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A physics-based method aimed at determining protein structures by using NOE-derived distances together
with observed and computédC chemical shifts is proposed. The approach makes uséCsfchemical

shifts, computed at the density functional level of theory, to obtain torsional constraints for all backbone and
side-chain torsional angles without makiagriori use of the occupancy of any region of the Ramachandran
map by the amino acid residues. The torsional constraints are not fixed but are changed dynamically in each
step of the procedure, following an iterative self-consistent approach intended to identify a set of conformations
for which the computed®C® chemical shifts match the experimental ones. A test is carried out on a 76-
amino acid, alle-helical protein; namely, thBacillus subtilisacyl carrier protein. It is shown that, starting

from randomly generated conformations, the final protein models are more accurate than an existing NMR-
derived structure model of this protein, in terms of both the agreement between predicted and d8&erved
chemical shifts and some stereochemical quality indicators, and of similar accuracy as one of the protein
models solved at a high level of resolution. The results provide evidence that this methodology can be used
not only for structure determination but also for additional protein structure refinement of NMR-derived
models deposited in the Protein Data Bank.

Introduction chemical level of theory. Actually3C* and*3C? chemical shifts
have been used, together with other types of measurements, in

protein structure determinations based on traditional NMR
42716

Traditional NMR investigations of protein structure in solu-
tion make use of th&*C chemical shifts to identify secondary-
structure regions in a coarse-grained manner and quantitativeProcedure
use of NOEs, vicinal coupling constants, and backbone dipolar ~ Since chemical shifts can generally be measured with less
couplings to obtain three-dimensional structures. We present aeffort than either NOEs Wy coupling constanty it is highly
method that eXplOitS distances derived from nuclear Overhauserdesirab|e to deve|op procedures that can use chemical-shift
effects (NOEs) and™*C chemical shifts without resorting to  jnformation for protein structure determination in an effective
other experimental data (such as vicinal coupling constants O manner, that is, by predicting tHéC* chemical shifts at the

backbone residual dipolar couplings) to determine protein guantum chemical level of theory, without use of information

structure; the method can also be used for further refinement | _ . . . . )
’ . ..~ _derived from conformational shifté\p(*3C)], which are defined
of structures that have already been determined by the tradltlonalas the deviation of the observaite and13C? chemical shifts

methods. In the methodology presented hereldge chemical _ . e X =
shifts are computed at the density functional theory (DFT) level fro.m thelr correspondmg statistical-coil valu@g)r gmplrlcal-
to identify conformations whose chemical shifts match the Shielding-surface-derivet},or precomputed shielding-surface-
experimental ones. derived informatiort® Such a procedure is presented here.

This methodology, validated on 10,564 residues from 139  Since torsional constraints can be obtaineddibbackbone
conformations of the human protein ubiquitimelies on the (¢, v) and side-chain torsional angles (not on}) in the
fact that the!*C* chemical shifts of a given residue are procedure proposed here, this method is expected to lead to a
insensitive to neighboring residues in the amino acid sequihce;  more precise characterization of the conformational distributions
that their values depend on both the backbone torsignaj) for the backbone, as well as for the side chains of the amino

A . : : s _ _ -nain: _
tahn(: ttr:]:l%ger::hal_n t;)rﬁ!?tn?j.f?) atr)lgtlvt\e/s of ;‘ ?_lveln read;ii?, " acid residues on both the surface and the interior of a protein.
a chemical shifts differ betweemrhelical angg-shee Moreover, this procedure does not restrict the assignment of

conformationsi®!'and that thé3C* nucleus, among all nuclei, ;| . . . L
. . . - . 13C-based torsional constraints to residues that may exhibit low
is the only one with such properties that are ubiquitous in bilit h as th ia-heli trands. Finall
proteins, making the3Ce nucleus an attractive candidate MOPility, such as those in-helices ang-strands. Finally, we
for theoretical chemical shift predictions at the quantum Provide evidence that the new self-consistent methodology can
be used not only for structure determination but also for
* Corresponding author. E-mail: has5@cornell.edu. additional protein structure refinement of NMR-derived models
"Baker Laboratory of Chemistry and Chemical Biology, Comell deposited in the Protein Data Bank (PDB), provided that both
University. experimental NOE-derived distances ai@* chemical shifts

* Universidad Nacional de San Luis. ) ) - ) "
8§ Computational Biology Service Unit, Cornell Theory Center. in solution are available for comparison with calculated values.
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S Ston (1% VTF [NOEs + (6wl + rather than a single one, is obtained because the number of
: Step (1): VTF [NOEs + (0,y)] = o S : :
CLCELELEEEEEE CEE IR LA DL LD constraints is usually insufficient to define a unique structure.
(2) The13C chemical shifts are computed at the DFT level
for each conformation of the set obtained in step 1. To apply
the DFT procedure, each amino aci in the amino acid
[ Step (4): VTF [NOEs + (¢,y,)] ] sequence is treated as a terminally blocked tripeptide with the
1 Step (8): O,¥ s | sequence Ac-&G-NMe in the conformation of each generated
protein structure. Residue X of a given amino acid in a particular
protein conformation is kept fixed, and the conformations of
the remaining residues of the terminally blocked tripeptide are

I Step (2-3): '3C" chemical shifis = (&,y,%) I

I Step (5-6): Conformational search [NOEs + (d,y,%)] I
i

| Step (7): 'C* chemical shifts = ca-rmsd” = (420, | optimized with the ECEPP/3 force fietd. The 13C* chemical
N shifts are computed with a 6-3315(2d,p) locally-dense basis
Ca-rmsd® < & ? {_No ) set! for each amino acid residue X, whereas the remaining

residues in the tripeptide are treated with a 3-21G basis set. As
noted previously,computation of alt3C* chemical shifts for

a protein withn amino acid residues requires, on averageé,

hr's with a Beowulf class cluster witm (Athlon 2800t)
Figure 1. Flow chart illustrating the steps of the computational processors. This is the largest computational requirement in the
procedure, as described in the Methods section Structure Determinationcurrent methodology. During the computation of the shielding,
Using Calculated3C* Chemical Shifts and NOEs. VTF is the acronym g the ionizable groups are assumed to be uncharged because

for the variable-target-function approathThe variable represents o 0 s theoretical evidentdicating that it is better to use
the convergence criterion (see Methods, section A Criterion for

Assessing the Quality of Protein Models). uncharged rather than charged side chains if the charge state of
the side chain is unknown.
Methods Although chemical shifts are sensitive to bond-length and
Structure Determination Using Calculated 3C Chemicall bond-angle variations, no geometry optimization at the ab initio

Shifts and NOEs.The proposed method obtains constraints for level was carried out because there is evidéh€ethat a

all backbone and side-chain torsional angles (including cis geometry-optimized structure, starting from an ECEPP-geom-
trans isomerization for proline residues), that is, not only for etry, has only a very small effect on the computed shielding.
the ~40% of the amino acid residuesdnhelices angb-sheets The isotropic shielding values, calculated by using the
in proteins, but also for the-60% of the amino acids in  Gaussian 98 packadé,are referenced with respect to a
nonregular structurésThe method is physics-based and makes tetramethylsilane (TMS)3C chemical shift scale &), as

no use of knowledge-based information, such as conformationaldescribed previousl§? Conversion of the predicted TMS-
preferences of a Ramachandran map. The constraints are noteferenced values for théC chemical shifts to 2,2-dimethyl-
fixed but are changed dynamically in each step of the procedure2-silapentane-5-sulfonic acid (DSS), used as a reference for the
(only the NOE-derived constraints are preserved, not the original observed value®,is carried out by raising the computed values
torsional constraints), following an iterative self-consistent by 1.7 ppm2é

approach. (3) Examination of the chemical shifts of all the amino acids

A set of observed NOEs and backbong (y)-torsional i g5y the six conformations of the set considered in steps 1
constraints, traditionally derived from the conformational shifts 5,4 2'igentifies the amino acid at each position in the sequence

[Ao(*3C)],* are considered as the input experimental data. The ;1 ose computed chemical shifts most closely match the

procedure, illustrated in the flow chart of Figure 1, consists of jpcarved ones among the six at that position. This identified

the following steps: . L set of individual amino acid conformations corresponds to (only)
h (1 T_hilproposeofl met_hodtillg?:y startsévg& the_ appllca_t|on o one conformation of the whole chain, defining a new sep,of
the variable-target-function (VTF) appro a given amino ), %'s torsional constraints.

acid sequence to produce an ensemble of conformations that . .
9 P (4) The VTF procedure of step 1 is repeated, but the initial

are required to obey the distance constraints derived from onal . di 1 laced by th
experimental NOEs and the torsional constraints derived from torsiona constramts‘ used in step 1 are now replaced by the
new set ofp, 1, andy’s torsional constraints derived in step 3.

conformational shifts (the latter identifying thee-helical and ; .
p-sheet regions). The VTF approach generates conformationsAt this stage of the procedure, atoleran_ce_ range for the tc_JrS|onaI
of polypeptides by random sampling of torsional angles; thus, constraints of+30° was adopted. Variation of the torsional

all backbone and side-chain torsional angles are chosen ran-2ngles within this tolerance range is considered acceptable and,

domly between 180and —18C° with the exception of the hence, is not subject to energetic penalties. In this repetition of
torsional anglese, of the peptide groups, which are always step 1, ra’gher_ than obtaining a set of confqrmations, only one
chosen in the planar trans (18Gonformation. When proline conformation is selected; namely, the one with the closest match
is present in the sequence, both up (U) and down (D) puckeringt© Poth the NOEs and the new set ¢f ¢, y's torsional
conformations of the pyrrolidine ring are considered; this constraints derived in step 3.

notation pertains to the following torsional angles= —53.0° (5) Starting from the conformation selected in step 4 and with
andy! = —28.1° and¢ = —68.8 andy! = 27.4, respectively, use of both the NOEs and the new set¢ofy, y's torsional
for the G atom of the proline residi. constraints derived in step 3, a conformational search (e.g.,

Repetitive application of the VTF approach, which makes Monte Carlo with minimizatiorfy28is carried out, but this time
use of the input constraints, generates a set of conformations by using a complete force field that contains contributions from
for example, six conformations that are free of steric overlaps (a) the internal potential energy, as described by the ECEPP/3
and, therefore, closely match the observed NOEs and a set offorce field2° (b) the solvent free-energy contribution, by using
torsional constraints for the backborgy). A set of structures, a solvent-accessible surface area model appr&aand (c)
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additional energy terms aimed at penalizing violations of the
distance and torsional constraif¢s’!
(6) Although constraints for all the amino acid residues in
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provide the optimal representation of the structure in sol@étion
that is consistent with the observEC* chemical shifts. As an
alternative to surmount these problems, here, we propose to use

the sequence are imposed, not all the NOEs and the torsionakthe values of the computecermsd* of a reference protein
constraints derived in step 3 can always be satisfied simulta- solved at a high level of quality as a standard measure of the
neously. Thus, the conformational search of step 5 produces anquality of the predicted3C* chemical shifts. In other words,
ensemble rather than a single conformation. A selection of a thecarmsd* (indicated with the symba} in Figure 1) provides
subset of structures is now performed by a clustering procedure,a rapid assessment of the quality of the models; that is, the

that is, by using the minimal spanning tree (MST) metfd,
assuming a specific rmsd cutoff for all heavy atoms and no

computations are judged to have converged, for the protein under
study, if itsca-rmsd* is less than or equal té.

cutoff in energy, leading to five conformations (see Results and  The protein ubiquitin, solved by NMR methods by Cornilescu

Discussion Section).

et al33 (PDB code 1D3Z), has been adopted here as a reference

(7) Steps 2 and 3 are repeated for the selected subset of fivemodel because of its high quality. This protein has also been

structures obtained in step 6, giving rise to an updated sgt of
1y, x torsional constraints.

solved by X-ray diffraction at 1.8 A resoluti&h(PDB code:
1UBQ). In particular, evidence of the high quality of the NMR-

(8) The best model of the subset obtained in step 6, with derived protein models by Cornilescu et3&ls provided by
step 5 being repeated using the existing NOEs and the updatedseveral studies, among others, the following: (1) a theoretical
set ofg,y,y torsional constraints obtained in step 7, is selected. analysis comparing the back-calculated backbone residual
The best model is defined as the one possessing the largestiipolar couplings and side-chain scalar couplings with the
number of amino acid residues closely matching the observedcorresponding observed values for both the 10 NMR-derived
13Ce chemical shifts. It is important to note that during this stage structures of 1D3Z and a new set of 128 mo8¢R”DB code:
of the procedure, the selected tolerance range for the torsionall XQQ); (2) the results of Sun et &f,who carried out a
constraints is reduced, for example, from th80° used instep  comparison between tHéC shielding computed at the ab initio
4 to £20° or £10°, aimed at narrowing down the allowed Hartree-Fock level (for the averaged NMR structure of 1D3Z)
changes for the torsional angles. Steps85are iterated until and the observed values; and (3) the analysis of Vila ¢t al
convergence is achieved. In particular, the protein structure showing theoretical evidence indicating that the 1D3Z ensemble
determination procedure is finished (as indicated in Figure 1) provides a better representation of the obseA#€8 chemical
if the following criterion is satisfied:carmsd* < &, whereca shifts in solution than the X-ray structdf¢PDB code: 1UBQ).
rmsd* is a new scoring function, anglis some adopted limit ~ On the basis of this evidence, tha-rmsd* computed for the
for this function. A discussion of these parameters follows in 10 refined conformations of ubiquitin obtained by Cornilescu
the next two subsections. et al3® are adopted here as standard values of the quality of the

Chemical Shifts in the Presence of Conformational Av- predicted13C chemical shifts and, hence, as a criterion for
eraging. On the basis of the hypothesis that #8€* chemical monitoring convergence of the structure determination procedure
shifts depend mainly on the secondary structfé with no described in the section entitled Structure Determination Using
influence of amino acid sequenée’, a new scoring function Calculated!3C Chemical Shifts and NOEs.

(catmsd'), namely, the conformationally averaged root-mean-  Application to Bacillus subtilis Acyl Carrier Protein. We
square deviation, was recently proposasla criterion to assess  chose theB. subtilisacyl carrier (SAC) prote#¥ as a test of

the quality of protein models (see the next subsectzaymsd* the procedure proposed here because this is a small protein with
is defined as only 76 amino acid residues and no disulfide bonds, for which
all the 3C* chemical shifts and the NOE-derived distances are
available from the Biological Magnetic Resonance Data Bank
(BMRB),35 under accession number 4989. The NMR structure
of the SAC protein has been solved by Xu et?®alsing
traditional methods, and the coordinates of the average-
minimized structure are deposited in the Protein Data Bank with
the code 1HYS.

For comparison of our computed structures with the experi-

N
carmsd= [(1/N) Z (A 1Y? (1)
£

with 1 < 4 < N and N being the number of observedC*
chemical shifts. Under the assumption of fast conformational
averaging, the following expression was derived@‘r

Aff = (13(3gbsewe — <13(;gre dicte d>/4) ) mental (average-minimized) 1HY8 structure, we have calculated

: the chemical shifts of this experimental structure. In order to

with be able to apply step 3 to compute chemical shifts, using
tripeptides in the conformation of the experimentally determined

13 Q 13 1HY8 structure, we first regularized the experimental structure
<"Coredicted u = 1/ Coredicteds, 3) of 1HY8, that is, all residues were replaced by the standard

ECEPP/3 residuésin which bond lengths and bond angles are
fixed (rigid geometry approximation) and hydrogen atoms are

with 1 < i < Q; where®Cf jcieq,; are the computed chemical 1o+

shifts for amino acigk in modeli out of a total ofQ models,
and 13C,.veq, represents the observé#C chemical shift for
the amino acidk.
A Criterion for Assessing the Quality of Protein Models. 1. Structure Determination of the SAC Protein. Starting

A common practice to assess the quality of NMR structures is with the amino acid sequence, we applied the proposed
to compare its structural properties with those obtained from procedure to determine the structure of the SAC protein. Neither
the corresponding experimentally determined X-ray structure. the deposited coordinates of the minimized average structure
However, adoption of such a criterion involves two problems: for the SAC protein (PDB code 1HY8) nor any information
(a) the X-ray structure may not be available, or (b) it may not derived from this structure was used at any stage of the structure

Results and Discussion
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TABLE 1. carmsd* Values for Predictions of the13Ce 424
Chemical Shifts of the SAC Proteirt

protein model carmsd* (ppm)

preliminary set of structur@¢PSS) 3.3
final set of structuréqFSS) 2.9[2.5]
1HY8! 3.9

3.9

aValues ofcarmsd* are computed as described in the Methods
Section.? Values ofcarmsd: computed from the five protein models
of the PSS obtained in step 6 by using #¥€*-derived torsional
constraints, as explained in the Results and Discussion Settiatues
of carmsd* computed from the nine protein models of the FSS obtained
in step 8 with'3C®-derived torsional constraints, as explained in the
Results and Discussion Section. In brackets, the values-omsd*
computed for the 10 NMR structures of the protein ubigufin
deposited in the PDB under the code 1DSXalues of carmsd:
computed with the coordinates of the minimized-average NMR
structuré® (PDB code 1HY8). 3.0 P L S e —
1 2 3 4 5 6
determination proceduré3C chemical shifts were computed Model number
for the regularized deposited experimentally detgrmined structure,:igure 2. Grey-filled bars indicate the rmsdvalue computed as
and were used only for the purpose of comparison (a) with the gescribed in the Methods section for each of the five PSSs of the SAC
experimentally observed values of tH€ chemical shifts (row  protein obtained with th&C*-derived torsional constraints. Black-filled
4 in Table 1), and (b) with the values computed by the proposed bar indicates the rmadzalue (3.9 ppm) computed for the NMR average-
procedure (rows 2 and 3 in Table 1). minimized structure (1HY8). The solid horizontal line (3.3 ppm)
Although the proposed methodology for protein structure |nd|§:atss thg:a-rmsc?_value compu_ted from the fl_ve PSS obtained with
determination, in general, allows for the prediction of all the té]_e 3C -_derlved For5|onal constraints (as explained in the Results and
: . - iscussion Section).
torsional angles on the basis of the computation of i@
chemical shifts, thev torsional angles for all residues, other led to an ensemble of 118 conformations. Clustering of these
than proline, are always restricted in this procedure to the conformations (step 6) by using the minimal spanning tree
following range: 180 =+ 8°. The reason to adopt this criterion method? with an all-heavy-atom rmsd cutoff of 0.7 A and no
is that there is evidence indicating thattorsional angles are  cutoff in energy led to a subset of five families. The leading
on average, except for proline residues, within a range of 178 member of each family, that is, the lowest-energy conformation,
+ 5.5°.3%|n addition, it is possible to us€C-based predictions  was extracted, and the selected five conformations were used
to determine whether the peptide group of proline is in the cis to compute the predictetC chemical shifts. The rm&dfor
or trans conformatioff and to explore the cistrans isomer- each of the five conformations is shown in light-gray filled bars
ization during the conformational search. However, since therein Figure 2, and the computedarmsd* from the five
are no prolines in the SAC protein, this capability was not conformations are reported in Table 1 as the preliminary set of
needed here. Whereas gllvalues can be predicted, in the structures (PSS).
current application, only!—yx® are used. The reason for this Remainder of the Procedur®y using the subset of five
simplification is that the’3C* chemical shifts seem to have a conformations obtained with th&Ce-derived torsional con-
weak dependence on the torsional angles beydrid straints, step 7 was applied and gave rise to an updated set of
Protein structure determination of the SAC protein was carried backbone ¢, ) and side-chain y, »?> and x®) torsional
out following the steps described in the section Structure constraints. Step 8 was carried out twice, that is, by using two
Determination Using CalculatédC Chemical Shifts and NOEs.  different ranges for the new torsional constraints; namely, set
During the application of step 1, the original NMR-derived 1, +20°; and set 2,410°. Sets 1 and 2 led to 533 and 42
constraints reported by Xu et &that include sequential, long-,  conformations, respectively. Clustering using the MST method
and short-distance NOEs and backbone torsional angles werewith a cut off of 0.8 and 0.2 A for the first and second sets,
used. These original torsional constraints were applied only to respectively, with no cutoff in energy produced five and four
the a-helical portions of the sequence. In the original imple- families, respectively. The leading member of each family was
mentation of the data of Xu et &@ the following ranges of the extracted, and the selected nine conformations were used to
torsional constraints were assumefl= —60° + 30° andy = compute the predicteC chemical shifts. The rm&dor each
—40° £+ 30°, and there was no constraint for the side-chain conformation of the two sets is shown in light- and dark-gray
torsional angles. At the end of step 1, six conformations filled bars, respectively, in Figure 3, and the computadmsd*
satisfying the torsional constraints mentioned above were from the nine conformations are reported in Table 1 as the final
obtained. These conformations possessed the lowest constrainset of structures (FSS).
energies, satisfied the original torsional constraints for the 2. Evaluation of the Predicted Structures in Terms of the
backbone, and had a maximum violation of the NOE-derived 13C® Chemical Shifts. Table 1 shows the computed values for
distances constraints lower than 1.0 A. the ca-rmsd* for (i) the deposited average minimized structure
Application of steps 2 and 3 enabled us to identify a new set of the SAC protein (LHY8); (ii) the five PSS; and (iii) the nine
of ¢, 9, andy’s torsional-angle constraints. Use of the NOEs FSS. From Table 1, we can conclude that the ensembles of
and the new set af, v, andy’s obtained from thé3C*-derived conformations obtained with th&C®-derived torsional con-
torsional constraints during step 3 led to a single conformation. straints in the PSS and the FSS are better representations of the
The allowed range of variation for the torsional constraints used observed'3C* chemical shifts in solution than the average
was=+30°. The conformation selected during this step showed minimized structure deposited in the PDB (1HY8). Figures 2
a maximum distance violation of 0.63 A computed from the and 3 show (as gray-filled bars) a comparison of the computed
NOEs. Starting from this conformation, application of step 5 rmsd* for (a) the five PSS and (b) the nine FSS; the values

3.6

rmsd” (ppm)

33




13Co Chemical Shifts, Protein Structure J. Phys. Chem. B, Vol. 111, No. 23, 2006581

4.0 5

ot
w
1

rmsd” (ppm)

w
[=]
|

All heavy Atoms RMSD (A)

25

. ; :
1 2 3 4 5 6 7 8 9 10 10 20 30 40 50 60 70
Protein model Residue number

Figure 3. Light- and dark-gray-filled bars indicate the rntsghpm) Figure 4. For each amino acid residue in the sequence, the bars indicate
value computed as described in the Results and Discussion Section fotthe averaged value of the rmsd for all heavy atom rmsd’s (&), computed
each of the nine FSS for the SAC protein. Black-filled bar indicates from all nine FSS of the SAC protein, with respect to the NMR average-
the rmsé (3.9 ppm) value computed for the NMR minimized average minimized structure (1HY8). Black-filled bars denote the portion in

structure (1HY8). The solid horizontal line (2.9 ppm) indicatesahe a-helical conformation; the gray-filled bars denote the loops connecting
rmsd* value computed from the nine models of the FSS (as explained the helices. Only half of the standard deviations, computed for each
in Results and Discussion Section). amino acid residue, are displayed by the vertical line [to facilitate

visualization].

obtained for the average minimized structure (1HY8) in Figures

2 and 3 are indicated as black-filled bars. The solid horizontal
line in these Figures denotes the computed values focdhe

rmsd*, which, as noted beforeis lower than any of the rmé&d
computed from the conformations in the ensembles, except for
model 1 shown in Figure 2. It is important to note that no test
was carried out to identify unambiguously whether additional
torsional constraints on larger side-chains such as Lys and Arg
might improve the agreement shown in Figure 3. In addition,
from Figure 3, it is not feasible to obtain a definite conclusion g
about which is the most appropriate tolerance range that should A
be adopted for the variation of all (nap) torsional constraints.  / F \
It may happen that the tolerance range depends on the type an~ *
percentage of secondary structure element and the architecture
of the protein.

3. Structural Differences among the Nine Models and the
Average Minimized Structure (1HY8). Figure 4 shows the
distribution of the average rmsd (A) for all heavy atoms
computed from the nine FSS, with respect to the average Figure 5. Ribbon diagram of the superposition of nine models of the
minimized structure (LHY8) as a function of the amino acid FSS for the SAC protein (yellow) and the minimized average NMR
sequence. The black filled bars denote the fouhelices  Structure (1HY8) (red).
characteristic of this protein, and the light-gray filled bars
indicate the loops connecting suchhelices. Not surprising,  particular, most of the amino acid residues with valuesrof
most of the structural disagreements come from the loop regions.exceeding 1.0 A are in the loop regions; namely, residues 19,
In fact, the rms_,d computed from the-helices H1 (res!dues 20, 23, 55-57, and 59-61, as shown in Figure 4. Notably, six
3-14), H2 (residues 3749), H3 (58-60), and H4 (re&d}t;\es out of these nine residues are ionizable; namely, Glu-19, Lys-
65-75) are 1.8+ 0.8, 2.24 0.5, 3.3+ 1.0, and 1.5 0.6 A, 23, Asp-56, Glu-57, Glu-60, and Lys-61. By contrast, five other
respectively, whereas the corresponding values for the Ioopsionizable residues: namely, Glu-5, Arg-6, Lys-9, Asp-13, and
L1 (residues 1536), L2 (residues 56057), and L3 (6164) ; ’ L ’ ’ ' ’

Arg-14, in the Hla-helix haveo values, on average, lower

are 2.7+ 1.0, 3.5+ 1.7, and 2.1+ 0.9 A, respectively. The L . . .
rmsd computed over all 76 residues is 24..1 A. Among all than 0.4 A. The flexibility of the ionizable residues in the loops

the residues iru-helices, the highest rmsd (45 1.8 A) is suggests that a representation of the experimental structure of
observed for residue Glu-60 in H3. Unlike the other residues the SAC protein by using a single conformation might be a
in a-helices, this residue is observed to be non-helical in two Poor one. This observation should constitute a concern for
out of nine models. spectroscopists since, on averageég0% of the amino acid
For each amino acid residue in Figure 4, the vertical line residues in proteins are not expected to be-inelix or -sheet

denotes the computed standard deviatigrfiom the nine FSS.  secondary-structure elemefit$he fact that, by chance, 30%
Clearly, theo values observed for some amino acid residues in out of these 60% are likely to be ionizable only exacerbates
the loops are greater than those in tidaelical regions. In the problem. Figure 5 shows a superposition of the nine FSS
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120 + shift-derived backbonep( 1) constraints; namely-60° + 30°,
and—40° £+ 30°, except for Glu-60 in H3, as was discussed in
s Section 3. However, an important distinction concerning the
c . o-helical regions comes from the fact that the FSS ensemble,
X‘ but not the single 1HY8, were derived by using additicdar-
derived torsional constraints; namely, for both the backbone and
\ the side chains. As a consequence, a comparative analysis of
\ the errors will shed light on the role of such additional
/ b constraints on the accuracy of th&* chemical-shift predic-
i ] tions. To carry out this analysis, we computed the average of
the absolute errors for all the SAC protein models as follows:

<IA%> =125 IAf) (4)
2.1

100

|~
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= HﬁHW with A/‘j given by eq 2I" is an ensemble that contains all the
5 i i ' g i G i amino acid residueg, belonging too-helix regions; namely,
sl I i il residues 3-14; 37-49; 58-60; 65-75 from the H1, H2, H3
C" chemical shift errors (within 0.5 ppm)) and H4 regions, respectively.represents the total number of
Figure 6. Grey-filled bars indicate the frequency of the error residues in these regions; namely 39. Computatior |d*|>
diStTibutigr_\, fﬁmﬁuiﬁddaséun:_ing a'fr?gg):tsion fa(?tct” of llt-)ztvF\’lgg‘r; as for FSS and 1HY8 conformations gives H61.0 and 2.1+
explaned in the Methods section, withir.5 ppm interva 2.2 ppm, respectively. Conceivably, the better agreement
redicted and computetfC* chemical shifts from the nine FSS for h .
tphe SAC protein. Tﬁe distribution was generated by binning the data obtained f?,r the FSS When Cc?mpare‘?' to thi.it for 1HY8 '.S due
between—7.5 and 12.5 ppm. to the addltlonaF3C°L-der|ved_ S|de-ch_a|n torsional constraints,
since all of these conformations satisfy the backbone torsional
and the average minimized structure 1HY8. As noted above, constraints. As an additional test, the correspondmg®|>
the main differences are observed in the loop regions connectingwas also computed for the initial six structures obtained after
the helices. step 1, as described in the Results and Discussion, Section 1,
4. Analysis of the*C* Chemical Shift Error Distributions which were derived by using only the original constraints used
for the FSS. An analysis of the error distributions of the by Xu et al?® The resulting<|A%|> obtained for thex-helical
computed?3C* chemical shifts was carried out for the nine regions of the six structures (2410.7 ppm) is quite similar to
conformations of the FSS. The error between computed andthat obtained for 1HY8 (2.4 2.2 ppm). This analysis indicates
observed!3C* chemical shifts for each residug)(of each that inclusion of the!3Ce-derived constraints, rather than the
conformation of these proteins was evaluate«zkf;\ﬁom eq 2. force-field used, has led to conformations with lower errors and,
The accumulated error distribution (shown in Figure 6) can be hence, to an improved accuracy of the prediction in terms of
modeled by a normal (or Gaussian) function with a characteristic the ca-rmsd.

mean & = 0.6 ppm) and standard deviatioa € 2.5 ppm). Finally, the average of the absolute error was computed by
Because of the Gaussian nature of the distributiefi0% of using eq 4 for all residues of the FSS, the 1HY8, and the six
the errors are within one standard deviatior=(2.5 ppm) from structures obtained after step 1 that do not pertaia-teelical

the mean X,). In particular, thes value obtained here is regions. For each set of structures, the following values for

practically within the range of the standard deviation (0.90 ppm <|A% > were obtained: 2.4 0.8 ppm for the FSS, 3.2 2.2

< o < 2.25 ppm) observed by Wang and Jardetgkgr 13C* ppm for 1HY8, and 3.1 1.7 ppm for the six structures from

chemical shifts (from a database containing more than 6000 step 1. These results are fully consistent with the conclusion

amino acid residues im-helix, S-sheet, and statistical-coil ~ derived from the analysis of the-helical regions, that is, that

conformations). inclusion of the!3C®-derived constraints contributes to obtaining
Many factors could contribute to the origin of such errors, conformations with lower errors in terms of predicted and

as noted in a previous analysis of ubiquitigiich as the use of  observed3C* chemical shifts.

different methods and standards for chemical-shift refereAéing 6. Analysis of the Constraints Violations.(a) NOE Distance

or residues exhibiting high mobility. In this respect, tkieerrors Violations.On average, the nine FSS satisfied 95712 out of

are higher for residues in the loop, rather than in dhkelix 1050 NOE-derived distance constraints. Figure 7 shows the

regions of the molecule, because the FSS shows considerablelistribution of the distance-constraint violations in terms of

variability for the backbone in the loop regions (see Figures 4 black- and gray-filled bars, denoting short and long NOE-derived

and 5). A quantitative analysis of the errors for helical and loop distances, respectively. From Figure 7, we conclude that (i) more

regions follows. than 90% of the total NOE-derived distance violations lie in
5. Influence of the 13C®-Derived Constraints on the the range 00.2 A, and (ii) about 70% of the total number of
Modeling of the a-Helix and Loop Regions.The a-helical violations per conformation~90) are short-range (see black-

regions of the single deposited structure (1HY8) and of the FSSfilled bars in Figure 7).

ensemble of the SAC protein models (shown as black-filled bars  On the other hand, Xu et &} reported for the average

in Figure 4) have the following features in common: (a) the minimized structure (1HY8) that there were no constraint
number and identity of the residues belonging to each of the violations greater than 0.2 A, but they did not report the total
four a-helical regions are the same in both the 1HY8 and FSS number of distance violations lower than this cutoff, and hence,
models; (b) there is good agreement, in terms of all the heavy- a quantitative comparison is not possible. Furthermore, adopting
atom rmsds, between different models for each of these regionsthe same criterion that Xu et #l.used, that is, considering as
as discussed in Section 3; and (c) the fadinelical regions of distance violations those that ax®.2 A, we conclude that our
both 1HY8 and the FSS satisfied 100% of the conformational- nine FSS satisfied more than 99% of the NOEs constraints.
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50 TABLE 2: Statistics for Some Structural Quality Indicators
. for the SAC Protein@
" final set
5 40 4 structural quality indicators  of structure% 1HY8®
8% 35 residues in allowed 92+ 1.0 93.84 2.2 (95.8)
2% region$ (%)
m £ 304 residues in generously 43+0.9 3.44+0.5(2.8)
8s 25 allowed regions(%)
Z g residues in disallowed 1.5+05 2.8+1.0(1.4)
s © 204 regions (%)
S E no. of abnormally short 22.2+38 n/a (74)
-E —= 154 interatomic distancés
3 104 std. dev. ofw value$ 5.8 +£0.3 n/a (0.63)
: aBased on PROCHECR or WHAT_IF 3¢ Because we adopted the
7 rigid geometry approximation, that is, fixed bond lengths and bond
0- angles, departures from values for the idealized covalent geometry are

01 02 03 04 05 06 07 08 09 1.0 not reported® All the values reported in this column were computed
S from the final nine protein models obtained after step 8, as explained
Range of the NOEs violations (A) in the Results and Discussion Sectiéall the values reported in this
Figure 7. Black- and gray-filled bars denote the average number of column, except those from the last 2 rows, were obtained from Table
short and long NOE-derived distance violations, respectively, computed 1 of Xu et al?> The reported standard deviation is based on the averaged
from the nine models of the FSS. The violations are in the range 0.0 values computed for the final ensemble of 22 structures. The values
1.0 A, within intervals of 0.1 A. At a given interval, for example, 0.3  for the minimized average structure (PDB code 1HY8), obtained by
A, the heights of the bars represent the accumulated value of the distancewveraging the Cartesian coordinates of 22 individual structures of the

violations (X), which are in the range, 0.2 A X < 0.3 A. ensemble, are in parenthesighe reported residues in allowed region
are based on a sum of the residues in the “most favored regions” and
(b) Torsional Constraint ViolationsWithin an allowed in the “additional allowed regions”, as defined in PROCHEEK: By

- : using PROCHECK? By using PROCHECK? 9By using WHA-
tolerance range a£20° for the torsional constraints, we found T_IF. According to Vriend® *...two atoms have an abnormally short

that, on .avera.ge, 371 out of 4G§;“-der|ved bfic.kbone and . interatomic distance if they are closer than the sum of their van der
side-chain torsional angles constraints were satisfied for the ninewaals radii minus 0.4 Angstrom. For hydrogen-bonded pairs, a
FSS. On the other hand, Xu etlkeported that all the torsional  tolerance of 0.5 Angstrom is used...” The value reported for 1HY8
constraints were satisfied during the generation of the 22 was computed by using the deposited averaged-minimized structure.
structural models, from which the average minimized structure N/a means that the corresponding values cannot be reported because
(1HY8) was derived. However, because they used a traditional the 22 final structures of the ensemble are not availdty. using

h. onlv 92 torsional raint d v th WHAT_IF.%¢ According to Vriend® “...the omega angles for trans-
approach, only orsionaf constraints were used, namely, 0Sepeptide bonds in a structure are expected to give a Gaussian distribution

encompassing only backbone constraints, that isp 46id 46 with the average around 178 degrees and a standard deviation around
y dihedral constraints. In addition, the allowed tolerance ranges 5.5 degrees...”. Structures with values for the standard deviation lower
of deviation for these angle constraints used by Xu étalere than £ are considered too tightly constrain&d.

less strict than in our applications; namely, in the range 80° L o . .
to +40°, as compared with out-10° to +20° used for the quality in terms of distribution of resldues in the Ramach_andran
determination of the FSS. map. However, better agreement is observed for the nine FSS
7. Assessment of the Quality of the Derived Molecular than that for average minimized structure (1HY8) in terms of
Models for SAC Protein. (a) A Comparison with a High other ;tructural parameters, such as (a) the number of abnormally
Quality Protein.The progress of the methodology is monitored Short interatomic distances; namely, 74 for 1HY8 and22
here by computing thea-rmsd* 2 and compared with the values for theG FSS (these values should be. cqmpared with thg ideal
obtained from a high-quality protein set; namely, from results Va/U€* of 0); and (b) the standard deviation of the planarity (
obtained from the protein ubiquithThe 10 refined conforma-  dinédral angle) of the peptide bond (as shown in Table 2);
tions of ubiquitin obtained by Cornilescu et®lwere generated namely, 0.65 for 1HY8 and 5',8 * 0.3° for the FSOS (these
by using 2727 distances derived from observed NOEs, 98 Values should be compared with the ideal Sre 5.5°).
dihedral angle constraints derived from observed homo- and_ 10 test whether the computed numbers of abnormally short
heternonucleat couplings, and 372 dipolar coupling constraints. Nteratomic distances~22, as shown in Table 2 or0.3 per
On the other hand, determination of the protein models derived reS|dU(_a for.the FSS) compareslwnh other NMR.-soIved structures
here for the SAC protein makes use of 1050 NOE-derived pleposﬁed in the PDB, we cgrned out an additional comparison
distances and 433Ce-derived torsional angle constraints, that Nvolving seven small proteins; namely, 1B8DD, 1D3Z, 1EOL,
is, with an average of-5.7 torsional angle constraints per lFSD_’ 1GAB' IHDN, and 1Vl (listed in alphak_)enc order
residue. In spite of the use of a smaller set of constraints in our following their PDB code). The computed, per-residue average

approach, as compared to the one used by Cornilescu®tal., of thg ab_normally s_hort_ intera_ltomic dis?ances for these seven
similar quality in terms of thea-rmsd: is obtained (see values ~Proteins is~0.8, which is~3 times as high as our computed
reported in the fourth row of Table 1). value of~0.3. However, additional effort should b_e expendled
(b) A Comparison Based on Some Stereochemical Qualitytq reach the~0 .number qf abnormally short. interatomic
Indicators. Table 2 shows a comparison of some stereochemical distances constrained by refinement in X-ray-derived structures.
quality indicators®®:3° computed for (a) the nine FSS for the
SAC protein models and (b) the 22 final structures of the
ensemble and the average minimized structure (1HY8) from  The current methodology, whose prediction capabilities have
Xu et al?®> From the values listed in Table 2, we can conclude already been testédhas been used to determine a set of
that both structures, namely the nine FSS and the averageconformations for the SAC protein by the combined use of
minimized structure 1HY8 show comparable stereochemical NOE-derived distances together with observed and computed

Concluding Remarks
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