toward the native structure are improved. These effects 

indicate that PRE restraints correct the unduly assessment of the Rosetta score function. 

Our results of the GB1 structure calculation using experimentally obtained restraints and those 

simulations clearly show that PRE restraints from solid-state NMR can guide sampling towards 

the native structure and help Rosetta fragment assembly calculations. 

 

Discussion 

We found that combinations of qualitative PRE restraints from paramagnetic Mn2+ and CS-

Rosetta fragment assembly can effectively determine protein folds. Additionally, by combining 

those restraints and CS-Rosetta centroid modeling, we successfully obtained the native protein 

fold. We postulate that these successes were provided from the fragment assembly and score 

function based on the knowledge of protein folding. The fragment assembly method significantly 

reduces the conformational sampling space when compared with conventional structure 

calculation methods that are based on restrained molecular dynamics. Insertion of 3- and 9-residue 

fragments generated from the similarity of backbone chemical shifts and sequential homology, 

and a score function derived from the knowledge of protein folding reduces the chances of 

obtaining a structure that has improper protein structural features [3,4]. This feature is preferable 

to structure calculations using limited datasets of qualitative restraints. Indeed, the native-like 

structure of GB1 can be extracted using PRE restraints from the structure pool of the CS-Rosetta 

calculation without PRE restraints; however, this native structure cannot be obtained by 

conventional simulated annealing calculations using Xplor-NIH. 
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In the case of the CS-Rosetta structure calculations with PRE restraints, Rosetta scores 

of the high Cα RMSD structure were shifted upward and Cα RMSDs of the lowest score structure 

decreased when compared with non-restrained calculations (Figure 2-4). Similar changes have 

been reported to occur in CS-Rosetta calculations with RDC restraints [16]. The reason for these 

changes is because of the concordance of the structural information defined in the experimental 

restraints and the detailed physical chemistry of protein folding implicit in the Rosetta score 

function. This concordance provides two favorable effects for structural optimization. First, 

optimization far from the native structure is impeded, resulting in an upward shift of the score of 

non-native structures, and second, optimization near the minimum is improved as the restraints 

guide the search towards the global minimum. Impeded optimization far from the native structure 

is also present in an all-atom refinement. We conclude that qualitative PRE restraints obtained 

from solid-state NMR are a good conformational sampling guide for CS-Rosetta fragment 

assembly calculations. 

Jaroniec and co-workers have proposed using Cu2+-15N longitudinal PREs to improve 

structure determination quantitatively [2]. In addition, they successfully determined the backbone 

structure of GB1 from those PREs and dihedral angle constraints calculated by TALOS+ [14]. 

Our approach differs to their approach because qualitative PREs are used, and has a number of 

strengths. Obtaining qualitative PRE profiles of transverse relaxation and longitudinal relaxation 

in the rotating frame is more facile than longitudinal PREs. The qualitative PRE profiles can be 

obtained from peak intensity ratios between paramagnetic and diamagnetic spectra. However, to 

determine 15N longitudinal relaxation rates, the inversion-recovery method is mandatory for 

gaining sensitivity by CP. The 15N longitudinal rates of EDTA-Zn2+ attached GB1 are 0.03–0.2 s–

1 [2]. Therefore, a few seconds are required per scan and the measurements are time consuming. 

Our approach can be easily extended to collect PRE profiles of side chains. However, it is difficult 

to obtain correct longitudinal PREs of side chains because the influence of the spin diffusion is 

severe for 1H and 13C. Low precision of the restraints is the obvious drawback of our approach. 

In general, increasing the number of PRE restraints is the simplest way to overcome this problem; 
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however, this is time consuming because it is necessary to prepare and measure more 

paramagnetic- and diamagnetic-labeled samples. Our results clearly show that the native fold can 

be identified from CS-Rosetta structural pools using only two or three site-specific paramagnetic 

labeled samples. In the study of GB1 backbone structure determination by Cu2+-15N longitudinal 

PREs, six labeling samples were used [14]. The drawback of low precision can be overcome by 

advanced computational techniques. Additionally, deuteration and/or 13C spin dilution of proteins 

suppresses the nuclear dipolar couplings and likely improves the precision of PRE restraints. The 

combination of sophisticated isotope labeling and advanced computational techniques represents 

an intriguing approach. 

The key question remains as to how general and transferable our approach is to other proteins. 

The size of the target protein is very important because of two reasons: (i) the conformational 

sampling limitation of the CS-Rosetta protocol [16], and (ii) increasing the molecular size raises 

the likely problem of severe peak overlap. The former problem can be solved by the RASREC 

approach [6]. RASREC CS-Rosetta can determine solution structures of proteins up to 40 kDa 

using limited NOE and RDC restraints [8]. To consider the latter problem, we performed structure 

calculations using simulated PRE restraints. Our results suggest that the backbone structure of a 

protein whose size is at least ca. 110 residues is feasible to determine. For larger proteins or α-

helical membrane proteins whose resonance dispersion is lower, three-dimensional or higher 

dimensional measurements are a promising way to avoid this problem. However, it is not feasible 

to obtain PRE restraints from transverse relaxation enhancement because the efficiency of 

magnetization transfers is reduced by PRE. In addition, the sensitivity decreases because of 

dilution of the paramagnetic labeled sample. The sensitivity enhancement by dynamic nuclear 

polarization probably compensates these issues and facilitates the acquisition of higher 

dimensional experiments [17]. The spectral editing by PRE with long-time spin-locking can 

probably simplify the crowded spectra at the cost of precision in the distance restraints. The spin-

locking time can control the distance that the effective PRE signal decay can be observed, and 

local line broadened signals can be removed. As an alternative approach, amino acid selective 
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labeling (unlabeling) is also a powerful approach to avoid peak overlap issues. By selecting 

appropriate labeling schemes, peak overlap should be dramatically reduced even in cases of 

heptahelical membrane proteins [18,19]. Amino acid selective labeling is not a cost-efficient 

method for solid-state NMR because the method requires large amounts (10–20 mg) of sample. 

Nonetheless, recent progress of ultra-fast MAS probes and proton detection should enable the 

determination of protein structures from sub-milligram samples [20]. It is likely that cell-free 

expression systems will emerge as a choice for sample preparation. High-throughput structure 

determination will be achieved by combining the introduction of the metal-chelating unnatural 

amino acids [21], selective labeling by cell-free expression systems and proton detection under 

the ultra-fast MAS condition. 

 

 

Figure 2-1 Energy landscape generated by restrained molecular dynamics using Xplor-NIH. The 

1,000 structures were calculated with PRE and dihedral restraints. The number of Φ and Ψ 

dihedral angle restraints are both 49. 
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Figure 2-2 (a) PRE violation score from three EDTA-M tags versus the Cα RMSD to the X-ray 

structure of GB1 (PDB ID: 2GI9). The structures without any violations are marked with orange 

and blue colored circles. The blue circle (indicated by an arrow) indicates the largest RMSD 

structure. (b) The X-ray structure is represented in red. The structure indicated by the arrow in 

(a) is represented in blue. 

 

Figure 2-3 The largest RMSD without any PRE violation and its structure with different 

combinations of restraints from three EDTA-M tags. The color map of the structure indicates the 

residue number. 
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Figure 2-4 (a), (b) Energy landscapes generated by CS-Rosetta with and without PRE restraints, 

respectively. (c), (d) The distribution of the Cα RMSD with and without PRE restraints. 

 

Figure 2-5 Result of the GB1 structure calculation. The X-ray structure is presented in red and 

the CS-Rosetta structure with PRE restraints is presented in blue. 
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Figure 2-6 The PRE violation profile of the CS-Rosetta structure calculation of GB1. The gray 

and orange dots indicate the profile with and without PRE restraints. 
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Figure 2-7 (a), (c), (e), (g), (i) Energy landscapes generated by CS-Rosetta without PRE restraints, 

with rub = 15, 16, 17 and 18 Å for the PRE restraints, respectively. (b), (d), (f), (h), (j) The 

distribution of the Cα RMSD without PRE restraints, with rub = 15, 16, 17 and 18 Å for the PRE 

restraints, respectively. 
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Fugure 2-8 (a), (b), (c), (d) Energy landscapes and (e), (f), (g), (h) The distribution of the Cα 

RMSD generated by Rosetta all-atom refinement with and without PRE restraints in each step. 

R
os

et
ta

 +
 P

R
E 

sc
or

e

R
os

et
ta

 s
co

re

Cα RMSD [Å]

N
or

m
al

iz
ed

 p
op

ul
at

io
n

(a) (b)

(c) (d)

(e) (f)

(g) (h)

0 1 2 3 4 5 6 0 1 2 3 4 5 6

0 1 2 3 4 5 6

0 1 2 3 4 5 6 0 1 2 3 4 5 6

0 1 2 3 4 5 60 1 2 3 4 5 6

0 1 2 3 4 5 6

-50

-60

-70

-80

-90

-100

-50

-60

-70

-80

-90

-100

-50

-60

-70

-80

-90

-100

-50

-60

-70

-80

-90

-100

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0

PRE restraints
Assembly: +
Refienment: +

PRE restraints
Assembly: -
Refienment: +

PRE restraints
Assembly: +
Refienment: +

PRE restraints
Assembly: +
Refienment: -

PRE restraints
Assembly: -
Refienment: -

PRE restraints
Assembly: -
Refienment: +

PRE restraints
Assembly: -
Refienment: -

PRE restraints
Assembly: +
Refienment: -



� )(�

 

Figure 2-9 (a), (b), (c) Labeling scheme used for the structure calculations of ubiquitin, N-

calmodulin and thioredoxin, respectively. Labeling sites are indicated by the red spheres. (d), (e), 

(f) Results of the structure calculations. The reference structures are illustrated in red. The CS-

Rosetta structures with PRE restraints are illustrated in blue. 
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Figure 2-10 (a), (c), (e) PRE violation score from EDTA-M tags versus the Cα-RMSD to the 

reference structure of ubiquitin, N-calmodulin and thioredoxin. The structures without any 

violations are marked with orange and blue circles. The blue circles (indicated by arrows) indicate 

the largest RMSD structures. (b), (d), (f) The reference structures of ubiquitin, N-calmodulin and 

thioredoxin are shown in red. The structures indicated by the arrows in (a), (c), (e) are shown in 

blue. 
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Figure 2-11 (a), (b) Energy landscapes generated by the CS-Rosetta calculation of ubiquitin with 

and without PRE restraints, respectively. (c), (d) The distribution of the Cα RMSD to the X-ray 

structure with and without PRE restraints, respectively. 
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Figure 2-12 (a), (b) Energy landscapes generated by the CS-Rosetta calculation of N-calmodulin 

with and without PRE restraints, respectively. (c), (d) The distribution of the Cα RMSD to the 

solution NMR structure with and without PRE restraints, respectively. 
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Figure 2-13 (a), (b) Energy landscapes generated by the CS-Rosetta calculation of thioredoxin 

with and without PRE restraints, respectively. (c), (d) The distribution of the Cα RMSD to the X-

ray structure with and without PRE restraints, respectively. 
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Table 2-1 Summary of the CS-Rosetta structure calculation of GB1 with and without PRE 

restraints 

 

 With PRE Without PRE 

PRE restraints   

 N8EDTA-M Upper-bound 15  

  Lower-bound 22  

 E19EDTA-M Upper-bound 11  

  Lower-bound 28  

 T53EDTA-M Upper-bound 14  

  Lower-bound 15  

RMSD of the lowest score [Å] 1.49 1.52 

Lowest RMSD of the sampling [Å] 1.14 1.17 

Convergence [Å] 1.22 1.74 

 

Table 2-2 CS-Rosetta calculation with various rub value 

 

 
1Distance of upper-bound restraints in angstroms 
2The Ca RMSD of the lowest structure in angstroms 
3The lowest Ca RMSD in the structure pool in angstroms 
4Average Ca RMSD calculated between the lowest score structure and the next four lowest score structure 

in angstroms 
5Results without PRE restraints. 

 

 

rub
1 N/A5 15 16 17 18 

RMSD2 1.52 1.66 1.49 1.78 1.70 

Lowest3 1.17 1.12 1.14 1.14 1.14 

Convergence4 1.74 1.15 1.22 1.52 1.17 
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Table 2-3 Summaries of Rosetta refinement results 

 

Restraints1 +/+ +/- -/+ -/- 

RMSD2 0.558 0.747 0.806 0.756 

Convergence3 0.801 0.833 0.646 0.592 
1Combination of whether PRE restraints were used in the fragment assembly and refinement steps. For 

example, +/- indicates that PRE restraints were used in fragment assembly and not used in refinement steps. 
2The Ca RMSD of the lowest score structure in angstroms 
3Average Ca RMSD calculated between the lowest score structure and the next four lowest score structure 

in angstroms 
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Table 2-4 Summaries of CS-Rosetta calculation of simulated data. 

Targets PDB Nres
1 Npeak

2 Nresolv
3 Ntag

4 Nub
5 Nlb

6 SS7 With PREs Without PREs CS11 

RMSD8 Lowest9 Convergence10 RMSD Lowest Convergence 

Ubiquitin 1ubq 76 70 26 4 37 67 - 3.04 1.69 2.78 5.03 1.99 3.28 BMRB5387 

N-Calmodulin 1sw812 79 77 20 4 29 49 - 5.82 2.25 3.69 6.95 2.56 5.27 Reference* 

Thioredoxin 2trx13 108 106 44 6 58 205 32-35 2.05 1.56 1.98 2.42 1.59 3.19 BMRB17700 

1The number of residues of the target protein 

2The number of peaks those were used in simulation of spectral resolution (see Materials and Methods) 

3The number of resolved peaks in simulation of spectral resolution (see Materials and Methods) 

4The number of tag molecules 

5The number of the upper bound PRE restraints 

6The number of the lower bound PRE restraints 

7The pairs of disulfide bond restraints. 

8The Ca RMSD of the lowest score structure in angstroms 

9The lowest Ca RMSD in the structure pool in angstroms 

10Average Ca RMSD calculated between the lowest score structure and the next four lowest score structure in angstroms 

11Reference to source of chemical shifts 

12 The structure of model 1 was used for generation of simulated PRE restraints. 

13 The structure of chain A was used for generation of simulated PRE restraints. 

* The backbone chemical shifts of N, Cα and Cβ were obtained from ref. [22]. C’ chemical shifts were not used for the fragment picking
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Conclusions 

In this thesis, I have demonstrated backbone structure determination of GB1 using a combination 

of the CS-Rosetta protocol and qualitative PRE restraints derived from solid-state NMR data. I 

revealed that a reduction of the conformational sampling space by fragment assembly in the CS-

Rosetta calculation effectively redeems the quality of the PRE restraints. Using this protocol, 

protein backbone structures can be obtained rapidly from backbone chemical shifts and pairs of 

paramagnetic and diamagnetic spectra. The backbone structure should aid assignment and 

validation of complicated through-space correlation spectra. Additionally, the derived structure is 

a good starting point to refine structures using powder patterns of dipolar couplings and chemical 

shift anisotropies [1-3]. I believe that my protocol should offer an approach to alleviate the 

bottleneck of structure determination in solid-state NMR. 

 

References 

 

[1] B.B. Das, H.J. Nothnagel, G.J. Lu, W.S. Son, Y. Tian, F.M. Marassi, et al., Structure 

Determination of a Membrane Protein in Proteoliposomes, J. Am. Chem. Soc. 134 

(2012) 2047–2056. doi:10.1021/ja209464f. 

[2] S.H. Park, B.B. Das, F. Casagrande, Y. Tian, H.J. Nothnagel, M. Chu, et al., Structure of 

the chemokine receptor CXCR1 in phospholipid bilayers, Nature. 491 (2012) 779–783. 

doi:10.1038/nature11580. 

[3] B.J. Wylie, L.J. Sperling, A.J. Nieuwkoop, W.T. Franks, E. Oldfield, C.M. Rienstra, 

Ultrahigh resolution protein structures using NMR chemical shift tensors, Proc. Natl. 

Acad. Sci. U.S.a. 108 (2011) 16974–16979. doi:10.1073/pnas.1103728108. 



� ���

Acknowledgements 
I gratefully acknowledge giving the chance to study solid-state NMR, invaluable suggestions and 

support of Professor Makoto Demura, Professor Toshimichi Fujiwara (Institute for Protein 

Research, Osaka University) and Dr. Ayako Egawa (Institute for Protein Research, Osaka 

University). 

Advice and comments given by Dr. Tomoshi Kameda (Biotechnology Research 

Institute for Drug Discovery, National Institute of Advanced Industrial Science and Technology) 

has been a great help in the molecular dynamics simulation. 

I would also like to express my gratitude to Professor Keiichi Kawano, Associate 

Professor Tomoyasu Aizawa, Lecturer Takashi Kikukawa, Assistant Professor Masakatsu 

Kamiya, Dr. Yasuhiro Kumaki, Dr. Yuki Onishi, Assistant Professor Yoh Matsuki (Institute for 

Protein Research, Osaka University) and Assistant Professor Keisuke Ikeda (Graduate School of 

Medicine and Pharmaceutical Science, University of Toyama) for their fruitful suggestions and 

support. 

I also deeply appreciate the efforts of Professor Min Yao in reviewing this thesis. 

I am deeply grateful to Kouki Kido for his help to start-up this project. 

This work was supported by a JSPS KAKENHI Grant Number 26-4060 and performed 

under the Collaborative Research Program of the Institute for Protein Research, Osaka University. 

I also deeply thank my colleagues for their many advice, discussion, support and 

kindness in my daily life. 

Finally, I would like to express grateful appreciation to my family for many support 

and encouragement during my campus life in Hokkaido University.

 


