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Experimental set of structures. The structures of five of the seven structures listed in Table 1 of 

the  main  text  were  determined  experimentally  by  both  NMR  spectroscopy  and  X-ray 

crystallography, namely (1) Choristoneura fumiferana Antifreeze Protein, Isoform 501; PDB id 

1Z2F  (Li et al, 2005) and  PDB id 1M8N chain A (Leinala et al, 2002);  (2) Hyaluronan-binding 

domain of CD 44;  PDB id 2I83 (Takeda et al, 2006) and PDB id 1UUH chain A (Teriete et al, 

2004); (3) Melanoma inhibitory activity (MIA) protein; PDB id 1HJD (Stoll et al, 2001) and PDB 

id 1I1J chain A (Lougheed et al, 2001);  (4) Human Inter Leukine 13;  PDB id 1IK0 (Moy et al, 

2001) and PDB- id 3BPO chain A (Laporte et al, 2008); and (5) the MMP-inhibitory, N-terminal 

domain of human tissue inhibitor of metalloproteinases-1; PDB id 1D2B (Wu  et al, 2000) and 

PDB id  2J0T Chain  A (Iyer  et  al,  2007).  The  structure  of  the  sixth  protein,  namely Bovine 

Pancreatic Trypsin Inhibitor; PDB-id: 1BPI, 1D0D chain A, 1G6X, 1K6U, 5PTI and 6PTI (Parkin 

et al, 1996; Charles et al, 2000; Addlagatta et al, 2001; Botos et al, 2001; and Wlodawer et al, 

1984, 1987, respectively),  was determined only by X-ray crystallography. The structure of the 

seventh protein,  Pheromone ER-23 PDB id 1HA8, was determined only by NMR-spectroscopy 

(Zahn et al 2001).

Six of these proteins were selected by cross-referencing the Protein Data Bank (PDB) 

[Berman et al, 2000] with the Biological Magnetic Resonance Data Bank (BMRB) [Ulrich et al, 

2007]  in  order  to  obtain  a  non-redundant  set  of  structures,  i.e.,  a  set  of  proteins  possessing 

sequence identity below 30%. Additionally, 6 high-resolution X-ray protein models of BPTI were 

chosen for further analysis. With this set of 7 proteins, the total number of cysteines, for which 

the 13Cα chemical shifts were computed at the DFT level of theory is 837, from NMR- and X-ray-
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determined conformations, respectively; the same number of  13Cβ chemical shifts for cysteine 

residues in both the oxidized and reduced state was also computed at the DFT level of theory.

There  is  an  odd number  (837)  of  cysteine  residues  because  one  of  the  observed  13Cα 

chemical-shift  values of the oxidized cysteines is missing from the  Choristoneura fumiferana 

Antifreeze Protein Isoform 501 (PDB code 1Z2F and 1M8N). 

Method to compute 13Cα chemical shifts. All the experimentally determined conformations were 

first regularized, i.e., all residues were replaced by the standard ECEPP/3 (Némethy et al, 1992) 

residue  geometry  in  which  bond  lengths  and  bond  angles  are  fixed  (rigid-body  geometry 

approximation)  at  standard  values,  and  hydrogen  atoms  are  added,  if  necessary.  The  final 

conformations resulting from the regularization procedure are close to the experimental structures 

for all cases, with an average rmsd value for all heavy atoms of ~ 0.17 Å.

The 13Cα and 13Cβ chemical shifts for each amino acid residue Ci and Cj were computed at 

the OB98/6-311+G(2d,p) level of theory, while the remaining residues in the hexapeptide were 

treated at the OB98/3-21G level of theory, i.e., by using the locally-dense approach (Chesnut & 

Moore, 1989); (c) the computed 13Cα and 13Cβ shieldings (σn
subst,th, with n = α or β) were converted 

to  13Cα and  13Cβ chemical shifts (δn) by employing the equation  δn
th =  σn

ref –  σn
subst,th, where the 

indices denote a theoretical (th) computation, the reference substance (ref), and the substance of 

interest (subst), i.e., the 13Cα and 13Cβ shielding, respectively, of a given amino acid residue Ci and 

Cj.

All the computed 13Cα and 13Cβ shielding values (σn
subst,th, with n = α or β) were calculated 

by  using  the  gauge-invariant  atomic  orbital  (GIAO)  method  at  the  DFT level  of  theory  as 

implemented in the GAUSSIAN 03 suite of programs (Frisch et al. 2004). We have used only one 
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exchange-correlation  functional,  namely  OB98,  because  it  was  shown that  this  functional  is, 

among others, one of the most accurate and faster ones with which to reproduce the observed 13Cα 

chemical shifts of proteins in solution (Vila et al., 2009). 

All  the  calculated  isotropic  shielding  values  were  referenced  with  respect  to  a 

tetramethylsilane (TMS) chemical shift scale, as described previously (Vila et al. 2002; Vila et al. 

2009). All the experimental chemical shift data used in this work were obtained by using 2, 2-

dimethyl-2-silapentane-5-sulfonic  acid  (DSS)  as  the  reference  compound.  Conversion  of  the 

computed TMS-referenced values for the  13Cα and  13Cβ shielding chemical shifts to DSS was 

carried out by adding 1.70 ppm to the computed values (Wishart et al., 1995). 

Determination of an effective TMS shielding value for  13Cβ. By adopting the observed TMS 

value of 188.1 ppm (Jameson & Jameson 1987), it is possible to find the characteristic mean (xo) 

and standard deviation (σ) of the Gaussian function that fits the frequency of the error distribution 

per-residue ( β
μΔ ), for all 837 cysteine residues of cystines. The characteristic mean value (xo) 

appears displaced from the ideal value of 0.0 by 8.96 ppm and, hence, use of an effective TMS 

value (Vila et al. 2009) of 179.1 ppm for Cβ gives xo = 0.0. 

In a similar  way  (Vila et  al.  2009), the  effective TMS value used to compute the  13Cα 

chemical  shifts  (with xo = 0.0)  was 184.5 ppm. Since  13Cα and  13Cβ are involved in  different 

bonding arrangements, it is not surprising that different effective TMS values are obtained for 

each nucleus.

Computation of the conformationally-averaged rmsd (ca-rmsd).  A protein in solution exists as 
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an  ensemble  of  conformations  and,  hence,  we can  assume that  the  observed  chemical  shifts 

13Cn
observed,µ     with  n = α or β, for  a  given  amino  acid residue  µ can  be  interpreted  as  a 

conformational  average  over  different  rotational  states  represented  by  a  discrete  number  of 

different conformations; all of these conformations are assumed to satisfy the NMR constraints 

from which the conformations were derived (Vila et al., 2007). Thus, the following quantity can 

be computed: 13Cn
computed,µ = ∑

Ω

=i
iλ

1

13Cn
µ , i ,  where 13Cn

µ , i  is the computed chemical shift for amino 

acid µ in conformation i out of Ω protein conformations, and λi is the Boltzmann weight factor for 

conformation i, with the condition  ∑
Ω

=i
iλ

1

≡ 1. With existing computational resources, it  is not 

feasible to determine λi at the quantum chemical level, and, hence, it is assumed that the following 

equality  is  always  valid:  λi ≡ 1/Ω.  In  other  words,  under  conditions  of  fast  conformational 

averaging,  we  assume  that  all  Boltzmann  weight  factors  contribute  equally.  Under  these 

assumptions, the computation of the ca-rmsd for a protein containing N amino acids residues, is 

straightforward (Vila et al.,  2007):  ca-rmsdn = [(1/N)  ∑
N

=μ 1
(13Cn

observed,µ − <13Cn
computed>µ)2]1/2 with 

n = α or β, and  <13Cn
computed>µ =  (1/ Ω) ∑

Ω

=i 1

13Cn
µ ,i. In addition, for each amino acid µ, we define 

an error function ∆n
µ = (13Cn

observed,µ   − 13Cn
computed,µ), with n = α or β.     

Interleukin 13 protein (3BPO). The origin of the high computed ca-rmsd value (5.21 ppm, listed 
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in Table 1) for the cysteine residues of cystine of the X-ray-determined protein model of 3BPO 

may be due to both the high average B factors for the 2 cystines in the structure, i.e., with an 

average of 51.6 ± 5.48 Å2, and the low resolution (3.0 Å) at which the structure was determined, 

e.g., in this structure, 29 out of 127 residues were missing in the electron density map, and 9 

residues were missing heavy atoms.

Another possible source of error is the difference in the experimental conditions under 

which  the  X-ray  and  NMR  experiments  were  carried  out,  namely,  the  X-ray  structure  was 

determined as a co-crystal of a ternary complex (Interleukin 13-Interleukin 4- Chain “A” of the 

Interleukin  13  Receptor)  whereas  the  observed  13Cα chemical  shifts  were  obtained  from 

Interleukin 13 in the unbound state. The rmsd between the X-ray and NMR models of Interleukin 

13 is ~1.18 Å on average. 

Melanoma inhibitory activity (MIA) protein (1I1J).  In contrast to the previous analysis for the 

Interleukin 13 protein, the X-ray-determined model for the MIA protein (1I1J) has been solved at 

high resolution (1.39 Å), and the average B-factors are significantly lower than those for the 

Interleukin 13 protein, namely 21.9 Å2  for the whole protein and 23.32 Å2 for all the cysteine 

residues. Additionally, only 2 residues are missing in the electron density map, i.e., the first and 

the last one. Despite this, the computed ca-rmsd value (5.16 ppm) for the cysteine residues of 

cystine is very similar to the one computed for the Interleukin 13 protein (5.21 ppm) as shown in 

Table 1, indicating that the high quality of the protein structure should not be the main origin of 

the computed errors. 

Regarding possible source of errors, it is worth noting that ~49% of the residues of the 

MIA protein are located in non-regular portions of the molecule, indicating that the protein might 
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be very flexible  in  solution.  If  this  were the  case,  the  13Cα chemical  shift  should  reflect  the 

dynamics of such structural elements. In other words, the low temperature at which the X-ray 

structure was determined, namely 100 K (although the NMR resonances were collected at 300 K), 

might  have  led  to  a  crystal  structure  in  which  residues  populating  a  flexible  portion  of  the 

molecule, such as Cys17 that shows a α
μΔ  = ~ 8.0 ppm, might not be good representations of the 

dynamics in solution. 

A normalized rmsd for comparing different protein structures. Using different metrics, such 

as the rmsd, the rmsdL, as given by Eq. (1) in the main text, and the rmsd-per residue, we carry out 

a comparison of the ‘quality’ of proteins of different sizes, in terms of the agreement between 

observed and predicted 13Cα chemical shifts of their structures. For this analysis, 24 NMR-derived 

proteins with PDB id: 1B22, 1B2T, 1B4R, 1BBN, 1BJX, 1BLR, 1BNO, 1BQZ, 1CK2, 1CZ4, 

1DC2, 1DOQ, 1E0G, 1E17, 1EIG, 1EWW, 1EZA, 1EZO, 1F2H, 1F3Y, 1F43, 1FAF, 1D3Z, and 

2JVD, not listed in Table 1 of the main text, were chosen. This selection covers a wide range of 

protein sizes from 48 to 370 residues. For each of these proteins, the rmsd between the observed 

values of the  13Cα chemical shifts, obtained from the BRMB database, and the predicted values 

obtained from the CheShift server were computed.

Figure S2a shows the distribution of the rmsd’s mentioned above. In particular, the value 

obtained for protein 2JVD (green-filled circle) is the rmsd which is among the four lowest values. 

This raises the question as to whether a protein with 48 residues (2JVD), and rmsd = 1.99 ppm, is 

of better quality than a protein, e.g., with 370 residues (1EZO), and rmsd = 2.72 ppm. This has 

been  a  long-lasting  problem  in  the  field  of  protein  structure  prediction  and  determination 

(Maiorov & Crippen, 1995; Betancourt  & Skolnick,  2001; Carugo & Pongor,  2001). In other 
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words, the rmsd is a reliable indicator of the global property of protein structures only when 

containing the same, or similar, numbers of residues. The attempt to solve this problem has been 

provided by Carugo & Pongor (2001), among others. Thus, an analysis based on Equation (1) of 

the main text  for  the rmsd76 (shown by grey-filled squares in  Figure S2b)  and the rmsd-per-

residue (shown by red-filled triangles in Figure S2b) indicates that  protein 2JVD possesses a 

normalized, size-independent, rmsd76 higher than any protein with N > 100 residues. Additionally, 

for proteins containing less than 125 residues (see Figure S2b), the agreement in terms of the 

correlation coefficient R, between the rmsd-per-residue and the rmsd76 is fairly good, namely R = 

0.98,  although  the  rmsd-per-residue  significantly overestimates  the  quality  for  structures 

containing higher than ~100 residues (rmsd of 0.56 ppm for 370 residues protein compared to 

1.77 ppm for 76 residues of ubiquitin, in Figure S2b) and, hence, the rmsd-per-residue is not a 

reliable metric. 

The frequency of the distribution of the rmsd76 values (the grey-filled squares in Figure 

S2b) is shown in Figure S3. These data can be fit by a Gaussian or Normal distribution with a 

mean value xo ~2.0 ppm and a standard deviation σ ~ 0.3 ppm, as indicated in the inserted panel 

in  Figure S3.  Thus,  an rmsd76 = 2.6 ppm, i.e.,  within ~2σ of the mean rmsd76 value,  can be 

adopted  as  a  cutoff  value.  In  this  way,  we  assume  that  ~80% of  the  structures,  i.e.,  those 

possessing an rmsd76 ≤ 2.6 ppm, have similar quality as the reference structure, namely model 1 

of ubiquitin (1D3Z); the remaining ones, i.e., 5 out of 24 shown in Figure S2b, are assumed to 

need further refinement.

A further advantage of the use of Eq.(1) to compare quality of structures with different 

sizes is the following. The dispersion of the rmsd values shown in Figure S2a among the 24 

proteins is ~1.75 ppm while the corresponding dispersion of the rmsd76 values, shown in Figure 
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S2b, is more than twice and, hence, offers a more sensitive rmsd range of distribution with which 

to discriminate structures.

Finally, it is worth noting that the whole analysis in this section has been carried out by 

using a single structure, namely the first one, if more than one exists, as a representative structure 

of  the  ensemble  of  NMR-derived  conformations.  This  procedure  was  adopted  for  simplicity, 

although, in practical applications, the  ca-rmsd76, rather than the rmsd76,  must be considered if 

more than one structure is available.
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Figure S1. Grey filled bars indicate the rmsd (ppm), between the observed and computed 

13Cα chemical shifts for the cysteines in the 2 cystines,  for each of the 20 NMR-determined 

conformations of the MIA protein (1HJD).  Black filled bar  indicates the rmsd (ppm) computed 

for the X-ray determined structure of the MIA protein (1I1J). The  solid horizontal line  (6.08 

ppm) indicates the  ca-rmsd value computed from the 20 NMR-determined conformations of 

1HJD.
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Figure S2. (a) rmsd between predicted 13Cα chemical shifts, by using the CheShift server (Vila et 

al., 2009), and the observed values, for the first model (if more than one model exists) of the 24 

NMR-determined structures listed above. Green-filled circle denotes the rmsd for the smallest (48 

residues)  structure  of  2JVD.  The  arrow  points  to  the  rmsd  of  1D3Z (ubiquitin)  taken  as  a 

reference; (b) Grey-filled squares denote the rmsd76, computed as described by Eq. (1) in the main 

text, and red-filled triangles the rmsd-per-residue for each the 24 structures mentioned in (a); it 

should be noted that  all the rmsd-per-residue values (shown as red-filled triangles) have been 

shifted, for a better graphic representation, by a fixed amount, namely by multiplying each of 

them by 76 without affecting the relative values of the rmsd’s; green-filled circle denotes the 

rmsd76 for protein 2JVD, and the arrow points to the rmsd76 of model 1, out of 10 models, of 

1D3Z (ubiquitin) adopted here as a reference. 
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Figure S3.  Bars represent  the frequency of the rmsd76 distribution,  within  ± 0.5 ppm, for  24 

proteins whose rmsd76 values are shown in Figure S2b, as grey-filled squares. The parameters for 

a Gaussian or Normal distribution (solid red line) that fits the data are inserted as a panel


