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Theoretical calculations ofO and‘N nuclear quadrupole coupling (NQC) constants énd asymmetry
parametersy) for smallo-helix ands-sheet protein fragments have been carried out using the density functional
theory. This computational study is intended to shed light on the differences between the two major structural
elements found in the secondary structure of proteins. Specific NQDR spectra are computationally simulated
for the 170 and'“N nuclei inherent in protein backbones. The separate signals resultingofiostices and
B-sheet models are predicted to be experimentally distinguishabléGdout not for'“N. In particular, we

predict that the differences in (in MHz) betweena-helix and$-sheet proteins in solution argy(*’0) =
0.53(15) andAy(**N) = 0.14(16), with the standard deviations in parentheses. It is found'i@aNQC
parameters of proteins are dependent on the particular conformation of the backbone, specifically on the
hydrogen bond anglé = OH—N---O and the backbone dihedral angle= ONC—C(O)N. Due to this!’O

NQC parameters are observably differentielices angs-sheets. Conversely’O NQC parameters are not
dependent on the length of the hydrogen bord.{R as had been previously thought, nor are they dependent

on either the hydrogen bond dihedral an§lee ON—C=0---H or the backbone dihedral angte= O0C-
(O)C—NC(0). We also conclude that, unlikéO NQC parametersiN NQC parameters of proteins are
within the uncertainties identical for boti-helices angB-sheets. Finally, differing residues on protein side
chains do not significantly affect the NQC parameters of the backb&n® @nd NH groups, and can be
modeled computationally by using glycine.

I. Introduction high-resolution solid-stattC NMR spectroscopy can be used
The folded structures of proteins are composed of simpler l_‘or confor_mational characterization of polyp_eptide_s and proteins
structural elementsThe most common element found in the " the solid state because th€ NMR chemical shifts depend

secondary structure of proteins is thehelix, comprising on on their main-chain conformatioridvlore recent investigations

Ny . . : :
average approximately one-third of all residues in globular Nave shown that thé*N isotropic chemical shifts of solid
proteins. The second major structural element isgreheet; polypeptides are also sensitive to the protein secondary structure

B-sheet formation plays a critical role in many diseases, (such as right-handed-helix, antiparallels-sheet, and other
including AIDS, Alzheimer's disease, and prion disedses. ferms), and therefore very useful _barometers for the conforma-
Helices and sheets are markedly different. However, both typestional analysis of proteins® Besides nitrogen, an equally
are characterized by having main chain NH and CO groups important atom involved in hydrogen-bonding structure in
participating in hydrogen bonds to each other, so that polar Proteins is oxygen. Unfortunately, the only NMR active isotope
atoms are neutralized and the hydrophobic core of the proteinof 0xygen,*’O (I = */), has a low natural abundance (0.037%).
is preserved With the purpose of learning about protein folding ~ This, together with the large quadrupolar interaction experienced
(and ultimately developing new drugs, molecular receptors and by *’O in many solids (including proteins), makes observation
catalysts), scientists have begun to investigate compounds thagind interpretation of’O NMR spectra difficult, and explains
fold to mimic these two structural elements. Spectroscopic Why solid-state!’O NMR studies on proteins are more scarce
studies on biomimetic compounds should provide insight into than*C and'*N NMR studies.
the factors affecting the conformation of the main chain, and  Another classical spectroscopic technique that has just begun
help identify fundamental dissimilarities between different to be employed in biochemical contexts is nuclear quadrupole
structural themes in proteins. The ultimate goal is to study real double resonance (NQDR)One of the most important ap-
proteins. . ~ plications of this experimental method is to study the active
Over the past 15 years, several spectroscopic techniquessites of metalloproteins, gaining insight into the oxidation states,
formerly used to gain information on organic compounds have |igands, coordination geometry, and local magnetic environment
begun to be successfully employed in biochemical contexts asqf these sites. Interestingly, NQDR also has the potential

well, and more specifically in the field of conformational  gensitivity to detect small quantities of quadrupolar nuclei in
analysis of proteins. For instance, it has been demonstrated thaf proteins. This application, however, is yet to be explored.
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splitting, at the site of the quadrupolar isotope, first one must be expected to show peaks sufficiently isolated to be experi-
be able to distinguish the desired signal from all the background mentally resolvable in distinct components (coming from either
signals. Since proteins are often studied in solution, a very one conformation or the other)?

common background signal is that of tH® contained in water. With the aim of answering these questions, in this paper we
This signal has been carefully studied both experimeritatigl investigate by means of quantum chemical methodologies the
theoretically? paving the way for the next step: identifying the NQC parameters dfO andN in the peptide bond of several
signals that result from th€O and'“N of the peptide backbone.  g-helices ang3-sheets extracted from real metalloproteins. In
A few recent experimental studies have investigated tbe a recent work? we have already shown the suitability of
NQC parameters in helices and sheets through both solid statequantum chemical methods to evaluate NQCCs in large systems
and magic-angle spinning (MAS) NMR spectroscépy? It of biological importance. In particular, tHéN NQCC of the
should be noted that these studies did not investigate realdistal nitrogen atom in coenzyme Bwas successfully repro-
proteins, but specially manufactur€@®-labeled poly(-alanine) duced by our calculations, and a prediction was also made for
chains. The advantage of these chains is that they can be entirelyhe (still unavailable) NQCC of the proximal N in the studied
either a-helical or g-sheet. Individual backbone amide NQC coenzyme?
values in low molecular weight proteins such as ubiquitin have oy goal in the present investigation is, more specifically, to
been measured by solution NMR by LiWang and BaXhey ~ see, first, if model proteins with a high content of alpha
have shown that amide deuteron NQCCs are quite sensitive t0secondary structure and model proteins with a high content of
hydrogen bonding thereby providing unique Spectroscopic heta are distinguishable through their corresponding theoretical
probes for studying this interaction in solution. In particular 170 gng/ort4N quadrupole spectra. Second, it would be desirable
NQCCs calculated fronfH™ T, in ubiquitin are found to 4 quantify the existing difference, understand its origin, and
correlate with the inverse cube of the X-ray crystal-derived finajly provide some guidelines that may help resolve the signals
hydrogen bond lengths. of complex NQDR spectra in future experiments with proteins
A powerful tool that has been proven to be complementary (and metalloproteins). It should be noted that real samples of
to experimental techniques in many areas is molecular model- proteins are rarely 100% helical or 100% sheet; very often they
ing.'* Recent improvements in quantum chemical methodolo- contain mixech/j structures. The advantage of using molecular
gies, combined with speed-up in computer hardware, have modeling is that pure alpha polypeptides or pure beta polypep-
turned the computer simulation into an ideal partner whenever tides can be designed and studied, and their characteristics
experiment becomes too difficult, too expensive, too dangerousseparately analyzed, avoiding the intrinsic complexities found

or simply impractical. A modest contribution from computer in experiment while keeping the features of the target system.
simulations to crystallographers and spectroscopists currently

working with proteins has been in facilitating refinement of
existing solution structures through theoretical/computed esti-
mates. The major contribution from quantum chemistry, how- A Evaluation of NQCCs. The formulation employed in the
ever, comes from its predictive character. Computational studieseyaluation of NQC parameters can be found elsewkere.
on polypeptides permitted the first successful predictions of the Briefly, the electric field gradient (EFG) is a traceless, symmetric
13C, N, and'*F NMR spectra of proteins in solution only a  second-rank tensor whose principal axes are chosen so that its
few years agd? Since then, other theoretical studies have components satis® (0,4 > Gyl = |G (G = 92V/3id) where
provided refinement or additional evidence to support experi- i,j =x y, andz andV is the external electrostatic potential).
mental findings, if not accurate predictions in all ca¥es. The quantities usually determined experimentally are the NQC
By modeling NMR experiments, interesting helix-sheet constanty = 2Qg/h (whereQ is the nuclear electric quadrupole
differences have been recently reported in an ab initio quantummoment andy = ,,), and the asymmetry parametgr= |(dyy

[I. Computational Details

chemical investigation offC NMR shielding tensor It was — Ox)/0z4. Like in many previous studie’8,here we assume
found that G in sheet structures are on average more shielded that the nuclear quadrupole moment acts as a simple constant
than in helical structures (by about-% ppm)® in good or scaling parameter, and we do not parametrize it (as done in

agreement with experimental resufitst was also reported that, some other worlk$). Among the wide range oQ(’0) and
on average, the overall breadths of f#¥€, shielding tensors  Q(*4N) standard values publish&&ye have selected the recent
in sheet residues are about 50% larger than the values computegaluesQ(*’0) = —25.58 x 10731 m2 andQ(**N) = 20.44(3)x

for helical residues which, unlike the previous finding, was a 10731 m?2 reported, respectively, by Pyykla al26 and Tokman
totally unexpected result. et al?’

Also, related theoretical studies on bgtt’O) andy(**N) To induce transitions between the energy levels of a given
have been performed to confirm/complement the existing nucleus, an oscillating magnetic field is usually applied. If the
available data from solid state and MAS NMR spectroscopy, field oscillates at an appropriate frequency, it interacts with the
but here again, like in the experimendfs)! these studies  magnetic dipole moment of the nucleus, causing a time-
concerned the calculation of the NQC parameters in synthetic dependent perturbation. The formulas to calculate the matrix
polypeptide structures other tharhelix or 5-sheet protein? elements of the Hamiltonian operator for pure quadrupole

To the best of our knowledge, so far there have been no resonance have been given elsewhere. These formulas indicate
theoretical studies of the NQC parameters of the naturally that there is a mixing of states withm = 2 (m, angular
abundant’0 and“N in real protein backbones, specifically ~momentum), so that the quadrupole interaction matrix must be
a-helices ang3-sheets. Several important questions remain to diagonalized to find the interaction energy eigenvalues. The
be elucidated. For instance, which are the regions of the resulting secular equations for nuclei of different spins, I,
spectrum where th¥O and!“N signals for bothu-helices and have been worked out by BersoffnDean?® and Cohert®
B-sheets can be confidently predicted to appear?esignals Here we focus ol = 1 (*N) and| = 5, (}’O). Forl = 1,
for a-helices expected to be experimentally distinguishable from there are three energy levels correspondingnte= 1, —1,

170 beta-sheet signals? Should N spectra ofo/ proteins and 0 The frequencies for transition between these levels
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are found by evaluating: TABLE 1: Description of Amino Acid Sequences of Selected
o-helical and f-sheet Fragments Taken from Experimental
_ _1 Three-Dimensional Structures
Vo= (E, — E_lh= "1 (1)
frag- range of
3 ment proteif residues sequence
vy = (B~ Bl ="1y(1 +l3) (2) ol 1A6M  14-20 Asp-Ala-Glu-Val-Lys-Ala-Trp
a2 1A6M 20-26 Asp-Val-Ala-Gly-His-Gly-GIn
v_=(E_,—E)h= 3/49((1 - nl3) (3) a3 1A6M 27-33 Asp-lle-Leu-lle-Arg-Leu-Phe
o4 1A6M  87-93 Lys-Pro-Leu-Ala-GIn-Ser-His
5 . a5 1A6M 108-114 Ser-Glu-Ala-lle-lle-His-Val
For | = >/, there are three energy levels corregpondm@te Bl 1PFT  17-20;23-26 lle-Tyr-Asp-Pro; Gly-Glu-lle-Val
1/,, 31, and®/,. Unlike the case of = 1, there is no way to B2 1XYN 7-10;34-37 GIn-Asn-Tyr-GIn; Phe-Val-Val-Gly

obtain exact solutions for these levels in analytical form. Instead, A3 1XYN 17-20;23-26 Tyr-Ser-Pro-Ser; Gly-Phe-Ser-Val
the secular equations have to be solved numerically, and two #4 1XYN 67-70;73-76 Gly-Trp-Ser-Thr; Leu-Val-Glu-Tyr
methods have been used. In the first, the secular equation has?® DXYN 1077110;126-123 Asn-Thr-Arg-Val; Thr-Phe-Asn-Gin
been solved numerically with double precision, and the relative _ ®Notation as in the PDB files: 1A6M= myoglobin (crystal at 1.0
energy eigenvalues tabulated for varyipg A second method resplution), 1PFT= Transcription Factor IIB-N terminal domain
of solving the secular equation is numerical perturbation. This gzggjlﬂggn')\‘MR)‘ 1XYN = endol,4-Xylanase | (crystal at 2.0 A
approximates the eigenvalues in the form of series expansions '
of 5, and can be used whenis sufficiently small or large. For

7 < 0.5, numerical perturbation results in the frequencies

(2)

v, = ¥,g(1 + 1.0926;°— 0.6340;") (4)
v, = ®lg(1 — 0.203%° + 0.162%" (5)

B. Choice of Structural Models. When planning the ideal
polypeptide model system, certain characteristics have to be kept &
in mind. The model should be as small as possible, while
retaining all the features of the structural element studied (either
the a helix or thes sheet), and with the minimum number of
interactions necessary for structure formation. On the basis of
this criterion, the calculations were performed on polypeptide
structures containing six peptide bonds and three H-bond
interactions each, and a total of seveg &oms for each
o-helical fragment and eight Latoms for each antiparallel
p-sheet fragment. All ends of the structures (two ends for each
alpha fragment and four for each beta) terminated with a methyl
group.

The geometries employed were divided into two groups: (1)
experimental (from the Protein Data Bank, see below) and (2)
computer-designed geometries. To simulateelical peptides
using experimental geometries, a total of five fragments were
selected from and cut out of the available X-ray structure of
myoglobin (metalloprotein with a 81% contents of alpha). For  sideview y
the antiparallef3-sheet peptides, a total of five fragments were ” ¥ :
selected from two different proteins: the N-terminal domain 5 : ©
of a transcription initiation factor, pftfiilb&? and a 178-residue _ ) ) o
hydrolase, endo-1,8-xylanase. The amino acid sequences for Figure 1. Experimental r_nolecular structure of representauvbellx_
gach qf the 10 selected fragments (five alpha and five beta) aregg)f;%%g;?gg gagdpggtgfsn J;i%:?;:ési'nTThaegl gcir_resloond' respectively,
listed in Table 123 All fragments were converted from the
original experimental data into polyglycine chains, keeping the TABLE 2: Fragments Constructed Using Molecular Builder
original nuclear coordinates but excluding the residues. Rep- Programs, and Optimization Methods Employed to Obtain
resentative alpha and beta fragments are shown in Figure 1. Optimal Structures

To make our study as general as possible, we also studied fragment optimal method
several computer-designed structures having the features of a6 B3LYP
either a helix or a pleated sheet, as shown in Table 2.¢lhe p6 PM3
andy angles for thex-helix models were constrained to the B7 AM1

experimental values of-63.0° and —42.0°, respectively?* to

ensure that the chains would stay in a helical conformation. a-helix in which only local interactions are importan{}asheet
Concerning3-sheets, the simplest way to bring two antiparallel can arise not only from local interactions but also from nonlocal
strands together is a short peptide segment between thenteractions, so here assembling correctly all intrachain hydrogen
C-terminus of one strand and the N-terminus of the other. As bonds and other components becomes critical. All polyglycine
noted in previous studies, however, constructing an antiparallel structures were first fully optimized (in the casewhelices,
f-sheet structure from a random polypeptide chain by computer only partially as will be discussed later), and then the EFG was
simulations is not straightforward.Unlike the case with an  calculated on the optimal geometries. These computer-designed
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Figure 2. Optimized molecular structure of representativbelix (a)
and 3-sheet (b) protein fragments. They correspond, respectively, to
fragmentso6 andf7 as described in Table 2.

structures will be referred in the next sections as “generic alpha”

and “generic beta”. Representative alpha and beta fragments

with optimized structures are shown in Figure 2.

C. Inclusion of Solvent Effect. Solvent effects were taken
into account in selected cases by means of reaction field
calculations using the polarizable continuum model (PCM) of
Tomasi and co-worker®. A dielectric constant of 78.4 (water)
was employed. Simulations involving explicit water molecules

were not considered because there is no direct solvent in the

immediate vicinity of the H-bonds stabilizing the helix or the
sheet of a protein. In this sense, the PCM gives a more accurat
picture of the real situation in a protein. An additional advantage
of using PCM is that not only solvent effects but also other
effects of the environment around the studietielix or 5-sheet
fragment (side chains or other parts of the protein) can be
included implicitly under the long-range averaged interaction
modeled by PCM.

D. Method of Calculation. Unless otherwise indicated,
geometry optimizations were carried out at the B3LYP/6-31G
level for all atoms except NH and G=O groups where a
polarization function was added (6-31G*). Two semiempirical
methods (AM1 and PM3) were additionally used for the
“generic beta” §6 andf7) for geometry optimization for the
purpose of comparison. Single-point EFG calculations at
PW91P86/6-311G level (6-311G* for-\H and C=0) were
performed on (1) the previously optimized structures for the
“generic” fragments, and (2) the experimental geometries

€
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For the systematic investigation of the dependence of the
NQC parameters on the RN bond distance, bond angle,
dihedral angle, and phi and psi angles on a gieehelix/f-
sheet fragment, a semiempirical method (PM3) was used to
perform the partial optimizations, accompanied by single-point
EFG calculations at PW91P86/6-311G level (6-311G* feri
and G=0) level.

To assess the effect of the side chains on the EFG of the
oxygen atoms in the backbone, a larger model system including
all residues in one of the experimental fragment was also tested
(85-R). In this case, a two-layer ONIOM calculation was
performed on the experimental geometry of the selected
fragment, using (PW91P86/6-311G:PM3) with 6-311G* for
N—H and G=0O in the inner layer. The simple polyglycine
version of the fragmen{36) was employed as the inner layer,
and the G atoms served as links between the two layers. A
small code was developed to evaluate the effective EFGs from
the ONIOM outpu€” All calculations were carried out with the
Gaussian 98 packag&.An energy decomposition analysis
(EDA) for botha-helix andp-sheet fragments was made using
the Amsterdam Density Functional progréfn.

IIl. Results and Discussion

This section is divided in four subsections. First a comparison
of a-helix andj-sheet fragments in terms of energy contribu-
tions to the total energy is presented. Second, we present the
results for1’O, both in the gas phase and in solution, for
o-helices and3-sheets. Here we evaluate the role of solvent
and the effect of protein residues, and we seek to find the main
factors that differentiaten-helices andg-sheets. Third, we
present the results fdfN and compare them with the results
for 170. Finally we predict the NQDR spectra of transition
frequencies for both an-helical and g3-sheet protein.

A. Energy Decomposition Analysis.An important aspect
of any energy decomposition analysis (EDA) concerns the
definition of the two fragments, A and B, in which the system
A—B is divided. For g3-sheet, the choice of the two fragments
is quite obvious. Ouis-sheet model can be regarded as a
supermolecule, the sum of two separate strands, so each strand
is a well-defined fragment. For an-helix, however, the
partitioning is not so straightforward because all atoms belong
to the same chain. A simple cut on one of the covalent bonds
would lead to two radical fragments, which are not a suitable
input for the EDA (requiring two saturated entities or mol-
ecules). To overcome this difficulty we removed the central
peptide unit of the chain (i.e-N(H)—C(=0)—), and then we
saturated the two new ends turning them into methyl groups.
Finally we put a constraint to keep the two consecutive helices
as if they were still part of a larger one (frozen-C distance
= 3.734 A and dihedral angles, all as they were in the original
model). This truncated-helix model is the ideal solution that
satisfies both the physical and chemical requirements of the
system under analysis. Moreover, it is also consistent with the
pB-sheet model to be compared with because the donor (NH)
and the acceptor €€0) groups of a given H-bond interaction
are located in separate entities (either a helix or a strand) in
both models.

Table 3 shows the individual terms of the energy decomposi-
tion (in kcal/mol) for ana-helix and aB-sheet. According to
the extended transition state mett8the total energy of a given
system can be written as

extracted from selected fragments of the real metalloproteins
(some H atoms had to be added to keep all fragments neutral)
The use of PW91P86/6-311G(*) to properly evaluate EFGs has
been discussed in a previous pafer.

Eiotal = Eint T Eger= E° + Ejj + Eges =

E + Eelstat+ Eoi + Edef

Pauli
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TABLE 3: Terms of the Energy Decomposition (in kcal/ TABLE 4: Average Calculated YO NQC Constantsy (in
mol) for an a-Helix and a -Sheet Fragment MHz, Standard Deviation in Parentheses) and Asymmetry
. hell heot Parametersyn of Gas-Phase and Solvated-Helix and
energies o-hefix p-shee B-Sheet Protein Fragments Taken for Both Experimental
AEpayi 16.47 5.71 and Optimized Geometries
AEg';tat —23.00 —15.45 gas phase solution difference
AE —6.53 —9.74 (e =1.0) (e=78.4) (solution— gas phase)
AE; —13.90 —7.60
N —-20.43 —-17.34 fragment " X " Ay Ay
AEges 22.75 4.72 al 9.388 0.234 8.983  0.344 —0.405 +0.110
AEpta’ 232 —12.62 a2 9.203 0.158 8.878  0.252 —0.325 +0.094
o 3 9.406 0.142 9.029  0.256 —0.377 +0.114
2SUM OfAEpayi aNdAEeisias ® SUm of AE® andAE,. © Sum of AEin 24 9175 0036 8793 0196 —0382 10110
andAEger. o5 9370 0.148 8950  0.273 —0.420 +0.125
a6 9.277 0.072 8925 0.179 —0.352 +0.107
Here the deformation energy teriByes, takes into account the  ava 9.30(9) 0.14(5) 8.93(8) 0.25(5) —0.37(12) +0.11(7)
geometric distortion of the two fragments in each model (either ﬁ; g-ggg 853 g-igi g-ggg :8-321 igégé
an a-helix or af-sheet) from their equilibrium geometries to h ) ) : : s :

. : . 3 8.823 0.240 8461 0523 -0.362 +0.283
the framework of the final system (i.e., of the entire model). p4 8684 0.240 8328 0523 —0356 +0.283
Ein: represents the net interaction between the two fragments ings 8.651 0.273 8296  0.595 —0.355 +0.322
each model once their geometries are as in the final complex./6 8.888  0.109 8524 0238 -0.364 +0.129

_ o g ; ; B7 8524 0319 8175 0.695 —0.349 +0.376
The En term is divided into the electrostatic and exchange 8.76(14) 0.24(7) 8.40 (13) 0.53(14)-036(19) +0.29(16)

. . . . a
interaction energy between the two fragments in the combined 4 o)) 0.54(17) 0.10(9) 0.53(15) 0.28(15)
complex,E®, and the orbital interaction energi,i. E° can be

further divided into the electrostatic interactiofgsiaand the $1—p5) and parameters obtained at optimized geometuiés (
exchange repulsiorEeaui The termE, originates from stabiliz- — 5n86 37) is negligible. Earlier studiésshowed that the EFG
ing interactions between occupied and virtual orbitals of the g very sensitive to geometry changes and that the best results
two separate fragments. ) are often obtained using the experimental geometry. Our results
~ As seen from Table 3, the total energy for tiérelix model i Taple 4 are consistent with a more recent theoretical study
is positive (+2.32 kcal/mol) whereas the total energy for the o the nitroethylene molecdfewhere minor differences were

B-sheet model is negative-(2.62 kcal/mol). This indicates that  ty,nd petween the values obtained at the experimental and
the model with a helical array is not stable in the gas phase optimized geometries.

(i.e., without any environmental element stabilizing the tightly
coiled structure). The main contribution to this destabilization
arises from the deformation energy. Thg for the o-helix
(22.75) is almost five times th&ges for the S-sheet (4.72).
Therefore, although th&,; is larger in thea-helix (—20.43)
than in thef-sheet (17.34), this term cannot compensate for
the large deformation energy in the former model. For this .
reason?in thex-helix models %)éscribed in the next sections we mentally determined by Ando and co-workers' (. = 9.28

have kept several dihedral angles frozen (partial optimizations) MHZ andy; = 8.65 MHz). _ _ _
to preserve the natura' rod“ke structure. Thlrd, the Ca|Cu|ated aVerag@ln SO|utI0n, Wh|Ch Sh0u|d
Also it should be noted that tH&,; term is remarkably larger provide a more gccurate preqiiction than the gqs-phgse results
in the o-helix than that in the3-sheet. This reveals that the for the signals in real proteins to be determined in future
stabilizing interactions between the two fragments (mainly €Xperiments, arg, = 8.93 (8) MHz andys = 8.40 (13) MHz.
H-bond interactions) are better in the coiled structure than in These values are obtained averaging both the experimental and
the pleated sheet, probably as a result of more lineakN-O optlmlzed geometries. It should be noted that, regardless o_f the
bonds. This, in turn, should be reflected in a spatial distribution Medium being vacuum or water, the calculated difference in
of electrons around N and O nucleus notably different for Petweeno-helices angS-sheets is approximately half a MHz:
a-helices and fop-sheets. In the next sections, we investigate 0-53 (15) MHz in solution, 0.54 (17) MHz in the gas phase.
theoretically whethel’O and/or“N NQDR spectroscopies will ~ Absolute values are slightly shifted from vacuum to water;
be able to detect these differences. relative differences stay the same. With line widths typical of
B. 70O NQC Parameters. Table 4 shows the calculated frozen samples at 2K, NQDR spectrometers can resolve
averagel’0 NQC y andy for each fragment, both in the gas differences we_II below 1OQ kHz. Tht_arefore, our results show
phase (vacuung = 1.0) and in solution (wateg, = 78.4). All that separate signals resulting frohelices ang-sheet models
six oxygen atoms have been taken into account in the averageWill be experimentally distinguishable.
of any given single fragment. Even though only half of the Fourth, the average change in the NQCCs between the gas-
oxygen atoms in these models are H-bonded, all have beenphase and solvated protein fragments in TableMyiss —4.1%,
included in the calculations. Exclusion of the atoms that are with the negative sign indicating thatdecreases from the gas
not H-bonded does not significantly affect the result. They are phase to solution. The effect of solvation on EFG’s has been
equally distributed above and below the average. The effect of theoretically investigated in previous studies with a supermol-
introducing these atoms can be regarded as analogous to thecule approach for a few neutral molecules@HCOOH, H-
effect of having random side chains and other external factors CO, CHOH, and HCONH).*® Those studies showed that
influencing the final value (an effect otherwise neglected by hydrogen-bonding interactions cause a-B0% decrease in
using isolated polyglycine models). EFG with respect to the isolated molecule. Here we do not use
First, it should be noted that the difference between NQC explicit molecules but a continuum model. A more suitable
parameters calculated at experimental geometoié¢s ¢5 and reference is our previous study on coenzyme8where the

Second, the calculated average gas-phassing both the
experimental and optimized geometries aye= 9.30 (9) MHz
andys = 8.76 (14) MHz. As seen from Table 4, the computed
values are remarkably consistent, and the largest deviation from
the average is only 2.7% (in the case of the AM1 optimiged
fragment,37). These results correlate well with those experi-
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Figure 3. Comparison of a beta-sheet fragmest, without (a) and
with (b) residues. The relevant oxygen atoms have been labeleg,as O
where the first digit of the subscript, x, indicates the fragment (5), and
the second digity, indicates the corresponding O atom in the fragment
(starting from the N-terminus).

TABLE 5: Comparison of y (in MHz) and # for Fragment
p5 with Residues #5-R) and without (#5-H; i.e., R = H)

Oatom x(B85-H) x(B5-R) Ax® 5(B5-H) n(B5-R) AP
Os1 8.333 8.538 +0.205 0.423 0.383 —0.040
Os2 8.312 8.452 +0.140 0.252 0.212 —-0.040
Os3 8.690 8.634 —0.056 0.283 0.323 +0.040
Os4 9.064 9.077 —-0.013 0.130 0.129 -0.001
Oss 8.537 8.730 +0.193 0.425 0.357 —0.068
Osg 8.972 8.691 —-0.281 0.123 0.190 +0.067

2 Average deviatiomy = 0.003 MHz ° Average deviatiomy =
0.007

J. Phys. Chem. A, Vol. 105, No. 18, 2004551

Figure 4. Structural model used to study the effects of altering the
parameterfo...n, 0, &, ¢, ¥ (see also text for definition) op andy.

Factors Differentiatinga-Helices and3-SheetsTo obtain a
deeper insight into the difference between the two secondary
structural elements, additional theoretical calculations have been
carried out using the model compound shown in Figure 4.
Single-point EFG calculations have been performed on the PM3-
optimized geometry of this model. The dependencies on the
hydrogen bond length (defined byRy), hydrogen bond angle
(defined by = OH—N---0O), and hydrogen bond dihedral angle
(defined by& = ON—C=0---H) of the calculated EFG have
been investigated.

As evidenced by the graphical representations shown in
Figures 5 and 6, the above-mentioned difference of 0.54
MHz between the averaged values of thandg fragments is
found to be a direct result of the different conformations of the
hydrogen-bonded systems. Figure 5a displays a function
of the bond lengthRo...y and clearly shows that, in the relevant
range of hydrogen bonds there is no dependence @i this
bond distance. Figure 5c indicates that there is also minimal, if
any, systematic dependence yobn the dihedral angl&IN—
C=0---H. Figure 5b, however, illustrates thataries dramati-
cally with changes in the hydrogen bond angle= OH—N--

-O. These results explain the distinction betweeandf. The
difference ind between these two systems is abolft H3bonds
in o-helices are in general more linead € OH—N---O ca.
10—-12°) than in -sheets § = OH—N---O ca. 20-22°).44
According to our results in Figure 5b, such a’Idifference
corresponds to an approximate variation of 0.34 MHz in the
NQC constant. This accounts for ca. 63% of the difference

decrease in EFGs from the gas phase to PCM-simulated solutionV® found between thei-helix and j-sheet conformations

was found to be in the range of-®%.
Role of Protein Residue$he role played by the side chains

(Ax(Jo—p]) = 0.54 MHz).
It should be noted that andyn do not necessarily follow the

has been investigated by comparing the NQCCs in a selectedsame trends. For instanogshows a strong dependence on the

fragment §5) with and without residues, as shown in Figure 3.

bond lengthRo...n, Figure 6a, whereag remains almost

The results are shown in Table 5. As can be seen, substitutionconstant, Figure 5a. As the-GH distance increases, the lone
of the real side chains by hydrogen atoms results in an averagepair electrons of O become less polarized in the direction of

Ay of only £0.003 MHz (less than 1% of thiy, s, difference
at averaged values fax and 5, 0.54 MHz). The maximum
deviation is approximately0.2 MHz, and occurs at an oxygen
surrounded by two amide ligands4§2 The averagé\y is also
very small ¢-0.07). It follows from these results that the protein

the H atom, i.e., the electron distribution around the O atom
becomes more spherical. Consequently xhg andz compo-
nents of the EFG (and in particulag and gy) become more
alike, yielding a smaller at largeRo...y values. Unlikey, which
depends only on thg, componenty; is clearly a function of

residues do not significantly affect the EFG components of the Ro...n. Also notice that, at infinite distance, one would expect
main-chain atoms. For the purpose of the present study, thegx~ gy and thereforey ~ 0. As can be extrapolated from Figure
protein residues can be safely replaced by glycines. A poly- 6(a), 7 tends asymptotically to zero with increasiRg...n. It

glycine model might not be accurate enough for a more

should be noted, however, that around-230 A, i.e., in the

sophisticated study of a particular system where subtle effectstypical range ofRo...y for both a-helices and3-sheets; is

from the side chains may be important.

expected to be ca. 0.4.
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Figure 5. The calculatedy(*"O) values (in MHz) for the model system in Figure 4, as functions oR@)x, (b) the hydrogen bond angie=

OH—N---O and (c) the hydrogen bond dihedral an§lee OIN—C=0-+-H.

Comparison with Preious ResultsThe results of this study
are different from those reported by Kuroki et ®¥l.which
indicated thaty is primarily a function ofRo..n, with ¥

—109.0 andy; = 130.0. From Figure 7a, it can be seen that
x depends only minimally og: for —150° < ¢ < —50°, 8.4
MHz < y < 8.6 MHz. Consequently, the difference between

increasing with increasing length. These authors suggested thafca. 8.40 MHz) ang3 (ca. 8.54 MHz) is only 0.14 MHz. In

the distinction iny betweeno and f was due to the slight
difference in theRo...y distance in these two structural ele-
ments!® X-ray diffraction has determined these lengths to be
2.87 and 2.83 A for thet andf conformations, respectivefy.
Using the data of Kuroki et a8 a difference of 0.04 A would
only causey, — xg ~ 0.025 MHz which cannot account for
the large 0.54 MHz shift iny that has been found both
theoretically and experimentally. It follows from both our study
and that of Kuroki et al® thaty is strongly dependent on the
OHNO bond angle, noRo...n. We found that the phenomenon
of y increasing with increasindRo...y only occurs at larger

contrast, Figure 7b shows a clear trend thapascreases from
90° to 16C°(5 region),y increases steadily, and gsincreases
from —70° to —30° (a region),y increases steadily again. In
particular, the difference between(ca. 9.10 MHz) and’ (ca.
8.66 MHz) is 0.44 MHz. This factor alone accounts for most
(ca. 81%) of the difference we found between théelix and
[-sheet conformations (0.54 MHz). This factor combined with
the effect of a different H-bond angl®, = OH—N-O, for
o-helix andg-sheets (discussed above) explains the calculated
difference of half a MHz. The two effects are probably
cooperative.

distances, and has no effect over the small range of valid Mulliken population analysis on these fragments reveal that

hydrogen bond lengths in real proteins.
Influence of the Backbone Conformatiofo complete our

the change iry as a function ofiy (but not as a function op)
can be mainly ascribed to a change in the electron distribution

study on the relationship between structure and NQC parametersaround the target O atom gsvaries (the electron distribution
we have also investigated the effect of the backbone dihedralremains almost constant with variations @j. Geometry

anglesp (phi) = OC(O)C—NC(O) andy (psi)= ONC—C(O)N
ony andy, as shown in Figures 7 and 8. It is well-known that
the conformation of a given main chain is completely defined
wheng andy are specified for each residue in the chain. Typical
average values af andy for a-helices and antiparall@-sheets
are, respectivelygp, = —63.0° andy, = —42.0°, and ¢y =

considerations play a minor role. The connection between
electron density and EFG was already established in pioneering
studies, where field gradients were regarded as holesaoid/

or 7 electrons'® A similar, more sophisticated concept has been
applied in the present study. Thus, a change &fi@Qp (from

100 to 17C) causes a variation of 16% on the total gross atomic
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Figure 6. The calculated;(*’O) values for the model system in Figure 4, as functions of @)\R(a) the hydrogen bond angte= OH—N-:-O
and (b) the hydrogen bond dihedral an§lee ON—C=0---H.

population on the target O atom. A change of 1 ¢ (from although the absolute values pfdecrease by ca. 0.15 MHz.
—150° to —80°) causes only a variation of 2% in the total gross The average change in the NQCCs between the gas phase and
atomic population on the target atom. solvated fragments idy = —9.1%.

We conclude that fot’O, NQC parameters of proteins depend Interpretation of thé’O and'*N ResultsTo understand why
on the particular conformation of the backbone and the the 1O parameters foo-helices and foiB-sheets are distin-
hydrogen-bond system, specifically on the backbone dihedral guishable while thé*N parameters are not, one should keep in
angley and the hydrogen bond angleThese are the two main  mind the physical origin of the NQC constants. NQC constants
factors makingx-helices have observably higher NQC param- result from the interaction between quadrupolar atoms and their
eters tharB-sheets. Conversely/O NQC parameters are not  immediate neighbors. Such an interaction creates a nonspherical
dependent oiRo...n, as had been previously thoudfitnor are charge distribution at the nucleus of the quadrupolar atom. In
they dependent on eithéror ¢. proteins, two related factors affect such interaction: the

C. "N NQC Parameters.The calculated averageandy hydrogen-bonding network and the conformation of the protein.
for each protein fragment, both in the gas phase and in solution,Let us analyze each atofO and!*N, separately.
are shown in Table 6. As can be seen, thevalues are In protein backbones, thEO are all hydrogen bonded, so
remarkably consistent, and the largest deviation is only 6.1% the electron distribution in oxygen atoms should be in principle
(which corresponds to the PM3-optimiz8dragment 56). The dependent on the length, bond angle, and dihedral angle of this
overall averages in the gas phasejre= 4.46 (9) MHz fora, bond (only the bond angle seems to play a role according to
andys = 4.30 (12) MHz forf, with an approximate difference,  our study). Second, both the hydrogen-bonding frame and the
Ax(lo—p]), of 0.16 (15) MHz. This is within the uncertainties  directionality of the bonds of the backbone atoms depend on
of zero, indicating that conformation has no effect)q#N). the particular conformation of the protein. Thus, the hydrogen-
In light of these results, we predict tH4N NQDR spectroscopy  bonding picture in am-helix, composed of one twisted chain,
will not be able to distinguish separate signals coming from is quite different from hydrogen bonding infasheet conforma-
two different secondary structureg-felices angs-sheets). tion, with two approximately straight and parallel chains.

Like in the case ot’O, the difference betweeamn-helices and Similarly, the directionality of the bonds involving O and N
B-sheetsA(la—p|), for 14N does not change significantly from  are quite different in a rodlike structure-elix, linear H-bond)
the gas phase, 0.16 (15) MHz, to solution, 0.14 (16) MHz, and in a pleated shegf-Sheet, bent H-bond). Therefore, one
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Figure 7. The calculated¢(*’O) values (in MHz) for the model system in Figure 4, as functions of the backbone dihedral angle<(a)
OC(O)C—NC(0) and (b)yy = ONC—C(O)N.

could conclude that, in principle, both the particular conforma- large numbers (electronic and nuclear contributions). Minor
tion of the backbone and the hydrogen-bonding picture play a variations in either of these large numbers affecirastically.
key role in the resulting NQC parameters 160. This problem is particularly severe when the x and y components
On the other hand, the relationship between backiddNe are very close; a minute fractional shift in one of them
NQC parameters and protein structure is less direct than that ofautomatically turns into a large variationsjn The deviation in
the backboné’O. In the case of’O, it is clear that variations 7 here was also expected to be wide. To correct for this, the
in the secondary protein structure have a direct effect on the transition frequencies were recalculated wjthestricted to its
hydrogen bond angle between the O and H. The nitrogen nucleiaverage values. This removed the extraneous outlying data, and
are also each bonded to a hydrogen, but here the bonds ardimited the calculations to a more reasonable rangg.ofhe
covalent, and a change in the overall structure does not affectresults for botit*N and*’O frequencies are shown in Tables 7
this bond. and 8, respectively.
We conclude that fof*N, NQC parameters of proteins do For 1N, since it has an integral spin= 1, eqs +3 were
not depend on the particular conformation of the backbone. utilized. The corresponding frequencies, (v+, andv_), along
Accordingly, 170 NQDR spectroscopy will be suitable to  with their sum, are tabulated in Table 7 to obtain the predicted

evaluate thex/8 contents of a given protein sample whifé\ NQDR spectra fofN.
NQDR spectroscopy will not. This relatively simple method cannot be used@. Unlike
D. NQDR Spectra and Frequency PredictionsThe NQDR 1N, 17O has a half-integer spin, and hence no exact solutions

frequencies were calculated for all transitions of oxygen and for the frequencies may be found in analytical form. The two
nitrogen as described in section 11.B, using egS1Frequencies ~ methods described in the method section to obtain the eigen-
were originally evaluated using the exactalculated. These  values of the secular equation were tested for comparison. The
results were not very conclusive. With the currently available second method, numerical perturbation, was found to be more
methods, theoretical calculations pfare still very inaccurate accurate and is the one we used below. The average calculated
and show unpredictably large deviations. As already pointed transition frequencies to obtain the predicted NQDR spectra for
out by Torrent et at? in a previous work, the computation of 1O are summarized in Table 8.

7 utilizes the three diagonal components of the EFG. Each of From the results in Tables 7 and 8, the corresponding NQDR
the components represents a very small difference between twospectra can be partially predicted. What these tables do not show
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TABLE 6: Average Calculated N NQC Constantsy (in TABLE 7: Calculated 1“N Transition Frequencies (in MHz,
MHz, Standard Deviation in Parentheses) and Asymmetry Standard Deviation in Parentheses)yo, v—, and v, of
Parametersp of Gas-Phase and Solvated-Helix and o-Helical and f-Sheet Proteins, Averaging Experimental and
p-Sheet Protein Fragments Taken for Both Experimental Optimized Geometries
and Optimized Geometries
Vo [ Vi
gas phase solution difference -
(e=1.0) (e=78.4) (gas phase- solution) a-helix 0.48(2) 3.10(13) 3.58(15)
fB-sheet 0.60(3) 2.93(14) 3.53(18)
fragment  x U X U Ax Ay A(lo-B1) 0.12(4) 0.17(19) 0.05(23)
al 4298 0229 3.870 0.360 —0.428  +0.131 ) . » o
o2 4.533 0.189 4.215 0.245 —0.318  +0.056 TABLE 8: Calculated 'O Transition Frequencies (in MHz,
a3 4.449 0.227 4.031 0.305 —0.418 +0.078 Standard Deviation in Parentheses)yl, V2, and v11+v,, of
ad 4.583 0199 4.142 0296 —0441  +0.097 a-Helical and g-Sheet Proteins, Averaging Experimental and
a5 4465 0213 4015 0326 —0450  +0.113 Optimized Geometries
ab 4415 0236 4.060 0.315 —0.355  +0.079 n vy .
ava 4.46(9) 0.21(2) 4.05(11) 0.31(3)-0.41(14) +0.10(4) -
Bl 4287 0324 3.897 0486 —0.390 -+0.162 a-helix 1.67(3) 2.69(6) 4.36(9)
B2 4297 0260 3.906 0.390 —0.391  -+0.130 pB-sheet 1.51(5) 2.56(8) 4.07(13)
B3 4423 0255 4.020 0.383 —0.403  +0.128 A(lo-pl) 0.16(6) 0.13(10) 0.29(16)
pa 4.365 0.241 3.968 0.362 —0.397 +0.121
B5 4306 0286 3.914 0429 —0.392  +0.143 tively, the predicted transition frequeney for o-helices and
6 4040 0317 3.672 0476 —0.368  +0.159 for 8-sheets. Provided they do not overlap much (here we have
BT 4405 0266 4.004 0.399 —0.401  +0.133

avp

430(12) 028(3) 3.91(11) 0.42(4)-039(16) +0.14(5) information only for the intensity), they should be experimen-

A(la—p]) 0.16(15) 0.07(4) 0.14(16) 0.11(5) tally distinguishable. The transition, appears at higher

frequencies. Here again, theandfs peaks should be resolvable

is how isolated a certain peak will be or how crowded a given unless they overlap significantly. The clearest indication of
region of the spectra will become due to overlap of numerous whether a sample structure éshelical or 3-sheet, however,
adjacent peaks. According to Table 8, in #i@® spectra, there ~ comes fromwv;+v,, the frequency for transitions from the first
should be a distinct peak at 1.668 MHz farhelices and at energy level to the third. Since+v; is basically an addition
1.513 MHz forf3-sheets. These peaks would represent, respec-of the first two frequencies, the peak separation betweand
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p is also additive. Henceyi+v, should have a larger peak polyglycines) without a significant loss of accuracy, and with
separation than either or v, regardless of the overlap between the advantage of minimizing the computational cost.

o andf. The gap betweea andf shown in Table 8, 0.29(16) (5) IO NQC parameters of proteins are dependent on the

MHz, indicates that the experimental signals éehelices and particular conformation of the backbone, specificallytband

S-sheets int’O spectra should be distinct. 1. Due to thisp-helices angB-sheets have observably different
It follows from Table 7 that'N signals froma and 70 NQC parameters.

conformations might be harder to identify. Of the three (6) Conversely’O NQC parameters are not dependent on
frequencies, twoy(- andv) are almost completely indistin-  Ro..n, @s had been previously thought, nor are they dependent
guishable because, for both of themand values are within on either& or ¢.

much less than a standard deviation of each other. The only (7) Unlike 7O NQC parameters'®N NQC parameters of
distinguishable transition frequency f&iN is v,. Here, likev, proteins do not depend on the particular conformation of the
(*’0) andvi+v, (170), the peaks should be more separated. backbone.

From these strictly theoretical considerations, we predict that Overall, these results strongly support the idea that DFT
this experimental signal fax-helices angB-sheets if“N spectra methods give excellent representations of local electrostatic
are likely to be distinct. However, this may not be the case after properties such as EFG for proteins with a different secondary
taking into account experimental factors. Due to its low structure. It encourages the future use of these methods in
frequency, this signal for, is often difficult to detect. The situations where experimental results are lacking or difficult to
current procedure of NQDR may make low-frequency detection obtain. Thus, computationally predicted spectra like the ones
unviable. On the other hand, Rabbani et’dlave been ableto  reported here can be confidently used (1) to help elucidate the
detect such low frequency signals in other structures using components of a complex NQDR spectra of a protein sample,
NQDR. Therefore, we should conclude that, only given the right (2) to indicate which signals can safely be disregarded when
experimental setup, the(**N) signal might be distinguishable  examining other features of proteins, such as enzyme active sites,

for a-helices angs-sheets. and (3) to investigate proteins with unknown secondary
To sum up, it follows from our predictions that it will be  structures.
experimentally feasible to identify-helices angs-sheets in the Experimental work is currently in progress in our lab using

NDQR spectra of protein backbo®, by correctly interpreting  the above predicted spectra as a guide for identifyingthelix
the spectra according to the above guidelines. In the case ofandj-sheet signals of oxy-myoglobin and human transcription
14N NQDR spectra, a more sophisticated experimental setup isfactor I1B.

required.
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