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Abstract: The purpose of this work is to test several density functional models (namely, OPBE, O3LYP, OPW91,

BPW91, OB98, BPBE, B971, OLYP, PBE1PBE, and B3LYP) to determine their accuracy and speed for computing
13Ca chemical shifts in proteins. The test is applied to 10 NMR-derived conformations of the 76-residue a/b protein

ubiquitin (protein data bank id 1D3Z). With each functional, the 13Ca shielding was computed for 760 amino acid

residues by using a combination of approaches that includes, but is not limited to, 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. As computation of the 13Ca chemical shifts, not their shielding, is the main goal of

this work, a computation of the 13Ca shielding of the reference, namely, tetramethylsilane, is investigated here and

an effective and a computed tetramethylsilane shielding value for each of the functionals is provided. Despite

observed small differences among all functionals tested, the results indicate that four of them, namely, OPBE,

OPW91, OB98, and OLYP, provide the most accurate functionals with which to reproduce observed 13Ca chemical

shifts of proteins in solution, and are among the faster ones. This study also provides evidence for the applicability

of these functionals to proteins of any size or class, and for the validation of our previous results and conclusions,

obtained from calculations with the slower B3LYP functional.
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Introduction

It is well known that the backbone and side-chain conformations

of a residue are influenced by interactions with the rest of the

protein but, once these conformations are established by these

interactions, the 13Ca shielding of each residue depends, mainly,

on its backbone1–3 and its side-chain4–9 conformation, with no

significant influence of either the amino acid sequence6,8–10 or

the position of the given residue in the sequence.10 These prop-

erties, together with the fact that 13Ca is ubiquitous in proteins,

make this nucleus an attractive candidate for computation of the-

oretical chemical shifts at the quantum chemical level of theory

to determine, refine, and validate protein structures.10–12

For an accurate computation of observed chemical shifts in

proteins, it is very important to determine the influence of fac-

tors that affect 13Ca-shielding. For example, we have recently

investigated the sensitivity of the shielding/deshielding of 13Ca

nuclei to changes in the protonation/deprotonation of distant ion-

izable groups.12 Once these factors have been identified and

properly considered, a more important test is to determine the

accuracy and speed of the computation of the 13Ca-shielding

which are limited by the ability of the density functional model

adopted.

Density-functional theory (DFT)13 has become the choice for

first-principles quantum chemical calculations of the electronic

structure and properties of many molecular and solid systems.
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There is, however, a large number of DFT methods in the litera-

ture because the exact exchange-correlation functional is

unknown, making it essential to pursue more and more accurate

and reliable approximate functionals, a process which, on the

other hand, depends on the applications. Selection of the most

appropriate DFT method for a particular application becomes

one of the main problems of DFT methods. To the best of our

knowledge, tests of the most appropriate DFT method with

which to compute chemical shifts have been carried out only for

small, and mainly rigid, molecules but not for proteins which

exist as an ensemble of conformations in solution. The reason

for this is that the factors affecting the shielding in proteins

depend strongly on the nuclei to be studied (1Ha, 1HN, 13C0, 17O,
15N, 13Ca, etc.). Thus, among all of them, the 13Ca chemical

shifts emerges as one of the most accessible for computational

purposes because of the properties mentioned earlier.1–10 These

properties enable us to develop a method to compute 13Ca chem-

ical shifts in proteins of any class and size rapidly and effi-

ciently. The selection of the most appropriate density functional,

however, is at the core of this method. The main goal of the

present work is to determine the most reliable DFT method with

which to compute the 13Ca chemical shifts, not the shielding,

and the transferability of the results to study proteins of any size

and class, accurately and rapidly.

Thus far, we have been using the B3LYP functional in all

our previous studies9–12 because there was evidence14 indicating

that this functional is one of the most accurate with which to

compute 13C chemical shifts. Lately, however, several new DFT

functionals have been developed and, hence, new evidence15 has

been presented indicating that some of the recently developed

functionals, such as OPBE and OPW91 perform significantly

better than B3LYP. Recently, Wu et al.15 explored the ability of

21 functionals to reproduce the observed 15N, 13C, 17O, and 19F

chemical shifts from 23 small molecules, and carried out a

detailed comparison with existing results from other laboratories.

Wu et al.15 concluded that, ‘‘. . .OPBE or OPW91 is a good DFT

functional currently available for the prediction of NMR

data. . .’’ In proteins, however, the observed 13Ca chemical shifts

represent the contributions from several conformers that coexist

in solution and, hence, a discussion of the ability of different

functionals to reproduce the observed 13Ca chemical shifts in

solution must consider such dispersion in the conformations of

the molecule explicitly. To take this effect into account, a set of

11 conformations of the 76-residue protein ubiquitin, solved at

high accuracy, were chosen, namely, 10 of them are NMR-

derived16 protein data bank (PDB code 1D3Z), shown in Figure

1a, and one is X-ray-derived17 at 1.8 Å resolution (PDB code

1UBQ). The 10 density functionals tested here are OPBE,

O3LYP, OPW91, BPW91, OB98, BPBE, B971, OLYP,

PBE1PBE, and B3LYP. These 10, out of 21 studied by Wu

et al.,15 are those for which the mean absolute deviation (MAD)

between computed and observed 13C shielding was lower than

5.2 ppm (as for B3LYP). In other words, all functionals dis-

playing a MAD better than that of B3LYP were chosen to be

tested.

The test proposed here is very CPU time consuming, and this

is one of the reasons to limit the number of functionals to be

tested. For example, for each of the 10 functionals studied here,

760 DFT calculations with the 6-3111G(2d,p) basis set are car-

ried out, whereas each of the 21 functionals in the analysis of

Wu et al.,15 were tested on only 32 small molecules (using the

same basis set).

It is worth noting that 13Ca chemical shifts, not absolute

shielding, are the primary focus of this work because 13Ca chem-

ical shifts from proteins are determined with high accuracy in

NMR experiments and they are the main goal of quantum

chemical research. Hence, the ability of the functionals to

reproduce the observed 13Ca chemical shifts for each of the 76

residues of protein ubiquitin was evaluated here by a test that

includes: the standard deviation (SD) and the correlation coeffi-

cient18 (R) between observed and computed conformational-

averaged 13Ca chemical shifts; the characteristic mean (xo), and
SD (r) of the Normal (or Gaussian) fit of the frequency of the

error distribution; the conformational average root-mean-

square-deviation (ca-rsmd)10; and the average-total CPU time,

i.e., an average over all 76 residues in the sequence from con-

formation one of 1D3Z. As a protein in solution exists as an

ensemble of conformations, the ca-rmsd was adopted as a

scoring function, rather than the individual or the mean, rmsd

value, because the ca-rmsd provides a better representation of

the physical nature of the observed 13Ca chemical shifts in

solution.10

Given that our interest is in the 13Ca chemical shifts, not

their shielding, a computation of an accurate value for the

shielding of the reference, namely, tetramethylsilane (TMS), is

crucial and, hence, these shielding values will be computed here

by using two independent methods, and the results of such cal-

culations will be included in the evaluation. Unfortunately, com-

putation of the shielding of TMS is a nontrivial problem because

it is a large molecule, the geometry is complicated and account

must be taken of vibrational and rotational averaging for a spe-

cific temperature19 in calculating the shieldings. Moreover, the

shielding of the reference TMS molecule should be calculated

with the same computational parameters used for the desired

system, in particular, the basis set of each selected exchange-

correlation functional and the convergence cutoff must be

included.

Materials and Methods

Experimental set of Structures

The experimental set of structures for ubiquitin contains 11 con-

formations experimentally determined by high-resolution X-ray

crystallography17 and NMR methods,16 and their coordinates

were obtained from the PDB.20 These proteins are identified by

a four-symbol PDB code, namely, 1UBQ for the X-ray-derived

conformation and 1D3Z for the 10 NMR-derived conformations.

The 76 observed 13Ca chemical shifts can be found in the Bi-

ological Magnetic Resonance Data Bank under accession num-

ber 6457. Conversion of the computed TMS-referenced values

for the 13Ca chemical shifts to the 3-(trimethylsilyl) propionate

sodium salt (TSP) used as the reference during the NMR experi-

ments were carried out by adding 1.82 ppm to the computed

TMS values.21
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Method Used to Compute the 13Ca Chemical Shifts

in Ubiquitin

The computations involve a series of approximations described

later. All the experimentally determined conformations were

regularized as explained10,11 previously, i.e., all residues were

replaced by the standard ECEPP/322 residues in which bond

lengths and bond angles are fixed (rigid-body geometry approxi-

mation), and hydrogen atoms were added, if necessary.

For each amino acid residue X in the protein sequence (a) it

is assumed that the observed 13Ca chemical shift is a conforma-

tional-averaged one [see eq. (2)]; (b) computation of the 13Ca

shielding was carried out on a terminally blocked tripeptide with

the sequence Ac-GXG-NMe in the conformation of the regular-

ized experimental protein structure10; (c) computation of the
13Ca shielding was carried out with a 6-3111G(2d,p) locally

dense basis set, whereas the remaining residues in the tripeptide

were treated with a 3-21G basis set10; (d) all ionizable residues

were considered neutral during the gas-phase quantum chemical

calculations12; (e) no geometry optimization is necessary as such

optimization by ab-initio (HF) or DFT methods has only a small

effect on the computed chemical shifts4,23; (f) the computed
13Ca shieldings (rsubst,th) were converted to 13Ca chemical shifts

(d) by employing the equation dth 5 rref 2 rsubst,th, where the

indices denote a theoretical (th) computation, the reference sub-

stance (ref), and the substance of interest (subst), i.e., the 13Ca

shielding of a given amino acid residue X. Initially, as a value

Figure 1. (a) Ribbon diagram of the superposition of 10 NMR-derived conformations of the protein

ubiquitin (PDB id: 1D3Z); (b) bars indicate the frequency of the error distribution, computed assuming

a reference TMS value of 188.10 ppm, within a 60.5 ppm interval between predicted and computed
13Ca chemical shifts (with the OB98 functional) from 10 conformations of ubiquitin (PDB code:

1D3Z) as explained in the Materials and Methods section. The distribution was generated by binning

the data between 22 and 13 ppm. The solid red line represents the fitting of the data, only for the

range of values provided, by a Gaussian (or Normal) distribution. The values of the mean, xo, and the

standard deviation, r, for the Gaussian (or Normal) distribution are inserted in the panel; (c) same as

(b) but assuming an effective TMS value of 184.50 ppm, rather than 188.10 ppm used in (b).
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for the reference, the observed shielding value of TMS in the

gas phase,24 namely, 188.1 ppm, was adopted.

Computation of the Conformationally Averaged rmsd

Computation of this scoring function relies on the following

assumption: a protein in solution exists as an ensemble of con-

formations. As a consequence, we can assume that the observed

chemical shifts 13Ca
observed;l for a given amino acid l can be

interpreted as a conformational average over different rotational

states represented by a discrete number of different conforma-

tions, all of which satisfied the NMR constraints, such as NOEs,

vicinal coupling constants, Residual Dipolar Coupling constants,

etc., from which the conformations were derived.10 Thus, we can

compute the following quantity: 13Ca
computed;l ¼ PX

i¼1 ki
13Ca

l;i,

where 13Ca
l;i is the computed chemical shift for amino acid l in

conformation i out of X protein conformations (X 5 10 in this

work), and ki is the weight (Boltzmann) factor for conformation

i, with the condition
PX

i¼1 ki � 1. It is not feasible, however, to

determine ki at the quantum chemical level, with the existing com-

putational resources and, hence, some additional approximation

must be adopted. In this work, we assume that, under conditions of

fast conformational averaging, the following equality holds ki 5 1/

X, i.e., all weight factors contribute equally. Hence, for each amino

acid l, we define an error function:

Da
l ffi ð13Ca

observed;l � h13Ca
computedilÞ; (1)

with

h13Ca
computedil ¼ ð1=XÞ

XX
i¼1

13Ca
l;i (2)

where 1� l�N, with N being the number of observed 13Ca chemi-

cal shifts (N 5 76 for ubiquitin). Then, the conformationally aver-

aged rmsd (ca-rmsd) is defined as10:

ca-rmsd ¼ ½ð1=NÞ
XN
l¼1

ðDa
lÞ2�1=2 (3)

and

hrmsdi ¼ ð1=XÞ
XX
i¼1

rmsdi (4)

For a single structure, as an X-ray-derived one, X 5 1, and

hence,

ca-rmsd � rmsd

¼ ð1=NÞ
XN
l¼1

ð13Ca
observed;l � 13Ca

computed;lÞ2
" #1=2

(5)

Computation of the Averaged-CPU Time

The averaged computational time for a given functional, listed

in Table 1, was computed as an average over all 76 residues of

conformation one out of 10 of 1D3Z:

Averaged CPU time ¼ ð1=NÞ
XN
l¼1

Tl with N ¼ 76 (6)

where Tl represent the total CPU time (in seconds) for residue

l, as reported by the output file of the Gaussian 03 suite of pro-

grams.25 All DFT calculations were carried out in a system with

64 1.15 GHz EV7 processors with 256 Gbytes of shared mem-

ory located at the Pittsburgh Supercomputing Center.

Determination of Two Sets of TMS Values

Two independent methods were used to compute the shielding

values of TMS.

Determining an Effective TMS Shielding Value

By adopting the observed TMS value of 188.124 ppm as a refer-

ence, it is possible to find the characteristic mean (xo) and SD

(r) of the Normal (or Gaussian) fit of the frequency of the error

distribution, computed by eq. (1), for each of the 10 functionals.

For all functionals, the characteristic mean value (xo) appears

displaced from the ideal value of 0.0 by a positive, or negative,

amount. This is illustrated in Figure 1b for OB98 where a value

of xo 5 3.6 ppm is shown. This indicates that, for any of the 10

functionals tested here, a straightforward use of the observed

TMS shielding value (188.1 ppm) is not an appropriate reference

if no further corrections are introduced. Hence, for each func-

tional it is feasible to find an ‘‘effective’’ TMS shielding value

for which the Normal (or Gaussian) fit shows a zero displace-

ment, i.e., an effective TMS value that gives a value of xo 5
0.0. In other words, by subtracting 3.6 ppm (see the value of xo
in the panel of Fig. 1b) from 188.1 ppm and recomputing the

Gaussian fit with an effective TMS value of 184.5 ppm gives xo
5 0.0 (see the panel of Fig. 1c). The effective values, computed

with this procedure are listed in Table 1, for all functionals.

Table 1. Effective TMS Value for the 10 Density Functionals.

Densitya functional

TMSb (ppm)

Effective Computed

OPBE 190.82 188.68

O3LYP 186.61 185.29

OPW91 190.30 188.29

BPW91 182.25 182.96

OB98 184.50 184.79

BPBE 182.79 183.38

B971 185.29 185.53

OLYP 185.56 184.76

PBE1PBE 187.98 187.32

B3LYP 181.90 182.47

aList of functionals for which the 13Ca shielding for TMS was computed.

Those functionals showing a difference between computed and effective

TMS lower than 0.3 ppm are highlighted in bold face.
bThe values from the columns effective and computed TMS were

obtained as described in ‘‘Materials and Methods’’ section.
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Computing a TMS Shielding Value

For each selected functional, the TMS shielding value was com-

puted with the 6-3111G(2d,p) basis set by first carrying out an

extremely tight geometry optimization26,27 of the fully staggered

conformation in Td symmetry. Table 1 shows the results of the

computed TMS shieldings (as opposed to the effective TMS

shieldings) for each of the 10 functionals. All calculations were

performed with the Gaussian 03 suite of programs.25

There is good agreement between both the computed and

effective sets of values listed in Table 1, and a detailed analysis

concerning the observed differences is given later in the results

and discussion section.

About the Selected Density Functionals

We have used 10 different exchange-correlation functionals,

denoted as OPBE, O3LYP, OPW91, BPW91, OB98, BPBE,

B971, OLYP, PBE1PBE, and B3LYP.28–37

For these density functional methods, the correlation func-

tional is taken from either Lee-Yang-Parr (LYP),28,29 Perdew-

Wang (PW91),30–34 Perdew-Burke-Ernerhof (PBE),35,36 or

Becke’s revisions of the B9737,38 functional, namely, B98,38

whereas the exchange functional is from either Becke’s three-

parameters HF/DFT hybrid exchange functional (B3),39 Becke’s

pure DFT exchange functional (B),40 or Handy and Cohen’s

OPTX modification of Becke’s exchange functional (O)41 and

its corresponding three-parameter HF/DFT hybrid exchange

functional form (O3).42 B97143 is a hybrid HF/DFT functional

proposed by Handy, Tozer and coworkers as a modification of

the B97 functional.37,38 PBE1PBE (also known as PBE0) is a

hybrid HF/DFT functional based on the generalized gradient

approximation (GGA) which combines PBE36,37 exchange-corre-

lation with exact exchange using a one-parameter equation.37

Results and Discussion

Analysis of the Effective and Computed

TMS Shielding Values

The determination of a proper TMS value for each functional is

crucial for an accurate computation of the 13Ca chemical shifts

because, among other reasons, it will enable us to minimize the

presence of systematic errors which might bias the chemical

shift-based analysis. From this point of view, the effective TMS

value provides the most accurate approach to solve the problem

because it will not require arbitrary further adjustments. On the

other hand, because the 13Ca shielding of any amino acid residue

is computed by a using a series of approximations, as described

in the Materials and Methods section, the effective TMS value

adopted might, or might not, be associated with any physically

reasonable TMS geometry. Table 1 shows a comparison for

each of the computed and effective TMS values (as described in

the Materials and Methods section). From Table 1, it can be

seen that, for the first three functionals, namely, OPBE, O3LYP,

and OPW91, the difference between ‘‘effective’’ and ‘‘com-

puted’’ TMS values is greater than 1.3 ppm while, for the

remaining seven, is lower than, or equal to, 0.8 ppm. For two of

them, namely, OB98 and B971, the differences are lower than

0.3 ppm. Table 2 shows the TMS optimized geometry, from

which the TMS shielding values listed in Table 1 were obtained,

for each of the 10 functionals and how these geometry values

compare with the molecular geometry derived from electron dif-

fraction data by Campanelli et al.44 (footnote b of Table 2).

From both Table 1 and 2, we conclude that, for most of the

functionals, but in particular for OB98 and B971, the

‘‘effective’’ TMS shielding value can be associated with an

experimentally observed TMS geometry, i.e., with a structure

determined from gas-phase electron diffraction data.

Transferability of the Results

Once the residue conformations are established by their inter-

actions with the rest of the protein, the 13Ca shielding of each

residue depends, mainly, on its backbone and its side-chain con-

formation, with no significant influence of either the amino acid

sequence or the position of the given residue in the sequence.

This observation, discussed in the Introduction section, is crucial

for the current methodology. In fact, it allows us to parallelize

the 13Ca shielding calculations in proteins, making it feasible.

Furthermore, it also means that a given set of highly accurately

determined amino acid residue conformations, representing the

accessible conformational space for all the 20 naturally occur-

ring amino acids and showing a good distribution of side-chain

conformations, will constitute a reasonable ensemble with which

to carry out tests for the current methodology. In other words,

the results of such tests will not depend on whether such ensem-

bles of residue conformations belong to a single or to many pro-

teins and, hence, their results should be transferable to proteins

of any class or size.

For this purpose, the ubiquitin protein was chosen. It contains

18 out of the 20 naturally occurring amino acid residues, i.e.,

without Cys and Trp, with their residue backbone torsional

Table 2. Geometry of TMS.a

Density functional

Parameters of the calculated TMS geometryb

Si��C (Å) C��H (Å) Si��C��H (degrees)

OPBE 1.874 1.092 111.19

O3LYP 1.890 1.097 111.15

OPW91 1.894 1.100 111.19

BPW91 1.890 1.100 111.22

OB98 1.894 1.100 111.19

BPBE 1.886 1.096 111.18

B971 1.896 1.097 111.24

OLYP 1.879 1.094 111.12

PBE1PBE 1.886 1.093 111.23

B3LYP 1.874 1.093 111.18

aObtained from the TMS optimized geometry, as described in the ‘‘Mate-

rials and Methods’’ section.
bThe experimental data for the TMS molecular geometry from an elec-

tron diffraction study44 is: 1.877 6 0.004 Å, for the Si��C bond length;

1.110 6 0.003 Å, for the C��H bond length; and 111.08 6 0.28, for the

Si��C��H bond angle. As noted by Campanelli et al.44 these experimen-

tal data are consistent with a model of Td symmetry.
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angles populating the a-helical, b-sheet, turn and extended

regions of the Ramachandran map for a given amino acid resi-

due. These residues display a significant variability of side-chain

conformations among the different conformers of 1D3Z (see the

rmsd’s in Fig. 2a). Thus, we expect that all conclusions obtained

here, regarding the ability of different functionals to reproduce

the observed 13Ca chemical shifts of proteins in solution, to be

transferable to proteins of any size or class.

Figure 2. (a) Bars indicate the per-residue all-heavy atoms side-chain rmsd (Å) between the 10 mod-

els of 1D3Z, i.e., by adopting model 1 as reference; (b) Green bars indicate the rmsd (ppm) between

observed and computed 13Ca chemical shifts as described in the Materials and Methods section for

each of the 10 conformations of ubiquitin (PDB code: 1D3Z). The red vertical bar indicates the rmsd

(ppm) computed for the X-ray-derived structure of ubiquitin (PDB code: 1UBQ). The horizontal dotted

line represents the mean value for the rmsd computed from the 10 NMR conformations of ubiquitin.

The solid horizontal line indicates the ca-rmsd value computed from the 10 conformations of 1D3Z

(as explained in the Materials and Methods section). All these results were obtained by using the

B3LYP functional10; (c) as (b) but with the OB98 functional.
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Statistical Analysis Among the Selected Functionals

A comparison between different parameters adopted to decide

on the best functional is shown in Table 3.

The frequency distribution of the errors for each functional,

computed with eq. (1), can be modeled by a Normal (or Gaus-

sian) function with a characteristic mean (xo 5 0) and SD (r),
and the results for r are shown in Table 3. Instead of using the

type of analysis used for small molecules,14,15 in which the max-

imum and minimum errors between computed and observed
13Ca chemical shift are frequently reported, we prefer to discuss

the frequency of the error distribution. In other words, the fre-

quencies of the error distribution for ubiquitin, rather than the

maximum or minimum errors are the most important quantities

with which to assess the quality of the functionals. For example,

Figure 1c shows that the highest errors are �10 ppm; their fre-

quency, however, is very low. In fact, due to the Gaussian distri-

bution of the frequency of the errors, 99.7% of these errors lie

within 3r, i.e., with a Da � 4.8 ppm for calculations carried out

with the OB98 functional. This result also highlights the rele-

vance of the SD (r) in the assessment of the functionals. From

Table 3, some dispersion of r values, namely, 1.59 � r � 1.84

can also be seen. This range of r values is within the range of

the SD (0.90 ppm � r � 2.25 ppm) observed by Wang and Jar-

detzky45 for 13Ca chemical shifts (from a database containing

more than 6000 amino acid residues in the a-helix, b-sheet, and
statistical-coil conformations).

Regarding a comparison between observed and computed
13Ca chemical shifts, Table 3 shows that there are five function-

als, namely, OPBE, O3LYP, OPW91, OB98, and OLYP, which

behave very similarly in their ability to reproduce the observed
13Ca chemical shifts, in terms of the ca-rmsd, accurately for

ubiquitin in solution. In summary, we observe that, although

OB98 appears to be slightly better than any other functional in

terms of R and SD, other functionals such as OPBE, O3LYP,

OPW91, and OLYP are slightly better in terms of ca-rmsd.

The assessment was intended to find not only the most accu-

rate functional with which to reproduce the observed 13Ca chem-

ical shifts in solution but also the faster ones, in terms of CPU

time, because the CPU time could severely limit the applicabil-

ity for proteins. In fact, this is crucial for applications such as

determination, validation, and refinement for which the 13Ca

chemical shifts must be computed for several dozens of confor-

mations of, usually, molecules containing more than 60–70 resi-

dues. The averaged-CPU time listed in Table 3 (computed as

indicated in the Materials and Method section) can be used to

classify all 10 functionals into two groups: first, those for which

the averaged computational time of the 13Ca chemical shifts for

all 76 residues, for a given conformation of the protein ubiqui-

tin, would take �1 hour (highlighted in bold face in Table 3),

such as OPBE, OPW91, BPW91, OB98, BPBE, and OLYP, and

second, those for which the same calculation takes twice the

time (�2 hours), as for hybrid DFT/HF exchange functionals

O3LYP, B971, PBE1PBE, and B3LYP. The significant CPU

time difference among functionals clearly indicates the need to

consider the timing during the final evaluation.

A Comparison Regarding Results Obtained with

OB98 and B3LYP

The main goal of this work is to determine the most accurate,

and rapid, DFT functional model with which to compute 13Ca

chemical shifts in proteins. Once this new functional has been

selected, it is necessary to determine whether the results

obtained earlier9–12,23 with B3LYP have to be revisited. In order

to answer such an important question, we carried out a series of

analyses involving only two functionals, namely, OB98 and

B3LYP. This comparison is very important because B3LYP has

been used extensively during the last few years for determina-

tion and validation of protein structures in our laboratory.10–12,23

On the other hand, OB98 was arbitrarily chosen among a group

of four functionals, namely, OPBE, OPW91, OB98, and OLYP,

that show very similar accuracy and CPU time according to the

results shown in Table 3.

A comparison of the rmsd distribution for each of the 10

NMR-derived (1D3Z) conformations (green bars) and the X-ray-

derived structure, solved at 1.8 Å resolution (red bar) by using

B3LYP,10 is shown in Figure 2b; a similar analysis with OB98

is shown in Figure 2c. The dashed and solid black horizontal

lines represent the corresponding averaged ca-rmsd and the

hrmsdi, computed by using eqs. (3) and (4), respectively, for

the 10 NMR-derived conformations. Despite the differences seen

in the heights of the bars in Figures 2b and 2c, which are not

Table 3. Statistical Analysis for Application of 10 Density Functionals

to Ubiquitin.

Densitya Functional Rb SDc (ppm) Ca-rmsdd (ppm) CPU Timee (s)

OPBE 0.902 2.04 (1.72) 2.12 3475.97

O3LYP 0.905 2.01 (1.69) 2.16 6587.23

OPW91 0.903 2.03 (1.69) 2.12 3488.24

BPW91 0.908 1.99 (1.60) 2.30 3624.62

OB98 0.908 1.98 (1.62) 2.19 3559.61

BPBE 0.907 1.99 (1.59) 2.30 3605.91

B971 0.905 2.02 (1.80) 2.22 6531.22

OLYP 0.906 2.00 (1.60) 2.18 3668.72

PBE1PBE 0.902 2.04 (1.84) 2.21 6767.88

B3LYP 0.905 2.01 (1.70) 2.34 6686.93

aThis column contains the list of the 10 functionals tested in this work.

The best result for each functional (in terms of these parameters) is high-

lighted in bold face in Columns 2–4.
bThe correlation coefficient, R, (or Pearson coefficient) between the

observed and the conformational-averaged 13Ca chemical shifts, com-

puted with eq. (2), for each of the functionals listed in Column 1.
cStandard deviation of the computed conformational-averaged 13Ca

chemical shifts from a linear regression. The standard deviation (r) of

the Normal (or Gaussian) curve that fits the frequency of the error distri-

bution computed by using an effective TMS value as given by Table 2

(see ‘‘Materials and Methods’’ section) is shown in parentheses.
dCa-rmsd was computed by using eq. (3), as described in the ‘‘Materials

and Methods’’ section. For each functional, the ca-rmsd was computed

by using the effective TMS value listed in Table 1.
eAveraged-CPU time computed by using eq. (5) from conformation 1

out of 10 conformations of 1D3Z. The CPU times that, on average,

require~1 h are set in bold face.
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relevant for the purpose of the current analysis, the results

obtained with OB98 (Fig. 2c) follow the same trend observed

with the calculations carried out previously with the B3LYP

functional (Fig. 2b),10 except for the relative values of rmsd

between conformations seven and eight. Even more important,

the use of either B3LYP or OB98 leads to the same conclusion:

the NMR-derived set of conformations appears to be a better

representation of the observed 13Ca chemical shifts in solution

than the X-ray structure. Regarding this comparison, it is inter-

esting to note that the gap (0.4 ppm) between the rmsd value for

the X-ray (2.6 ppm) and the ca-rmsd (2.2 ppm), computed, with

OB98 is twice the corresponding one (0.2 ppm) computed with

the B3LYP functional.10 As the 10 NMR-derived conformations

and the X-ray-derived structure are very similar among them-

selves, i.e., with an averaged backbone all-heavy atoms rmsd of

0.97 6 0.41 Å, this result suggests that OB98 is more sensitive

than B3LYP to discriminate subtle differences among the NMR-

derived conformations and the X-ray structure.

Finally, Figure 3 shows the correlation existing between the

averaged 13Ca chemical shifts values, computed for the 10 con-

formations of 1D3Z computed with the eq. (2), for the OB98

and B3LYP functionals. The excellent correlation coefficient

obtained (R 5 0.998) and the low SD (0.3) provides evidence

that the results and conclusion obtained by using B3LYP do not

need to be revisited if the OB98 functional is adopted.

Conclusions

Our test with 10 NMR-derived conformations (1D3Z) of the pro-

tein ubiquitin, solved at high-accuracy, focuses on the ability of

the 10 selected exchange-correlation functionals to reproduce the

observed 13Ca chemical shifts, not their shielding. The calcula-

tions were always carried out with the 6-3111G(2d,p) basis set

by using the Gaussian 03 suite of programs,25 and some approxi-

mations to make such calculations feasible for proteins were

adopted here. The main result of this test indicated that four of these

functionals, namely OPBE, OPW91, OB98, and OLYP behave sim-

ilarly in their ability to reproduce the observed 13Ca chemical shifts

in proteins accurately, and faster than other functionals.

This conclusion is in line with the analysis of Wu et al.15 of

the agreement between observed and computed 13C chemical

shifts from small molecules, indicating that OLYP and OB98

are, together with OPBE and OPW91, among the best 21 DFT

functionals analyzed. Their results illustrate that the OLYP and

OB98 functionals show very similar minimum (0.0 and 20.1

ppm, respectively) and maximum errors (6.0 and 6.3 ppm,

respectively) between observed and computed chemical shifts to

those from OPBE and OPW91 (see Table 4 of Wu et al.15).

There is a small difference15 in terms of the MAD with respect

to the observed chemical shifts, namely, 2.0 for OPBE and

OPW91 and 3.0 and 2.9 for OLYP and OB98, respectively. It is

worth noting that, from the analysis of Wu and coworkers,15

O3LYP shows comparable accuracy with that of OPBE and

OPW91, namely, with a minimum and maximum error of 0.3

ppm and 7.1 ppm, respectively, and a MAD value of 2.4. How-

ever, Wu and coworkers15 do not include the CPU time in their

test, although it is crucial for treatment of larger molecules such

as proteins. In other words, although O3LYP also shows compa-

rable accuracy with that of OLYP and OB98 in our test (see Ta-

ble 3), O3LYP is significantly more CPU time-consuming than

OLYP and OB98 and, hence, it is not recommended for calcu-

lating 13Ca chemical shifts of proteins. This result should not be

surprising because GAA functionals such as the OPBE, OPW91,

OLYP, and OB98 functionals are faster, by construction, than

hybrid functionals such as O3LYP, because coupled-perturbed

equations are actually uncoupled in GGA functionals.

In summary, we have been able to show that (a) a test

involving several conformations for a protein, not small mole-

cules, is feasible; (b) computation of the 13Ca chemical shifts by

using one of the four functionals, namely, OPBE, OPW91,

OB98, and OLYP leads to more accurate results than any other

functional tested here on 10 conformations of ubiquitin, without

requiring a significant increase in computational cost, as with

O3LYP; (c) the above conclusions, based on a consideration of

ubiquitin structures, should be transferable to the computation of

the 13Ca chemical shifts for protein structures of any size or

class; (d) the results, and therein, the conclusions derived from

the use of B3LYP should not be revisited if any of these four

functionals were adopted; (e) our results, in full agreement with

those from an analysis15 of small molecules, indicate that

B3LYP does not represent the best approximation for computing
13Ca chemical shifts in proteins; this conclusion is also in line

with that of Hoe et al.46 who pointed out that BLYP should be

considered out-dated for computational chemistry and recom-

mended OLYP instead; and (f) The GGA functionals such as

PBE, PW91, LYP, and B98, using Handy’s optimized exchange

functional (OPTX),41 consistently provide the best performance

for both magnetic shieldings and chemical shifts, suggesting the

importance of a good exchange functional to obtain a good pre-

diction of NMR observables.15

Figure 3. Correlation between average, h13Cai, chemical shifts com-

puted from the 10 conformations of ubiquitin (PDB code: 1D3Z) by

using eq. (2) with B3LYP versus the same value computed with the

OB98 functional. The line represents the linear regression. Values

for the correlation coefficient (R) and the standard deviation from

the linear regression SD are inserted in the panel.
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In conclusion, the results of this work indicate that accurate

and fast quantum chemistry calculations of the 13Ca chemical

shifts in proteins can be obtained by adopting any of the four

functionals recommended here, namely, OPBE, OPW91, OB98,

or OLYP, in combination with the corresponding TMS shielding

value listed in Table 1.
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