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Section |

Dependence of the accuracy and speed of DFT calculations of the **C* chemical shifts of

proteins on the size of the basis set used.

The purpose of this section is to study the dependence of the accuracy and speed of
DFT calculations of the *C* chemical shifts on the size of the basis set used. Six basis sets
(see Table S1), viz., five locally-dense basis-set approximation 6-31G/3-21G, 6-31G(d)/3-
21G, 6-311G(d,p)/3-21G, 6-311+G(d,p)/3-21G, and 6-311+G(2d,p)/3-21G, and the uniform
3-21G/3-21G basis set were initially applied to 10 NMR-derived conformations of the 76-
residue o/B protein ubiquitin (Protein Data Bank id 1D3Z"). For each of these six basis sets,
combined with the OB98 functional,” the '*C* shielding was computed for 760 amino acid
residues by treating each amino acid X in the sequence as a terminally-blocked tripeptide
with the sequence Ac-GXG-NMe in the conformation of the regularized experimental protein
structure. Analysis of the results (see Table S1), in terms of the agreement between the
computed and observed *C* chemical shifts, shows that the accuracy, with which the
observed *C* chemical shifts are reproduced by using either the small basis set (6-31G/3-
21G) or the larger basis set [6-311+G(2d,p)/3-21G], is very similar, although use of the small
basis set leads to a significant decrease in computational time. An additional analysis was

carried out here for: (a) two other proteins with different numbers of residues and topology



solved by NMR spectroscopy and X-ray diffraction (PDB id 2JVD* INSI® and 3HBP*;
1AIL%), and (b) Val and Arg hypersurfaces constructed by calculating a grid of 6,864 and
6,794 points, respectively, corresponding to different combinations of the ¢, vy, y1 (and 2
only for Arg) torsional angles. The results of this analysis, reported in Table S2, and Figures
S1 provide evidence that the conclusions derived here apply to proteins of any size or class
(see section Transferability of the results, below). The results also indicate that the *C“
chemical shifts computed with the small basis set (6-31G/3-21G), and extrapolated by an
empirically-determined linear regression formula to reproduce the values obtained with a
larger basis set [6-311+G(2d,p)/3-21G], constitute an adequate compromise between
accuracy (within the average error of ~0.4 ppm) and computational cost (~9 times faster)
with which to reproduce the observed *C* chemical shifts of proteins in solution.
Method used to compute the *C%chemical shifts. All the experimentally determined
conformations were regularized,’ i.e., all residues were replaced by the standard ECEPP/3’
residues in which bond lengths and bond angles are fixed (rigid-body geometry
approximation) at the standard values,’ and hydrogen atoms are added, if necessary.

The computations of the >C* chemical shifts involve a series of approximations. For
each amino acid residue X in the protein sequence: () it is assumed that the observed *C“
chemical shift is a conformational-averaged one (see Computation of the conformationally-
averaged rmsd section); (b) computation of the Bee shielding was carried out on a
terminally-blocked tripeptide with the sequence Ac-GXG-NMe in the conformation of the
regularized experimental protein structure; (c) computation of the *C* shielding for each

residue X was carried out with a T' locally-dense basis set approach,® with I' = 6-31G, 6-

31G(d), 6-311G(d,p), 6-311+G(d,p) or 6-311+G(2d,p), while the remaining residues in the



tripeptide were always treated with the 3-21G basis set. From here on, this combination of
uniform and locally-dense basis sets is referred to as: Set 1, Set 2, Set 3, Set 4, Set 5 and
Set 6, respectively; (d) all ionizable residues were considered neutral during the gas-phase
quantum chemical calculations;” (¢) no geometry optimization is necessary since such
optimization by ab-initio (HF) or DFT methods has only a small effect on the computed
chemical shifts;'® (f) the computed Bee shieldings (oqupsin) Were converted to *C* chemical
shifts (8) by employing the equation 6,, = Orer — Csubstn Where the indices denote a theoretical
(th) computation, the reference substance (ref), and the substance of interest (subst), i.e., the
BC* shielding of a given amino acid residue X. The observed shielding value of
tetramethylsilane (TMS) in the gas phase'', namely 188.1 ppm, was adopted as a reference
value.

All the computed Bce shielding (Gsustn) Values were calculated using the gauge-
invariant atomic orbital (GIAO) method at the DFT level of theory as implemented in the
GAUSSIAN 03 suite of programs.'> We have used only one exchange-correlation functional
in this section, namely OB98, because it was shown that this functional is, among others, one
of the most accurate and faster one with which to reproduce the observed >C* chemical shift
of proteins in solution."

Determination of an effective TMS shielding value. The determination of an effective TMS
shielding value follows the procedure introduced recently'’ and, hence, only a brief
description will be offered here. By adopting the observed TMS value of 188.1 ppm as a
reference, it is possible to find the characteristic mean (x,) and standard deviation (o) of the
Normal (or Gaussian) fit of the frequency of the error distribution for each of the six basis

sets. In other words, for each basis set it is feasible to find an ‘effective’ TMS shielding value



for which the Normal (or Gaussian) fit shows a zero displacement, i.e., an effective TMS
value that gives x, = 0.0. The following effective TMS values were obtained by applying this
procedure and are used throughout this work: 195.4 ppm and 184.5 ppm,” for the small
(Set_2) and larger (Set_6) basis sets, respectively.

Computation of the conformationally-averaged rmsd. Although the methodology has been

. . : 4,6,9,13
published in several previous papers™”

we reproduce it here for the reader’s convenience.
A protein in solution exists as an ensemble of conformations. As a consequence, we can
assume that the observed chemical shifts 13C°‘0bsewed,ﬂ for a given amino acid i can be
interpreted as a conformational average over different rotational states represented by a

discrete number of different conformations, all of which satisfied the NMR constraints from

which the conformations were derived.’ Thus, the following quantity can be computed:

Q
13 13 13 . . . . .
C%computed,u = E A, °C%,; where °C%,; is the computed chemical shift for amino acid u
i=1

in conformation 7 out of Q protein conformations, and 2, is the Boltzmann weight factor for

Q
conformation i, with the condition z/li = 1. With existing computational resources, it is not
i=1

feasible to determine A; at the quantum chemical level, and, hence, it is assumed that, under
conditions of fast conformational averaging, all Boltzmann weight factors contribute equally

and, hence, A; = 1/Q. Under this assumptions, the computation of the ca-rmsd for a protein

N
.. . . . . . 2 1
containing N amino acids residues, is straightforward: % ca-rmsd® = (1/N) E ( 3C°‘observed,H -
u=1

Q
<PC%computedp>)’1” with <*Compuea>u = (1/ Q) Y, °C%,. Naturally, if Q=1, ca-rmsd =

i=1

rmsd, as for any single structure.



In addition, for each amino acid g we define an error function
A%, = (PC%pbserved = < Ccomputed™ )
Computation of the average CPU time. The average computational time (reported in Table
S1) was computed as an average over all 76 residues of conformation 1 out of 10 of 1D3Z:

N
Averaged-CPU time = (1/N) Z T, , with N=76

=l

where T, represents the total cpu time (in seconds) for residue g, as reported by the output
file of the GAUSSIAN 03 suite of programs. '

Transferability of the results. The current methodology™®*"?

relies on a crucial observation
that once the residue conformations are established by their interactions with the rest of the
protein, the *C* shielding of each residue depends, mainly, on its backbone and its side-
chain conformation, with no significant influence of either the amino acid sequence or the
position of the given residue in the sequence. This observation allows us to parallelize the
Bee shielding calculations in proteins and, hence, to make them feasible. In addition, this
means that a given set of accurately-determined amino acid residue conformations,
representing the accessible conformational space for all the 20 naturally occurring amino
acids and showing a good distribution of side-chain conformations, will constitute a
reasonable ensemble with which to carry out tests of the current methodology. In other
words, the results of such tests will not depend on whether such ensembles of residue
conformations belong to a single or many proteins and, therefore, the results should be
transferable to proteins of any class or size. For this purpose, three proteins solved by NMR

and X-ray were chosen (see Table S2). The analysis of the three proteins includes

information for all the 20 naturally occurring amino acid residues with their backbone



torsional angles populating the o-helical, B-sheet, turn and extended regions of the
Ramachandran map.

Statistical analysis for the six basis sets. For each basis set, we compute the correlation
coefﬁcient,14 R (or Pearson coefficient), between the average, <13C°‘computed>y, chemical
shift calculated for the 10 conformations of 1D3Z (as described in Computation of the
conformationally-averaged rmsd section) and the observed *C* chemical shifts, the standard
deviation of the correlation and the average CPU-time (see Table S1). Adopting the R value
obtained with the largest basis set, i.e., Set 6, as a ‘basis set limit result’ enables us to
conclude that the results obtained with a small basis set, Set 2, appear as the best tradeoff
between accuracy and speed of the calculations. In other words, use of the small basis set
leads to comparable correlation, in terms of R, to that obtained with the larger basis set but at
a significantly lower computational cost (3,268/363 ~9 times; see Table S2). Hence, from
here on, our work will be focused on a comparison of the results obtained with a small basis
set (Set_2), rather than a large (Set_6) basis set.

The previous analysis enabled us to select the smaller basis set that provides similar
accuracy as a ‘basis set limit’, to reproduce the computed shielding rather than chemical
shifts, but at a significantly lower CPU time. However, such analysis says nothing about the
accuracy of the >C* chemical shifts, not the shielding, obtained with the Set 2. The answer

to this important question is provided in the next section.

Comparison of the results obtained with basis Set 2 and Set 6. An analysis of the
correlation of the results obtained from Set 2 and Set 6 was carried out for 3 proteins,

namely, 1D3Z (10 conformations), 2JVD (20 conformations), INS1 (32 conformations) and



for 6,864 and 6,794 points corresponding to different combinations of the ¢, v, x 1, and 2
torsional angles for Arg and Val, respectively. The results of the analysis are shown in Figure
Sla-e. For all the molecules shown in Figure S1, the slopes of the linear regression are very
similar and, even more importantly, very close to the ideal value of 1.0. The largest
difference appears on the y intercept (—2.23 < y < —0.620) of the linear regression.

Nevertheless, the *C* chemical shifts computed with Set 6 can be obtained from Set 2 by

using the following linear regression: “C* =-1.597+1040x “C%, where “C{ represents

the *C* chemical shifts computed for a given residue z with the Set 2 and, —1.597 and 1.040
representing the averaged values over the five linear regressions, namely from each panel of
Figure S1, for both the y intercept and the slope of the regression, respectively.

The main goal of this section I is to determine the basis set size that would enable us
to compute the ?C* chemical shifts in proteins accurately and fast. Once the small basis set
has been chosen, namely Set 2, the next step is to determine how accurately the extrapolated
values of the *C* chemical shifts computed with such basis set reproduce the ‘basis set limit’
results, i.e. the results obtained with the larger basis set (Set 6). The results of such an
analysis are shown in Table S2. The accuracy of the results is evaluated here in terms of the
ca-rmsd. As can be seen from Table S2, the quality of the protein structures in terms of these
scoring parameters, computed by using either Set 2 or Set 6, is comparable. In other words,
extrapolating the *C* chemical shifts computed with Set 2 enables us to reproduce the
results obtained with the more computationally expensive basis set (Set 6) with high
accuracy.

In Table S2, we also list the average error (A) obtained between the *C* chemical

shifts computed with the small basis set (after extrapolation by using the linear



relationship: °C* =—1.597 +1.040x *°C% ) and the values obtained with the large basis set.

Notably, the average error (A) among all the proteins listed in Table S2 is quite low, namely
~0.4 ppm.

The results of this Section I indicate that the *C* chemical shifts in proteins,
computed at the DFT level of theory with the large (Set 6) basis set, can be reproduced
accurately (within an average error of ~0.4 ppm; see Table S2) and ~9 times faster by using

the small (Set 2) basis set with an effective TMS value of 195.4 ppm and extrapolating it

with: PC* = -1.597 +1.040x “Cy .



Table S1

Test of Six Basis Sets®

Basis sets ° Correlation Average CPU time®
Coefficient (sec)
C
R
Set 1: 3-21G/3-21G 0.892 (2.13) 201
) 230
Set 2:6-31G/3-21G 0.903 (2.04) (363; 118)
Set 3: 6-31G(d)/3-21G 0.894 (2.12) 338
Set 4: 6-311G(d,p)/3-21G 0.900 (2.06) 568
Set 5: 6-311+G(d,p)/3-21G 0.903 (2.03) 1,092
. 1,535
Set_6: 6-311+G(2d,p)/3-21G 0.908 (1.97) (3.268. 372)

a) The entire test was carried out with 10 conformations of the protein Ubiquitin (PDB id
1D3Z).! Two basis sets, selected from the results of column 2 and 3 for further test
(see results in Table S2), are represented in boldface.

b) As described in the Method used to compute the > C* chemical shifis section.

¢) The correlation coefficient,' R (or Pearson coefficient), between the average chemical

shifts, <13C°‘computed>ﬂ computed from the 10 conformations of 1D3Z, and the



10

observed °C® chemical shifts. The standard deviation of the correlation is in
parenthesis.

d) As an average over 76 residues computed from model 1 out of 10 models of 1D3Z," as
explained in the Computation of the average CPU time section. The maximum and

minimum CPU times of the two selected basis set are shown in parentheses in

boldface.



Table S2

Test on Proteins Structures with Two Selected Basis Sets®

Basis sets
Proteinb Set_6 Set_2
C d €
ca-rmsd ca-rmsd A
(ppm) (ppm) (ppm)
Ubiquitin 1UBQ
(6457) (X-ray) 2.60 2.57 0.63+0.40
[76] {1,i}

2JVD (NMR)

[46] {20; ii} 1.64 1.59 0.36+0.22

YnzC protein 2.51 2.55 0.344+0.22

(15476)

3HBP (X-ray)

[52] {1;iii} 1.86 1.85 0.37+0.20

1.88 2.00 0.40+0.21
INS1 (NMR)

[73] {32; iv} 2.48 2.47 0.26+0.17

Non-structural
Protein 1

(15117) 1AIL (X-ray)

[70] {1; v} 2.07 2.09 0.34+0.29

a) Carried out for the two highlighted basis sets in Table S1, namely Set 6 and Set 2.

11
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b) First column list the set of proteins used and, in parenthesis, the BMRB?** accession
number under which the observed *C* Chemical shifts can be found. Second
column, in parentheses, the experimental method used; in brackets, the numbers
of residues for each protein; and, in braces, the number of conformations and the
reference for the protein, namely {i} Vijay-Kumar et al.'’; {ii} Aramini et al.’;
{iii} Vila et al.*; {iv} Chien et al.’; {v} Liu et al.’

c¢) The ca-rmsd, computed as described in Computation of the conformationally-
averaged rmsd section, with Set 6 using an effective TMS value of 184.5 ppm.
Note that the ca-rmsd = rmsd for the single X-ray conformations.

d) Same as item (c) but with al/ the "C* chemical shifts given

by:C* =-1.597 +1.040x *C¢ where "“CZ represent the '’C* chemical shifts

computed for the residue x with a small (Set_2) basis set, and using an effective
TMS value of 195.4 ppm.

¢) The value of the absolute averaged error per-residue, A, between the *C* chemical
shifts computed with the small basis set (after extrapolation by using the linear

relationship) and the values obtained with the large basis set.
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Figure S1. (a) Correlation between average chemical shifts, <13C°‘00mputed>ﬂ, computed from
the 10 conformations of 1D3Z' with Set 6 versus Set 2. The red line represents the linear
regression. Values for the correlation coefficient'* (R), the standard deviation from the linear
regression (SD) and the slope and the y-intercepts of the linear regression are inserted in the
panel; (b) same as (a) for 20 conformations of 2JVD?; (c) same as (@) for 32 conformations
of INS1%; (d) same as (@) for 6,864 points of Arg obtained by sampling the ¢, v, %1, and 32
Ramachandran space; and (e) same as (d) for 6,794 points for Val computed obtained by

sampling the ¢, v, x1 Ramachandran space.



15

Section 11

Analysis of X-ray and X-ray-NMR pairs of structures

In this section, we provide information about the quality of the prediction, in terms of
the correlation coefficient'® (R), between observed and predicted *C* chemical shifts from
different databases, for a set of X-ray derived structures (listed in Table S3), and for a set of
pairs of X-ray and NMR-determined structures (listed in Table S4). The analysis of the set
listed in Table S3 was carried out with five databases, namely SHIFTS,lg’19 SHIF TX,20
PROSHIFT,”! SPARTA* and CheShift. PROSHIFT predictions were not carried out for
NMR-derived ensembles, because this database web server provides predictions for only one
structure at a time, making the analysis of a large number of structures very tedious, e.g., as

for PDB id 1XQQ% containing 128 conformers.



Table S3
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Set of X-ray Structures and Corresponding *C* Chemical Shifts

b
PDB id® SERVERS
[Resolution (A); BMRB accession] |  cpeShift | SHIFTX | SPARTA | SHIFTS | PROSHIFT
1A6K 0.94 0.97 0.97 0.96 0.97
[1.10; 4061]
1BKF 0.93 0.98 0.99 0.96 0.96
[1.60; 4077]
1CEX 0.95 0.98 0.99 0.98 0.96
[1.00; 4101]
1ICLL 0.91 0.97 0.99 0.97 0.98
[1.70; 547]
1DMB 0.93 0.98 1.00 0.96 0.97
[1.80; 4354]
. 0.95 0.98 0.99 0.97 0.97
1RGE
[1.15; 4259]
0.96 1.00 1.00 0.98 1.00
1HFC 0.94 0.97 0.99 0.95 0.97
[1.56; 4064]
1HKA 0.94 0.97 0.99 0.95 0.97
[1.50; 4299]
10NC
(1.7 :4371] 0.90 0.96 0.99 0.95 0.95
1HCB
[1.60: 4022 ] 0.92 0.97 0.98 0.96 0.96
IRUV
[1.30: 4031] 0.91 0.96 0.99 0.95 0.95
1TOP
(1.78: 4401] 0.95 0.97 0.97 0.95 0.96
3LZT 0.94 0.96 0.97 0.95 0.96
[0.92; 4562]
d
4FGF 0.93/0.95 0.98 0.99 0.98 0.97
[1.60; 4091]
411B
' 0.87 0.95 0.97 0.95 0.96
Interleukin 1Be [2.00;1061]
(human) 211B
[2.00:1061] 0.91 0.96 0.98 0.94 0.96
SPTI 0.95 0.97 1.00 0.98 0.97

[1.00; 46]
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[2.30; 6699]

PDB id" SERVERS'
[Resolution (A); BMRB accession]
CheShift SHIFTX | SPARTA | SHIFTS | PROSHIFT
1AIL 0.96 0.99 1.00 0.98 0.98
[1.90; 4317]
IBSY 0.90 0.95 0.97 0.93 0.95
[2.24; 10010]
I1BV1 0.94 0.97 0.98 0.97 0.97
[2.00; 4417]
1CHN 0.95 0.96 0.97 0.95 0.96
[1.76; 4083]
1EKG 0.94 0.97 1.00 0.96 0.96
[1.80; 4342]
IFIL 0.92 0.97 0.99 0.97 0.97
[2.00; 4082]
1GSV 0.94 0.98 0.98 0.96 0.97
[1.75;6321]
1HB6 0.92 0.95 0.95 0.94 0.96
[2.00; 5351]
1HOE 0.94 0.97 0.97 0.95 0.97
[2.00; 1642]
1127 0.92 0.98 0.98 0.96 0.97
[1.02; 5685]
1JF4 0.95 0.97 0.97 0.97 0.98
[1.40;4083]
IRBV 0.94 0.98 0.98 0.97 0.98
[1.80; 4012]
IRNB 0.93 0.96 0.98 0.96 0.95
[1.90; 7126]
1UBI 0.91 0.97 0.99 0.97 0.97
[1.80; 5387]
1ZON 0.92 0.96 0.98 0.95 0.96
[2.00; 4553]
2CI2 0.92 0.98 0.99 0.96 0.97
[2.00; 4974]
2CPL 0.97 0.98 1.00 0.97 0.97
[1.63;2208]
20VO0 0.93 0.97 0.97 0.97 0.97
[1.50; 5473]
3ICB 0.93 0.97 0.98 0.96 0.97
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a) PDB ID code identifying the X-ray structure with which the correlations, R, between
observed and predicted >C* chemical shifts (otherwise noted) were used for each
of the servers. In brackets the resolution at which the protein was solved, and the
BMRB** accession number under which the observed *C* Chemical shifts can be
found. Details for each of the mentioned structures can be found in the cited
manuscript in the PDB web site.

b) Server name used for automatic prediction of the C* chemical shifts. The
agreement is analyzed here in terms of the correlation coefficient R. The R values
are reported with only two digits to facilitate a fast comparison of the results
among servers. All the R values from the servers CheShift, SHIFTX, SPARTA
and SHIFTS include all residues, except the first and last one for CheShift,
SPARTA and SHIFTS. All correlations computed with SHIFTS do not include
predictions for the first and last one as well as for cysteines. If the
inclusion/exclusion of cysteines leads to a significant difference in the R value
computed with the CheShift server, as with protein 4FGF, two correlation
coefficients are reported (see footnote d, below). All R values lower than an
arbitrary selected cut off value of 0.90 are highlighted in red because they indicate
that more than 20% of the observed *C* chemical shifts cannot be explained by a
given protein model and, hence, further analysis may be required.

c) See discussion about the results for this protein in section: Protein IRGE
(Ribonuclease Sa), of the main text. First row shows the correlation coefficient, R,

between observed and predicted *C* chemical shifts. Second row shows, in bold
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face and green color, the correlation coefficient, R, between BC* chemical shift
predictions for molecule A and B, respectively, of IRGE, for each of the servers.
d) There are two values of R listed for prediction by the CheShift server. In the first
one, all residues were included and, in the second one, all cysteines were omitted
from the calculations of R (as with the SHIFTS calculations).
e) The first and second rows of this entry list the R values, obtained from each server,
for protein 411B and 211B, respectively. For a discussion of the results obtained

for this protein, see section: Protein interleukin 1 (human), of the main text.



Table S4

Pairs of X-ray Structures and sets of NMR Structures

b
a BMRB SERVERS
PDB id accession ]
CheShift SHIFTX SPARTA SHIFTS
1A6K 2061 0.94 0.97 0.97 0.96
IMYF(12) 0.95 0.96 0.96 0.96
1BKF 1077 0.93 0.98 0.99 0.96
1FKR(20) 0.95 0.97 0.97 0.96
1cLL’ 1634 0.92 0.97 0.98 0.96
JBBNQI) 0.94 0.98 0.98 0.97
1DMB 1354 0.93 0.98 1.00 0.96
1EZP(10) 0.91 0.96 0.97 0.95
IRGE 1259 0.95 0.98 0.99 0.97
1C54(20) 0.89 0.95 0.95 0.94
1HFC 1064 0.94 0.97 0.99 0.95
4AYK(30) 0.91 0.96 0.98 0.95
1HKA 4290 0.94 0.97 0.99 0.95
1EQ0(20) 0.91 0.96 0.97 0.95
10NC 4371 0.90 0.96 0.99 0.95
1PU3(20) 0.88 0.95 0.97 0.95
IRUV q 2031 0.91/0.92 | 096/096 | 0.99/0.99 0.95
2AAS(32) 0.89/091 | 0.94/096 | 0.96/0.97 0.94
1TOP 2401 0.95 0.97 0.97 0.96
1SKT(40) 0.92 0.97 0.97 0.96
3LZT 4562 0.94/0.95 | 096/097 | 097/0.98 0.95
1E8L(50)° 0.89/091 | 0.95/097 | 0.96/0.97 0.95
411B/ 21“f3 1061 0.87/091 | 0.95/096 | 0.97/0.98 0.95 / 0.94
711B (32) 0.90 0.96 0.97 0.95
5PTI 46 0.95 0.97 1.00 0.98
1UUA(20) 0.93 0.96 0.97 0.96
2C12 1974 0.92 0.98 0.99 0.96
3CI2 (20) 0.93 0.97 0.98 0.96
1UBQ® 6457 0.91 0.98 0.99 0.97
1XQQ (128) 0.95 0.98 0.98 0.98
2395(2())h 6210 0.93 0.95 0.97 0.97
1TGQ (40) 0.87 0.91 0.95 0.95
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a) PDB ID code identifying the X-ray- and NMR-derived conformations, in the first
and second lines, respectively, for each protein. The total number of structures in
the NMR ensemble for which the conformational-average was computed for each
database is given in parentheses.

b) Server name used for automatic prediction of the C* chemical shifts. The
agreement is analyzed here in terms of the correlation coefficient, R,'* between
observed and predicted '*C* chemical shifts. As with Table S3, only two
significant digits are reported for each R value to facilitate the comparison among
the servers. All R values lower than an arbitrary selected cut off, namely 0.90, are
highlighted in red because they indicate that more than 20% of the observed *C“
chemical shifts cannot be explained by a given protein model and, hence, further
analysis may be required.

¢) The observed *C* chemical shifts for the protein Calmodulin (BMRB** accession
1634) were obtained by NMR for Calmodulin complexed with a 26-residue
synthetic peptide, while the X-ray structure was obtained for a peptide-free
Calmodulin at 1.7 A resolution. There are conformational differences between the
X-ray (1CLL) and NMR-derived structures (2BBN) along the whole sequence but
the larger differences occur for the long central helix (residues 65-93, in the X-ray
structure) which is disrupted into two helices connected by a long flexible loop in
the NMR-determined conformations (2BBN).

d) The solution NMR-derived conformations for RNase A (2AAS) and the observed
BC® chemical shifts (BRMB accession 4031) are for the wild-type protein.

However, the X-ray structure (1RUV) was solved at 1.30 A resolution for the
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ribonuclease A-Uridine Vandate (UV) complex. Analysis of the correlation
between the observed >C* chemical shifts (from the wild-type protein) and the
phosphate-free ribonuclease A (7RNS) solved at 1.26 A, shows, not surprisingly,
a slightly better correlation coefficient than IRUV, namely R = 0.92. The close
agreement, in terms of R, between 1RUV (0.91) and 7RNS (0.92) indicates that
both structures are very similar. In fact, the overall rmsd between the C* positions
of these two structures is only 0.2 A, indicating no major conformational change
upon UV binding.”® In other words, the X-ray structure for Ribonuclease A solved
with (IRUV) or without (7RNS) ligand (0.91 and 0.92, respectively) are better
representations of the observed *C® chemical shifts in solution than the NMR-
derived ensemble (2AAS, R = 0.89). For some residues of the ensemble of
conformations of 2AAS the predictions with CheShift fail because those residues
are in high energy regions of the Ramachandran map, for which the DFT method
fails to converge, e.g., Asn34 of conformation N° 12 shows a backbone ¢ = —10.9°
and y = 20.6°. In such cases, the whole conformation was removed from the
analysis using CheShift. Despite this, all of the other servers, namely SHIFTS,
SHIFTX or SPARTA, do predict *C* chemical shifts for residues populating
high-energy regions of the Ramachandran map. The second value in each row, for
the X-ray and NMR-derived conformations, denotes the R value without 8
cysteines in the sequence (for a straightforward comparison with the SHIFTS
predictions which do not include values for cysteines).

e) For a discussion of the results, see section: 4 comparative validation analysis of

proteins 1ESL and 3LZT, of the main text. For each server, except SHIFTS, there
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are two R values for both the X-ray and the NMR-derived models. The first one
was computed by using all residues in the sequence, and the second one without
the cysteines (for a straightforward comparison with the SHIFTS predictions
which do not include values for cysteines).

f) The two values in the first row are the R values obtained for the X-ray structures of
411B and 211B, respectively.

g) For a discussion of the results see section: 4 comparative validation analysis of
proteins 1UBQ and 1XQQ, of the main text.

h) There is no X-ray-derived protein structure here, i.e., both ensembles of
conformations were obtained by NMR-spectroscopy, and the main differences
between these two sets of conformations and the relevance of their analysis was
recently discussed.”® The reported R values belong to a segment of 27 residues,
from Asp 45 to Asp 71 of protein ITGQ (now obsolete) and the corresponding
segment of protein 2B95. In very good agreement with previous calculations,
using the ‘internal standard reference’,*® only the results of CheShift, among all
the servers, indicates that careful attention should be paid to the fold of this
segment in the protein 1TGQ. In other words, this segment of protein 2B95 (R =
0.93) is a significantly better representation of the observed *C* chemical shifts

in solution than 1TGQ (R = 0.87).



Section 111

Approximations used to interpolate computed *C* chemical shift values

24

A Gaussian®’ and a linear interpolation function, described in detail for a one-

dimensional case by Eq. (1) and (2) below, were used to reproduce the DFT results obtained

on a fine grid (see section Approximations used to interpolate computed >C* chemical shift

values, in the main text). The fill-red circles in each panel of Figure S5 correspond to the

results computed using the Gaussian [panels (a)-(b)] and linear [panels (C)-(d)]

interpolations, respectively. Generalization of these equations to higher dimension of the

torsional angle space (i.e. for ¢, v, x1, and y2), as used here, is straightforward. The

frequencies of the error distribution obtained using three-dimensional interpolations are

shown in Figure S6.

1) Gaussian®’ interpolation

2
213C exp[-(x/ Xﬁk)z/S]
Ccnmputed(ll)|¢y/’l = 2 , o (1)
D expl~(x' = 20)" /8]

k=1

13

withn=1,...,16; x =y, and z,° = z/,; and S a Gaussian scale factor.

I1) Linear interpolation

k-1

) 2-k " o
13 szputed (Zl ) | z 13C01 |:Mj| {w} Wlth n= 1,,16,

o Ay, v )

(x> -x)and (g - 7)) equal to Ay, (= 30°) for n = 1and 16, respectively.
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Figure S3. Plot showing rmsd of the protein decoys (open squares), lower than 3 A from the

‘native’ structure (PDB id 1AIL), versus the rmsd (ppm) between observed and predicted

BC* chemical shifts, computed with four different servers, namely (a) CheShift; (b) SHIFTS;
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(¢) SHIFTX; and (d) SPARTA. In each panel, the red-filled circle denotes the ‘native’
structure (1AIL) from which the decoys were obtained; if one decoy shows a lower rmsd

(ppm) than that of the ‘native’ structure, it is denoted by a blue-filled square.
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BC* chemical shifts, computed with four different servers, namely (a) CheShift; (b) SHIFTS;
(¢) SHIFTX; and (d) SPARTA. In each panel, the red-filled circle denotes the ‘native’
structure (1RNB) from which the decoys were obtained; if one decoy shows a lower rmsd

(ppm) than that of the ‘native’ structure, it is denoted by a blue-filled square.
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(¢) SHIFTX; and (d) SPARTA. In each panel, the red-filled circle denotes the ‘native’
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structure (1UBI) from which the decoys were obtained; if one decoy shows a lower rmsd
(ppm) than that of the ‘native’ structure, it is denoted by a blue-filled square. Each of the
open green squares in each panel, were computed from 10 conformations of protein PDB id

1D3Z solved by NMR spectroscopy at very-high resolution.'
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Figure S6. In each panel, the black-filled squares indicate the “observed” values, i.c., the
BC chemical shifts computed on a fine grid, namely with 5 degree steps for 1, using a
small basis set and linearly extrapolated to a large basis set (see Section I, Supporting
Information). The red-filled circles indicated the interpolated *C* chemical shifts, between
the two known values, namely the first and last one of the 30° interval, by using a Gaussian
[panels (a) and (b)] or linear [panels (c) and (d)] interpolation, respectively. For a given set
of (¢, y, x2) torsional angles, there is a total of 9 panels, using an interval of 30° as in the
CheShift database, to fully describe the y1 torsional angle variations (—180°, 180°). Among

all these 9 panels we selected the best and worst results for each of the two interpolation
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methods, i.e., shown in FigureS5 (a) and (b) for the Gaussian and (C) and (d) the linear
interpolation, respectively. Five out of 9 panels for the linear interpolations are ‘similar’ to
the results shown in Figure S5 (C); the good performance of the linear interpolation is

reflected in the standard deviation, o, of the frequency of the error distribution [see Figure S7

(b)].
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Figure S7. Each panel denotes the frequency of the error distribution, between the
“observed” '*C* chemical shifts and those computed by using (a) Gaussian or (b) linear
interpolation. The frequency of the error distribution can be fitted by a Gaussian curve with
the mean value, x,, and standard deviation, ¢ shown in the inserted panels of each Figure. A

total of 2,500 conformations of Ser were evaluated, by sampling the ¢ and y every 2° and y 1
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every 5°, in the following torsional angle ranges (—150% —160°), (160°, 170°) and (—180°,
180°), respectively. The computed interpolation values were obtained by using a three-

dimensional generalization of Equations (1) and (2) of Section III.
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