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1. 2D [1H,1H]-NOESY recorded at -15 oC and extraction of distance constraints. 
 

Plots of the NMR spectra recorded at ambient T and in supercooled water were shown and compared in 

detail in a previously published paper focusing on studying ring flipping dynamics:[4b]  

 

Figure 3 of this publication shows 1D 1H NMR spectra recorded for protein BPTI in the T range from  

30 oC to -16 oC. Figure 4 shows the spectral region comprising the aromatic NOEs taken from a 2D 

[1H,1H] NOESY spectrum recorded at -15 oC in 2H2O. Figure 8 shows (A) the spectral regions 

comprising aliphatic-aromatic NOEs taken from 2D [1H,1H]-NOESY recorded at 36 oC and -15 oC, (B) 

cross sections from 2D [1H,1H]-NOESY recorded at 36 oC and -15 oC in 2H2O.  

 

As a complement to these figures, SI Figure 1 shows spectral regions taken from 2D [1H,1H] NOESY 

acquired at -15 oC in H2O. 

 
SI Figure 1. Spectral regions comprising NOEs detected at -15 oC on Tyr hydroxyl protons. The spectral parameters are 

provided in the Supporting Information of Reference 4b. 
 

 
 



SI Figure 2. Statistics of constraints derived from NOEs measured at low T (-15 oC) in supercooled water. (a) Plot of the 

distribution of distance constraints as a function of their range (i.e. the difference of the amino acid residue numbers). (b) Plot 

of the number of constraints per residue versus the amino acid sequence. The upper distance limits are classified according to 

their range, R. A white bar represents intra-residue constraints (R=0); a light grey bar sequential constraints (R=1); a dark grey 

bar, medium-range constraints (2≤ R ≤ 5); a black bar long-range (R ≥ 6). Aromatic and hydroxyl group bearing residues are 

indicated above the bars using the one-letter code for proteinogenic amino acids (F = Phenylalanine, Y = Tyrosine, T = 

Threonine) 

 

 
 
 
 

Stereospecific assignments for diastereotopic moieties were obtained using the FOUND (Güntert, P.; Billeter, M.; 

Ohlenschläger, O.; Brown, L. R.; Wüthrich, K., J. Biomol. NMR 1998, 12, 543-548) and GLOMSA (Güntert, P.; Qian, Y. Q.; 

Otting, G.; Müller, M.; Gehring, W.; Wüthrich, K., J. Mol. Biol. 1991, 217, 531-540) sub-routines of CYANA.[10] In addition 

to those previously obtained,[9a] stereo-specific assignments were derived for Hα1/Ηα2 of Gly 12, Hγ2/Hγ3 of Arg 20, and 

Hβ2/Hβ3 of Asn 44. 

 



2. BPTI structure calculations 
SI. Table 1 Statistics of BPTI NMR structuresa 

 1.BPTI-amb 2. BPTI-sc-aro 3. BPTI-sc-all 
Conformationally-restricting distance 
constraints 

intra-residue 
sequential 
medium range 
long range 
total 

 
 

180 
164 
100 
198 
642 

 
 

194 
167 
122 
272 
755 

 
 

208 
171 
124 
277 
780 

CYANA target function [Å2] 0.28±0.03 0.31±0.04 0.48±0.04 
R.m.s.d. (to mean) 

Backbone atoms, residues 2 to 56 (Å) 
Heavy atoms, residues 2 to 56 (Å) 
Backbone atoms, regular secondaryb (Å) 
Heavy atoms, regular secondary (Å) 
Heavy atoms (best-defined)c (Å) 

 
0.38±0.09 
0.86±0.08 
0.32±0.06 
0.85±0.10 
0.65±0.10 

 
0.27±0.07 
0.77±0.07 
0.15±0.06 
0.63±0.07 
0.39±0.05 

 
0.22±0.05 
0.74±0.07 
0.12±0.04 
0.60±0.09 
0.37±0.03 

R.m.s.d.d to crystal structure (PDB id: 5PTI) 
Backbone atoms, residues 2 to 56 (Å) 
Heavy atoms, residues 2 to 56 (Å) 
Backbone atoms, regular secondary (Å) 
Heavy atoms, regular secondary (Å) 
Backbone + molecular coree (Å) 

 
0.91 
1.45 
0.75 
1.14 
1.02 

 
0.64 
1.18 
0.60 
0.98 
0.75 

 
0.64 
1.21 
0.61 
1.05 
0.78 

Average number of distance constraint 
violations per CYANA conformer 

> 0.2 Å 

 
 
0 

 
 
0 

 
 

0 
Average number of dihedral-angle constraint 
violations per CYANA conformer  

> 3° 

 
0 

 
0 

 
0 

MOLPROBITY clash scoref   11.5   17.2   15.4   
G-factorsf (φ-ψ/all)  -1.09/-1.10 -0.99/-1.02 -0.95/-1.02 
Ramachandran map statisticsf 

Residues in most favored regions (%) 
Residues in additional allowed regions (%) 
Residues in generously allowed regions (%) 
Residues in disallowed regions (%) 

 
70.8 
28.9 
0.3 
0 

 
71.1 
28.8 
0.1 
0 

 
70.5 
29.5 
0.0 
0 

a 20 conformers with lowest CYANA target function values were selected out of 100 conformers. In the first column, 
‘BPTI-ambient’ represents the ambient T structure calculated using the constraints deposited for BPTI structure 
(1PTI) in the PDB. In the second column, ‘BPTI-sc-aro’ represents the structure refined by including 113 additional 
low T constraints to aromatic protons. In the third column, ‘BPTI-sc-all’ represents the structure refined with all 
additional aromatic and hydroxyl proton low T distance constraints. See also Figure S2. 

b Calculated for heavy atoms N, Cα and C’ of regular secondary structure elements comprising residues 3-5,48-55 (α-
helices) and residues 18-24,29-35 (β-stands). 

c Best-defined side-chains include residues 2,4,6,8,9,11,16,18,19,21-25,27,30,32-35,38,40,43,45,47,48,51,54. Those 
exhibit a displacement of less than 0.75 Å for the side-chain heavy atoms. 

d r.m.s.d. values between mean NMR and X-ray coordinates 
e Calculated for all heavy atoms of “molecular core” residues of 2,4,11,16,18,19,21-25,27,30,32-35,38,40,43,45,47, 
48,51,54,55. 

f Calculated for all residues. 

 
 
 



SI. Figure 3. Same as Figure 1, except that the NMR structure shown in the middle was refined by including solely the 

distance to the aromatic protons. ‘BPTI-ambient’ represents the ambient T structure (see on the left of Figure 2) calculated 

using the constraints deposited for BPTI NMR structure[9a] (1PTI) in the PDB. ‘BPTI-sc-aro’ represents the structure refined 

by including 74 additional low T constraints to aromatic protons.  ‘BPTI-sc-all’ represents the structure refined with additional 

aromatic and hydroxyl proton low T distance constraints. Best-defined side-chains were selected as those exhibiting global 

displacements smaller than 0.75 Å for the side-chain heavy atoms. Helices are shown in red, the β-stands are depicted in cyan, 

other polypeptide segments are displayed in grey, and the side-chains (heavy atoms) of the best-defined side-chains (SI. Table 

1) are shown in blue. 

 

 

 



 
SI. Figure 4. Same as in SI Figure 3, except that the more flexibly disordered side chains not considered to be ‘best defined’ 

are shown (residues 10,20,28,29,31,39,41,44,46, 52,53,55,56). Side-chains for which additional NOEs were measured in 

supercooled water at -15 oC are shown in brown, while other side-chains are depicted in blue. 

 

 
 

 
 



3. Identification of residues forming the “molecular core” of BPTI 
 

Three high-resolution X-ray crystal structures of BPTI (SI Table 2) are available: form I (Diesenhofer, J.; 

Steigmann, W., Acta Cryst. 1975, B31, 238-250; PDB id: 4PTI; resolution: 1.5 Å; space group: P212121), 

form II[11] (5PTI; 1.0 Å; P212121) and form III (Wlodawer, A.; Nachman, J.; Gilliland, G. L.; Gallagher, 

W.; Woodward, C., J. Mol. Biol. 1987, 198, 469-480; 6PTI; 1.7 Å; P21212). The three structures are very 

similar:[9a] pairwise r.m.s.d. values calculated among the three crystal structures for the backbone heavy 

atoms N, Cα and C’, and for all heavy atoms of residues 2 to 56 are 0.38±0.02 Å and 1.09±0.13 Å, 

respectively. The crystal structure of form II (5PTI) was selected because it is best resolved. 

Considering that conformations of surface side-chain are often affected by crystal packing, a total of 26 

residues forming the “molecular core” of BPTI were identified (SI Table 2) based on the following 

criteria: 

(1)  solvent accessibility is smaller than 40%; 

(2)  global displacements of side-chain heavy atoms calculated after superposition of backbone heavy 

atoms N, Cα and C’ of the regular secondary structure elements (Table S1) are smaller than 0.80 Å 

between structures of forms I and II, and smaller than 0.72 Å between structures of forms III and II; 

(3)  are among the 28 residues identified as being “best-defined” in the NMR structures (SI Table 1).  

SI. Table 2. Statistics of BPTI crystal structures 

PDB ID 4PTI 5PTI 6PTI 

Resolution [Å] 1.5 1.0 1.7 
R-factor 0.16 0.20 0.16 
MOLPROBITY clash scorea   5.61   8.97   3.43  
G-factorsa (φ-ψ/all)   -0.18/-0.09 -0.12/-0.07 -0.13/-0.03  
Ramachandran map statisticsa 

Residues in most favored regions (%) 
Residues in additional allowed regions (%) 
Residues in generously allowed regions (%) 
Residues in disallowed regions (%) 

 
89.1 
10.9 

0 
0 

 
91.3 
8.7 
0 
0 

 
93.5 
6.5 
0 
0 

R.m.s.d. (to 5PTI) 
Backbone atoms, residues 2 to 56 (Å) 
Heavy atoms, residues 2 to 56 (Å) 
Backbone + molecular coreb (Å) 
Side-chains not in molecular cored (Å) 

 
0.37 
1.10 
0.39 
2.03 

 
0.38±0.02c 
1.09±0.13c 
0.39±0.02c 

2.01±0.26c 

 
0.38 
0.96 
0.40 
1.73 

a  Calculated for all residues. 
b “Molecular core” includes residues 2,4,11,16,18,19,21-25,27,30,32-35,38,40,43,45,47, 48,51,54,55. 
c  Average pairwise r.m.s.d values calculated between 4PTI, 5PTI and 6PTI. 
b For heavy atoms of residues not considered to be in the  “molecular core” (as defined in b). 

 

 



A mean pairwise r.m.s.d. value of 0.39±0.02 Å calculated for backbone atoms N, Cα and C’ of residues 2 

to 56 plus and the heavy atoms of the side-chains of this “molecular core” show that the conformation of 

backbone and core are hardly affected by crystallization. 

 

SI. Figure 5. Same as Figure 2, except that the NMR structure shown in the middle was refined by including solely the 

distance to the aromatic protons. ‘BPTI-ambient’ represents the ambient T structure (see on the left of Figure 2) calculated 

using the constraints deposited for BPTI NMR structure[9a] (1PTI) in the PDB. ‘BPTI-sc-aro’ represents the structure refined 

by including 74 additional low T constraints to aromatic protons.  ‘BPTI-sc-all’ represents the structure refined with additional 

aromatic and hydroxyl proton low T distance constraints. Best-defined side-chains were selected as those exhibiting global 

displacements smaller than 0.75 Å for the side-chain heavy atoms. Helices are shown in red, the β-stands are depicted in cyan, 

other polypeptide segments are displayed in grey, and the side-chains (heavy atoms) of the best-defined side-chains (SI. Table 

1) are shown in blue. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



SI. Figure 6. Same as in SI. Figure 5, except that the more flexibly disordered side chains not considered to be ‘best defined’ 

are shown (residues 10,20,28,29,31,39,41,44, 46,52,53, 55,56).  

 

 

 
 



4. Information-theoretical analysis of NOE constraint networks 
 

Distance constraints vary in their impact on refinement and the sheer number of low T NOEs provides 

only a semi-quantitative assessment. The program QUEEN (S. B. Nabuurs, C. A. E. M. Spronk, E. 

Krieger, H. Maassen, G. Vriend, G. W. Vuister, J.  Am. Chem. Soc. 2003, 125, 12026−12034) was used to 

compare ambient and low T constraints by information-theoretical analysis.  

 

For all ambient T, low T aromatic proton and low T hydroxyl proton constraints, the averages Iuni/Itotal 

(Iave/Itotal) are, respectively,  0.0153% (0.1642%), 0.0150% (0.2878%) and 0.0307% (0.3496%).  

 

The additional low T aromatic long-range constraints exhibit about the same average uniqueness as all 

ambient T long-range constraints. This is because most rings are located in the core which is already quite 

well constrained by the ambient T input. The average information content, however, is about twice as 

high as the average obtained for all ambient T long-range constraints. This reflects the bulky nature of the 

rings, making aromatic constraints valuable for better convergence of structure refinement: when sorting 

all 780 distance constraints in a manner that maximizes the information content as a function of the 

fraction of incorporated constraints, the first 100 constraints comprise 45 which were derived at low T.  

 

The additional hydroxyl 1H low T distance constraints exhibit both doubled uniqueness and average 

information content since they are located more towards the surface and cannot be observed at ambient T. 

 

 

 

 

 

 

 

 

 

 

 

 

 



SI. Figure 7. [Iuni,Iave]–plot of sequential, medium-range and long-range upper distance limit constraints used to calculate the 

highest-quality BPTI structure (SI. Table 1, on the right of Figures 1 and SI. 3). Ambient T, aromatic proton low T, and 

hydroxyl proton low T constraints are shown in red, blue and green, respectively.  
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5. Perspectives for structure validation and refinement using NOEs measured in 

Supercooled Water 
 

The protocol proposed in this paper aims at two goals, that is, to provide new methodology for protein 

structure validation and refinement. 

 

Importantly, a structure validation can - and is - often pursued without subsequent structure refinement. 

After having solved a protein structure, additional experimental data are acquired (under the same or 

different sample conditions), and their consistency with the structure is investigated. In case the additional 

data turn out to be consistent with the structure, the structure is considered to be validated. After 

validation, one can then consider to use the additional data to refine the structure. Care has to be taken to 

verify that (potentially) different conditions when acquiring the additional data do not affect the 

conformation (and dynamic sampling of conformational space) of the protein. Usually, and also in the 

approach presented here, chemical shifts are used in NMR-based structural biology for that purpose. This 

is because chemical shifts react very sensitive to changes of conformation as well as dynamic sampling of 

the conformational space. Hence, (near-)identity of shifts is quite generally considered as evidence 

enabling one to refine the structure using the additional data. 

 

Regarding structure validation, the following considerations are important. If the chemical shifts of 

aliphatic and aromatic protons are the same at ambient and low T, while the new low T NOEs turn out to 

be inconsistent with the ambient T structure, the ambient T structure would evidently not be validated. In 

this case, one had to further investigate which low T constraints are inconsistent with which ambient T 

constraints, and the new low T constraints would likely point at constraint inaccuracies of the ambient T 

structure.  

 

In principle, both avenues, that is, (i) combing aromatic-aliphatic and aromatic-aromatic NOEs detected 

in super-cooled water with NOEs acquired at ambient T, or (ii) solving the structure with solely with data 

acquired in super-cooled water are viable options. In order to confirm that the low T conformation is 

(nearly) identical to the ambient T conformation [i.e., represents the conformation adopted under (near) 

‘physiological conditions’], chemical shifts measured at ambient and low T need to be compared in both 

cases.  

 

In this current publication, we present a study focusing on option (i) which also paves the way for option 

(ii). 



 

For option (i) pursued with small proteins (as shown here for BPTI), a sample of unlabeled protein 

dissolved in 2H2O is sufficient to measure the (primarily) desired additional aromatic-aromatic and 

aromatic-aliphatic NOEs in supercooled water. This is because aromatic protons usually show good 

chemical shift dispersion so that the additional NOEs are well resolved when NH- and NH2-detected 

NOEs are eliminated in 2D [1H,1H] NOESY acquired in 2H2O. Likewise, the additional NOEs detected on 

hydroxyl protons are usually well resolved in 2D [1H,1H] NOESY acquired for unlabeled protein in H2O. 

 

For option (ii), the following considerations are relevant. The correlation time for the overall rotational 

tumbling, τc, of BPTI is ~3 ns at 36 oC and ~12.5 ns at -15 oC (Skalicky et al., J.  Am. Chem. Soc. 2001, 

123, pages 390 and 391). Hence, at -15 oC, the correlation time is comparable to what is expected for a 

20-25 kDa system at ambient T. Since the number of resonance lines remains the same when super-

cooling the 58-residue protein BPTI in solution, the BPTI structure could thus readily be derived with 

data recorded in super-cooled water alone, provided that amide-aliphatic and aliphatic-aliphatic NOEs are 

detected (and resolved) using 3D hetero-nuclear resolved [1H,1H] NOESY acquired for 13C/15N labeled 

protein.  

 


