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Abstract: LiT and Ca?* binding to the carbonyl oxygen sites of a model peptide system has been studied
by 170 solid-state NMR spectroscopy. 1O chemical shift (CS) and quadrupole coupling (QC) tensors are
determined in four Gly-(Gly-*’O)-Gly polymorphs by a combination of stationary and fast magic-angle
spinning (MAS) methods at high magnetic field, 19.6 T. In the crystal lattice, the carbonyl oxygen of the
central glycyl residue in two gly-gly-gly polymorphs form intermolecular hydrogen bonds with amides,
whereas the corresponding carbonyl oxygens of the other two polymorphs form interactions with Li* and
Ca?* ions. This permits a comparison of perturbations on 7O NMR properties by ion binding and
intermolecular hydrogen bonding. High quality spectra are augmented by density functional theory (DFT)
calculations on large molecular clusters to gain additional theoretical insights and to aid in the spectral
simulations. lon binding significantly decreases the two 7O chemical shift tensor components in the peptide
plane, 611 and d2,, and, thus, a substantial change in the isotropic chemical shift. In addition, quadrupole
coupling constants are decreased by up to 1 MHz. The effects of ion binding are found to be almost an
order of magnitude greater than those induced by hydrogen bonding.

Introduction with a large quadrupole couplingy6 MHz, has low natural

Oxygen sites are responsible for a great deal of chemistry @bundance, 0.037%, and a low gyromagnetic ratio, 1/7 that of
catalyzed by biological macromolecules. Carbonyl groups are ‘H- Together, these pose significant experimental difficulties
of special interest because they directly participate in interactions @8Sociated with a poor signal-to-noise ratio (S/N) and large
that (i) define protein 2and 3 structure, (i) play a crucial spectral W!dthg. Nevertheless, recent ad.vances in th.e develop-
role in intermolecular contacts, and (jii) are direct participants Ment of high-field magnets and NMR instrumentation have
in numerous biological functions. Here, we exploit NMR at high Substantially improved S/N and spectral resolufiorsulting
magnetic fields to study ion binding to peptide carbonyl N the rapid growth of’O NMR spectroscopy in the past few
oxygens. Such catieroxygen interactions play a key role in ~ Years:®
the selectivity filters of ion channels and, thus, are critical for ~ Significant effort has been applied toward the study of
ion transport across membrariésThe measurement of per-  hydrogen bonding by’O NMR spectroscopy in a number of
turbations int’O NMR properties induced by interactions with ~small model system&,® where the values and the orientations
cations potentially allows for an assessment of a variety of Of the chemical shift (CS) and quadrupole coupling (QC) tensor
biologically important structural and functional information. We Ccomponents can be obtained in polycrystalline powders or in
find that'’0O NMR of carbonyl oxygens interacting with cations ~ Single crystals. In combination with X-ray diffraction structures,
is a highly sensitive probe for structure, function, and dynamics detailed interpretation of the tensor parameters is possible.
in proteins.

Oxygen NMR spectroscopy has not been extensively used ®)
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Figure 1. X-ray structures of four triglycine polymorpf3:15 The central
carbonyl amide group of each gly-gly-gly interacts with neighboring gly-
gly-gly molecules through hydrogen bonding in GGG and GGG*HCI or
with cations (Li" and C&") in GGG*LiBr and GGG*CaCJ. The central
amide N-H interacts by intermolecular hydrogen bonding with a neighbor-
ing O=C in GGG, with CI in GGG*HCI and GGG*CaCJ, and with Br

in GGG*LiBr. Peptide torsion angles of the central residue correspond to
an extended conformation in GGG, GGG*HCI, and GGG*LiBr and to an
o-helix in GGG*CaC}. Atom color codes are: ree- oxygen, blue—
nitrogen, gray— carbon, green- chloride, white— hydrogen, pink—
lithium, brown — bromide, and yellow— calcium. Abbreviations in
parentheses correspond to Cambridge Structural Database (CSD) codes.

However, ion binding, important for protein catalytic and ion

peptide sequence. Consequently, it is possible to model ion
binding interactions occurring in proteins in a significantly
simplified, but relevant, model system. Density functional theory
(DFT) calculations are used to investigate the effects of ion
binding and hydrogen bonding on carboAYD NMR param-
eters theoretically. The effects of the former are shown to be
an order of magnitude greater than the latter demonstrating the
excellent potential fot’O NMR to study gating and selectivity

in ion channeld:16

Methods

Sample Preparation.Fmoc+’O-Gly was prepared by exchange of
glycine, 400 mg, with 70% KO, 500 mg, (Cambridge Isotope
Laboratories, Inc., Andover, MA) at 100 under acidic conditions,
HClg), pH < 1.1 Gly-(*’O-Gly)-Gly was prepared by Fmoc solid-phase
peptide synthesis fron¥50% enriched Fmoé¢O-Gly, purified by ion
exchange chromatography, and crystallized in four different conforma-
tions, GGG*HCI® GGG}®* GGG*LiBr,'? and GGG*CaGl** as
described previousl?1°

Solid-State NMR SpectroscopySolid-state NMR spectroscopy was
performed on instruments with Bruker data acquisition systems at 14.1
and 19.6 T. Spectrometers were equipped with a Bruker triple-resonance
MAS probe (14.1 T) or an in-house double-resonance MAS probe (19.6
T).20 All spectra were referenced externally to tH® chemical shift
of liquid H,O. The MAS experiments utilized a rotor synchronized
spin—echo sequence with an echo delay ofi&s0 Pulse (189 widths
were 3.5-4.0 us, and spinning rates were20 kHz (19.6 T) and 12
kHz (14.1 T). The static experiments used agiecho delay. The
repetition rate ranged from 1.6 8 s with a'H B; (decoupling) field
of 70 kHz.

DFT Calculations. *'O electric-field gradient (EFG) and chemical-

conductance activities, has not been investigated in detail by shift tensors were calculated for isolated tripeptide molecules and

170 NMR spectroscopy.

Although proteint’0O NMR studies were recently suggested
as being feasible and attractive as a result of sensitivity to the
local perturbationd? there are very few reports investigating
carbonyl sites in peptides and proteifid! Moreover, there is
little experimental information about site specific carbonyl
oxygen interactions with the exception of a few hydrogen
bonding studies in small model systems and poly-amino acids.
Here we present a systematic examinatio’¥©fchemical shifts
and quadrupole couplings in crystalline polymorphs of the model
tripeptide gly-gly-gly. This tripeptide is studied here in four
different conformation$?-1> Two polymorphs form antiparallel
f-sheets and their central carbonyl groups fors@--H—N
intermolecular hydrogen bonding with-GH distances of 2.18
and 2.00 A, correspondingly (Figure 1). The central carbonyl
of a third antiparallej3-sheet polymorph interacts with a™Li
ion at a distance of 1.95 A, whereas the carbonyl oxygen of a
right-handedx-helix polymorph binds C# at a distance of 2.30
A. This series provides a unique opportunity to study ion binding
by solid-state NMR spectroscopy in a relatively small peptide
system. Additionally, the effects of adjacent residues are
eliminated, because all four polymorphs have the identical
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9850 J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006

clusters of molecules using the Gaussian98 progtranthe University
of Kentucky Computing Center and in the Advanced Biomedical
Computing Center, NCtFrederick. The DFT tensor computations
employ the B3LYP functional and the Dunning correlation consistent
double¢ basis set (aug-cc-pVDZ¥,which contains both diffuse and
polarization functions. Because the aug-cc-pVDZ basis set was not
available for Br, CI-, and C&", the ions utilized the 6-3t+g(d,p)
basis set instead of the aug-cc-pVDZ basis set. EFG tensor components
in atomic units,q;, are related to the quadrupole coupling tensor
componentsyj, by yj = 6.01qg; MHz%2 utilizing the accepted value
of the nuclear quadrupole moment=6—2.5582* CS components)j,
are reported relative to water using the absoli@eshielding scalej;
= 307.9— Uij.25
Calculations in Monomers. The tripeptide monomers were con-
structed based on the X-ray coordinates for heavy atoms (non-
hydrogens) and hydrogen positions were optimized by the Pople type
6—31 g* basis set prior to the calculations of the NMR parameters.
Calculations in Clusters.Clusters were constructed based on X-ray
diffraction coordinates, and hydrogen positions were optimized by the
Pople type 6-31 g* basis set. In cases of ion-containing clusters,
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(17) Steinschneider, A.; Burgar, M. I.; Buku, A.; Fiat, Dit. J. Pept. Protein
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Figure 3. Simulated superimposéd0 static spectral array with a variation
in o, the most insensitive Euler angle. Parameters used in the simulations:

Figure 2. Reference frames of the CS and QC tensors and the Euler angless,, = 533 ppm,d,, = 420 ppm,dss = —36 ppm,y = 8.2 MHz. = 0.28.

(a, B, v), which relate the orthogonal systems of the CS and QC tensors.
The transition from QC to CS principal axis system is achieved by a series
of three 2D rotations: (ijx rotates the CS system about theaxis (;33),

(i) S is a rotation about the newly formeadaxis (the intercept of the two
planes), and (iii)y is a rotation about the axis ©33). 2’

GGG*CaC} and GGG*LiBr, where DFT calculations failed due to

multidimensional simulations is the multiple combinationswff, y)
producing identical theoretical line shapes. To alleviate this degeneracy,
we use an initial estimate based on our DFT calculations along with
the single-crystal solid-state NMR data from central glycyl carbonyls
in similar peptide$® This allows us to start searching the multidimen-

convergence problems, the hydrogen positions were optimized at thesional space of the NMR parameters in close proximity to the correct

restricted HarteeFock (RHF) level of theory with the same basis set.

NMR parameter set. In the next step, the MAS spectrum is simulated

The coordinates used for calculations are provided in the Supporting to validate the initial estimate fopis, and the two independent

Information. DFT tensor calculations were performed after geometry
optimization in all cases. The GGG cluster consisting of 72 atoms
includes the central gly-gly-gly molecule and two hydrogen-bonded
gly-gly-gly molecules, as shown in Figure 1. The GGG*HCI cluster
(89 atoms) incorporates the central gly-gly-gly molecule, one more gly-
gly-gly molecule H-bonded to the central carbonyl, and the iGh
interacting with the H-N of the central glycyl residue. Note thatClI

is chelated by four molecular fragments of the neighboring gly-gly-
gly molecules, Figure 1. The GGG*LiBr cluster (152 atoms) and
GGG*CaC} cluster (191 atoms) include the central triglycine molecule
interacting with Li* via ---O=C and Br via :-*H—N for GGG*LiBr,

C&* via --*O=C, and Cf via :-*H—N for GGG*CaC} augmented by

a relatively large part of the crystal lattice. Note that only the core of
the cluster is shown in Figure 1 for GGG*Ca@nd GGG*LiBr. The
implementation of a rather large cluster serves two purposes: (i) it
helps with hydrogen geometry optimization and (ii) the charge
distributions are better modeled near the site of intefeBecause
GGG*CaC}h and GGG*LIBr clusters are large, only the central molecule

and ions used the computationally demanding basis set, whereas thes

rest of the atoms utilized the 3-21 g* basis.

Data Simulation and Error AssessmentBoth static and MASH
decoupled’O spectra were simulated by an in-house-developed Matlab
program and independently by the WSOLIDS1 progfamroviding
identical fits. Solid staté’0O NMR spectral fits are inherently difficult
because eight independent parameters contribute to the line shapes a

the procedure used here is similar to that described previously by Wu

and co-workerg? These include three principal components of the CS

tensor, quadrupole coupling and asymmetry, and three Euler angles,

o, f3, y, describing the mutual orientation of the CS and QC tensor
principal axis frames. The choice of the Euler angles alijgaslong

the z axis, 022 along they axis, 011 along thex axis, . along thez

axis, yyy along theY axis, andy,, along theX axis in the &, y, 2 and

(X, Y, 2) reference frames, Figure?2?” A noteworthy feature of

n

parametersyandy) of the traceless QC tensor. This is possible because
high-speed, high-field MAS line shapes are relatively insensitive to
variations in the CS principal components and the relative orientation
of the CS and QC tensors. The other five parameters, three Euler angles
and two CS principal components, are obtained by fitting the static
spectrum. Because powder patterns, in particular the very wide spectra
observed here, are subject to substantial intensity distortions, the five
experimentally well-defined shoulder or peak positions were emphasized
in the fits?® The 5 Euler angle is within +2° of 90° and, as a resullt,

the spectral fits are relatively insensitive to variationsxinFigure 3.

This greatly simplifies the fitting procedure by reducing the number
of variables to three: the angjeand two components of the CS tensor.

In this way, the procedure uses 8 experimental numbers (3 and 5,
respectively, from the MAS and powder spectra) to determine the 8
NMR parameters. The simulations were then iteratively repeated again
for MAS and static spectra to satisfy a single set of fitted parameters.
With s ~ 90°, simulations corresponding tp)and (180y) are nearly
indistinguishable. DFT calculations and results from single-crystal
tudies were employed for selecting the correct parameter. Uniqueness
and approximate uncertainties of these parameters were established by
a Monte Carlo search of the parameter space for the powder spectra.
To make this practical, the 8-dimensional parameter space was reduced
by fixing a at the fitted value, fixing the isotropic shift at the MAS
value, and searching the remaining parameters withMidnte Carlo
s(feps over ranges in the neighborhood of the fitted parametedss

MHz for y, £0.4 forn, £10 ppm for CS principal component$3°

for 5, and+10° for y. Parameter values yielding calculated spectra in
which any of the 5 characteristic powder pattern frequencies differed
from experiment by more than— ppm were discarded, and the
reported uncertainties (Table 1) are the standard deviations of the
accepted parameter sets. Within these ranges, the fits are unique, and
we note that the two QC parameteysand, were highly correlated.

(26) Waddell, K. W.; Chekmenev, E. Y.; Wittebort, R.Jl.Am. Chem. Soc.
2005 127, 9030-9035.

(27) Eichele, K.; Wasylishen, R. BVSOLID1 NMR Simulation Package
1.17.30; 2001.

(28) Waddell, K. W.; Chekmenev, E. Y.; Wittebort, R. Jl. Phys. Chem. B
2006 in press.

(29) Oas, T. G.; Drobny, G. P.; Dahlquist, F. \l.. Magn. Reson1988 78,
408-424.
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Table 1. Experimental and Calculated DFT CS and QC Tensors?

system x n on 02 033 éspanb Oger® Oiso” of p Y
GGG*CaCh(exp) 7.4(0.28) 0.70(0.14) 427(4) 337(3) —24(3) 451(5) 361(4) 247(3) °QL0) 90°(2) 116(3)
monomer 8.54 0.18 603 450 —47 650 497 335 27 93 7
cluster 7.66 0.49 432 352 -18 450 371 255 4 89° 106
GGG*LiBr(exp) 7.5(0.5) 0.32(0.22) 453(10) 365(8) —43(10)  496(14) 408(13) 258(8) 1@0) 87(2) 72(6)
monomer 8.63 0.42 564 423 —44 608 467 314 17 92 75
cluster 8.14 0.57 473 373 -39 512 412 269 12 83° 70°
GGG*HCl(exp) 7.9(0.24) 0.48(0.10) 535(5) 395(4) —52(4) 587(6) 447(6) 293(4) °Q10) 90 (2) 105(2)
monomer 8.58 0.22 621 444 —-71 692 515 331 8 91° 106°
cluster 8.66 0.31 576 420 —43 619 463 318 8 92 105
GGG(exp) 8.20(0.20) 0.28(0.07) 533(4) 420(3) —50(4) 583(5) 470(5) 301(3) °Q10) 9C(2) 80°(2)
monomer 7.95 0.32 555 377 —58 613 435 291 4 89° 107
trimer 8.61 0.28 560 394 —-36 595 430 306 2 e[0) 75

aCS components are in ppm with respect to external liquid water and quadrupole couplirggss, are in MHz. Euler angles specify the relative
orientations of the CS and QC tensors as illustrated in Fig@feZEstimated uncertainties in experimental parameters (see Methods) are in parentheses
b Ospar=(011-033) € Odev=(022033) 9 Oisc=(d11+0221033)/3. € Note, whena &~ 0°, simulations withy or 180 — y are indistinguishable and the value listed
conforms to that observed in single-crystal studies.

statis: 20 kHz MAS

GGG*CaCl,

, 800 600 200 200 0 200
GGG*LiBr

GGG*HCI

800 600 400 200 0 -200
ppm
Figure 5. Static and 12 kHz MAS’0O H-decoupled spectra (solid) and
simulations (dashed) of GIWO-Gly)-Gly crystallized in the GGG
conformation, acquired at 14.1 T. The simulations use the results obtained
at 19.6 T: 011 = 533 ppm,022 = 420 ppm,d33 = —50 ppm,y = 8.2 MHz.
n = 0.28,a = 0°, f = 90°, y = 80°. 17O-enriched peptide (45 mg) was

50 700 200 600 200 200 o used to obtain static and MAS spectra with 9400 and 22 600 transients,

ppm ppm respectively.
Figure 4. Static and 20 kHz MAS70 H-decoupled spectra (solid) and

simulations (dashed) of GIWO-Gly)-Gly crystallized in four different At idati -
conformations acquired at 19.6 T. The spectra were obtained frofr2 8 modification, thereby validating the 19.6 T spectral analysis.

mg samples and-10-16k and ~64k transients for MAS and static The'’0 NMR parameters obtained from MAS and stationary
experiments, respectively. spectral fits are summarized in Table 1. Additionally, the range
of CS and QC principal component values and their relative
For example, calculated spgct_ra are approximately unchanged if orientations are illustrated in Figure 6. Both CS and QC
decreased by 0.2 MHz anglis increased by 0.1. parameters found in GGG and GGG*HCI polymorphs, i.e.,
Results and Discussion without cations in the lattice, are very similar to those obtained
previously for poly-alaniné poly-glycine$'*2and the WALP23
peptide in a lipid environmenrt.Moreover, the GGG polymorph
with hydrogen-bonding contacts=0D---H—N—C=1"0---H—N
(Figure 1), yielded quadrupole couplingandz, and chemical
shielding parametersys, d,2, anddss, that agree well with site-

N

NMR Results. The stationary and MAS spectra with high
S/N recorded at 19.6 T are shown in Figure 4. The four sets of
spectra for various gly-gly-gly polymorphs exhibit significant
170 line shape sensitivity for intermolecular interactions. The
19.6 T spectra were simulated (dashed line, Figure 4), and the
fit qufi!lty was tested for the GGG polymorph at 14.1 T by (30) Yamauchi, K.; Kuroki, S.; Ando, I.; Ozaki, T.; Shoji, &hem. Phys. Lett.
exploiting the quadrupole line-shape dependence @rBBth 1999 302 331-336.

MAS and static spectra obtained at 14.1 T were well simulated (31) Kuroki, S.; Takahashi, A.; Ando, I.; Shoji, A.; Ozaki, J. Mol. Struct.

: : : : 1994 323 197-208.
(Figure 5) using the parameters obtained at 19.6 T without (32) Yamauchi, K.; Kuroki, S.; Ando, N. Mol. Struct.2002 602, 171-175.
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-1.1-(-3.0) MHz to the peptide plane, angy,; is close to the €O bond.
Consequently, the largest componess, is in the peptide plane
and perpendicular to €0. This and the relative CS tensor

orientations based on the Euler angles (Table 1) are summarized

.. in Figure 6. In the four examples studied here, the most shielded
-5.2-(-6:3) MHz (upfield) componentgss, is close toyi; (the peptide plane

4 _25o;,"(+1 8°) normal) anddi; and d,, are rotated relative tg,, andyss in
427-535 the peptide plane. The most deshielded compodeptis closest
- pRm to 22 (the G=0 bond) with the angle of rotation varying from
7.3-8.2MHz +18° for GGG*LiBr (toward N of the previous residue) te26°

for GGG*CaC} (toward ¢ of the same residue). In this
reference frame, the carbonyl oxygen CS components most
affected by replacing hydrogen bonds with ions are those in
the peptide plane. Botfy; anddy, are shifted upfield, by-100
Figure 6. Experimental CS and QC principal component orientations of and ~60 ppm, respective|y, whereas the component perpen-

the central carbonyl oxygen in four gly-gly-gly peptides in the molecular : :
frame based on the canonical orientation of the QC tensor in arffides. dicular to the peptide planéys, is less affected and moves

822, 733 and y22 lie in the peptide plane, whereass and y1 are downfield by~20 ppm. Note that Cd is nearly in the peptide
perpendicular to the peptide plane. plane with the @-C&" bond vector being 31from the peptide

» . ) plane and 31from the G=O bond vector. Li orientation in

specific values obta}lned. for central glycyl carbonyls in aI.a-eg the molecular frame is somewhat different with the-Gi+ bond
gly and gly-gly-val tripeptides® The GGG*HCI polymorph with  yector heing 24 from the peptide plane and S@rom the G=
Cl~++*H—N—C='"0--*H—N intermolecular interactions (Figure o pond vector.
3) demonstrates somewhat similar CS parameters, but rather MR Parameters from Quantum Chemical Calculations.
smaller quadrupole coupling constant and asymmetry, which 14 quantify the effects of replacing hydrogen bonds with ions
could be explained by the indirect effect viatM hydrogen 4t the target peptide NH and CO groups, density functional
bonding to the negatively charged Cbn. This is similar 0 {heory (DFT) calculations were employed. Calculations are
the indirect hydrogen bonding effects observed in the carboxyl reported for “monomers” (all lattice interactions including those
oxygen in oxalic acid. _ with ions stripped away) and clusters (constructed so that these

Variation of Experimental NMR Parameters. Experimen- iyieractions are included). The rmsd between the DFT and
tally determined QC and CS principal components and their gyperimental CS principal components is 20 ppm for the clusters
relative orientations are listed in Table 1 for the four poly- 5,4 78 ppm for the monomers, indicating that the calculations
morphs. Although CS parameters are more accurately deter-yre gyfficiently accurate to model the effects of local intermo-
mined than QC parameters (see Methods), differences amongear interactions on NMR parameters. Although QC param-
the polymorphs are large compared to the estimated uncertain-gers are somewhat overestimated, this is a typical difficulty
ties. A noteworthy result is the range of isotropic shifts. In this ¢4 most DFT computational metho8<n the basis of prior
set of four peptides)is, varies over a range of 54 ppm, which gy perience with simpler systems and larger clusters, we
is approximately twice the range 6fN isotropic shifts in  niicipate that a significant contribution to theoretical error is
proteins. We conclude thafO NMR parameters are sensitive ¢|,ster incompleteness, i.e., neglect of some local interactions
monitors of conformation and chemical environment. within 4—6 A.234 For example, in this peptide series, three

Comparing the peptides in which the target carbonyl i ¢ompounds have strong intermolecular interactions of the
hydrogen bonded to an amide (GGG or GGG*HCI) to those in peptide plane with ion: GGG*HCI, GGG*LiBr, and GGG*CaCl
which the oxygen is coordinated to a cation (GGG*LIBr or - Among these three, GGG*HCI has the smaller cluster size in
GGG*CaCh) shows a significant effect that can be attributed  , DET calculations: 89 atoms compared to 152 and 191
to ion binding. lon binding decreasgdy ~0.7 MHz, increases  41oms; correspondingly. As a consequence, the smallest cluster
1 by 0.2, shiftsdiso upfield by ~50 ppm, and decreases the = gjze of GGG*HCI resulted in a larger theoretical error for
span of the shielding tensor by100 ppm. We note that the  i5oiropic chemical shift: 25 ppm compared to 11 and 8 ppm,
parameters determined here for hydrogen-bonded carbonyls argorrespondingly. Larger clusters were not implemented due to
in good agreement with those previously repof@&3-3°For computational demands.
example, carbonyl oxygens g#sheet polyglycine) = 8.3 Monomers and Local Geometry.Insofar as the peptides
MHz, 7 = 0.29, 611 = 562 ppm,dzz = 410 ppm, andhsz = studied here are short and charged, the monomer calculations
—108 ppnt’) are in close agreement with those reported here \ofect poth local conformation and how this conformation
for the sheetlike GGG polymorph (Table 1) in which both CO 44,515 the local electric field. In particular, the different
and NH of the target peptide group are H-bonded. conformations present the nearby carboxy terminus, which is

Unique to the solid-state experiment is the ability to relate negatively charged in the three zwitterions (GGG, GGG*LiBr,
tensor data to molecular geometry. Because the powder sample, GGG*CaG)) and uncharged in the cationic GGG*HCI in
experiments used here determine only the relative orientations jiterent ways. The calculations show some variation in

of the CS and QC tensors, we augment this with single crystal 4;44rupole coupling constants and more significant variations
results and quantum chemical calculations, which indicate that
molecular orientations of the QC tensors are (i) not highly (33) Power, W. P.; Wasylishen, R. E.; Mooibroek, S.; Pettitt, B. A.; Danchura,
variable and (i) conveniently positioned in the peptide molecular ., W- J: Phys. Chem199Q 94, 591-598.

X i (34) Strohmeier, M.; Stueber, D.; Grant, D. Nl. Phys. Chem. 2003 107,
frame?328The component of smallest magnituge,, is normal 7629-7642.

-52-(-24) ppm

J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006 9853



ARTICLES Chekmenev et al.

Table 2. Comparison of Direct and Indirect lon Binding Effects on the NMR Properties Obtained from DFT Calculations of Clusters and
Single Molecules

difference? indirect direct AAy AAn AAOy AAOy AAOz AAO0is,
“HCI" =“GGG” OC—CI™® same —0.58 +0.13 —50 —-41 6 —28
“CaCl"—"HCI" same HN—C&*e —0.96 +0.22 —126 —74 1 —66
“CaCl, —“GGG” OC—CI® HN—Cate —1.54 +0.35 —-176 —115 7 —95
“LiBr" —=“HCI” Cl——Br—¢ HN—Li *f —-0.57 +0.06 —46 —26 —23 —32
“LiBr" —“GGG” OC—Brd HN—Li*f -1.1 +0.19 —96 —67 —-17 —60

a“GGG”, “HCI", “CaCl ", and “LiBr” indicate parameter differences between cluster and monomer calculations for GGG, GGG*HCI, GG&*aCl
GGGF*LiBr, respectively? N—H hydrogen bond to &C replaced with the bond to CI°¢N—H hydrogen bond to Cl replaced with the bond to Br
dN—H hydrogen bond to &C replaced with the bond to Bre C=0 hydrogen bond to HN replaced with the bond to €a f C=0 hydrogen bond to
H—N replaced with the bond to ti

in chemical shifts. For example, the two monomers based on effect, we qualitatively conclude that divalent ions have a greater
GGG and GGG*LiBr are both zwitterionic and have similar influence on the NMR parameters than monovalent ions.
local conformations. Consequently, their CS parameters are
similar but still differ on average by 23 ppm. Also somewhat
similar in shielding parameters are the monomers with the Poor sensitivity, resolution, and complex parameter sets have
GGG*CaC} and GGG*HCI conformations. Because these have experimentally impeded the routine use'@ in biomolecular
different secondary motifs based on thandy torsion angles ~ NMR studies. Here, high-quality spectra (with SAN40) were

and different overall charges, an interplay between local obtained from 46-60 umol of 1O per site using a 19.6 T field
conformation and the interaction of the peptide group with §trength. Reported here are the QC and CS tepsor characteriza-
charged groups is implied. Because the experimental CS anglions for the central glycyl carboxyl group in a series of

QC parameters are strongly correlated with the group interactingtrlpeDtIde tpolyn;orpl)h:?. DtFT Ca'c_“'a:'ci_“s for C_:S ang QC
with the carbonyl oxygen, we anticipate that the latter is components and relative tensor orientations are in good agree-
dominant. ment with experiment. Combined experimental and theoretical

results demonstrate an excellent sensitivity of ¥f@ QC and

Clusters and Intermolecular Interactions. To assess the  Cs interactions to ion binding. Moreover, the effect of ion
effect of the lattice environment on CS and QC, we compare binding is analyzed with respect to hydrogen bonding interac-
the differences in the NMR properties between monomer and tions, which are nearly always present in proteins. Earlier efforts
cluster calculations. In monomers, the intermolecular interactions were limited to studies of the impact of hydrogen bonding on
are missing, whereas they are present in the clusters. Thesé’O CS and QC with respect to single molecules in a vacuum
differences in the peptide series permit a decomposition of the by theoretical calculationg®233! Additionally, the isolated
effects of various intermolecular interactions on the NMR effects from direct and indirect ion interactions have been
parameters. In this procedure, we have assumed that the variou§haracterized by the DFT calculations.
interactions affecting the NMR parameters are additive, and this  On the basis of experimentally validated DFT calculations,
is justified by the self-consistency of the results. “Conformation We conclude that (i) hydrogen bonding has a very small impact
independent”, pairwise comparisons between peptides are madé&n Cs propertigs, \.N.herea}s (ii) the indirect ion interacti.ons have
by a second subtraction of parameters, which are listed in Table@ Much more significant influence on the CS properties and a
2. Because the peptides studied here are systematically hydrogeguPsStantial impact on the; QC properties, and (iij) direct ion
bonded at the direct (CO) and indirect (NH) sites in different |nteract|or_1 effects on thfé O NMR parameters are approxi-
ways (see Figure 1), the individual effects upon replacing a mately tw!ge that of the indirect effgcts: ThdéQ NMR S a

. . . very sensitive tool for the characterization of ion binding.

hydrogen bond with a counterion can be estimated. The In biological systems such as ion channels, indirect and direct
difference of the difference parameters for GGG (direct and '

o ion binding may not be simultaneously present, because the
indirect hydrogen bonds) gnd GGG*F:@C(hydrogen boqu secondary elements of the protein are stabilized by hydrogen-
replaced by Ci and C&") gives an estimate of the combined

- o bonding interactions. Thus, only one of those interactions may
effects, AAdiso = 95 ppm. Next, comparing in the same way pq present. In the ion selectivity filter of KcdAnd other K

GGG*CaCh with GGG*HCI (only the indirect hydrogen bond  channels, as well as in the ion binding site of gramicidieA,

is replaced with CI) provides an estimate of the direct ion  the carbonyl oxygens play the dominant role in ion solva-
binding effect,AAdiso = 66 ppm. Thus, a somewhat smaller tjon 1163639 Therefore, the ion influence on théD parameters
value,~29 ppm, is estimated for the replacement at the indirect may be expected to be smaller by approximately one-third
site. Alternatively, comparing GGG*HCI and GGG gives a compared to those observed in GGG*Ca@hd GGG*LiBr
consistent value of 28 ppm at the indirect position, which is polymorphs. Nevertheless, these effects are very large and
confirmed by the other QC and CS parameters. Changes inreadily observable by’O NMR spectroscop$?

NMR parameters in GGG*LiBr are approximately half that of
GGG*CaCh. This is likely due to the combination of two (32 Busath, D. DAnnu. Re. Physiol 1993 55, 473 -501.

e o (36) Gulbis, J. M.; Doyle, D. ACurr. Opin. Struct. Biol 2004 14, 440-446.
factors: Li" is less positively charged compared to?Gaand (37) Tajkhorshid, E.; Nollert, P.; Jensen, M. O.; Miercke, L. J. W.; O’Connell,
)
)

Conclusion

. L g . . . J.; Stroud, R. M.; Schulten, KScience2002 296, 525-530.
Br~ is a significantly larger ion than Cland is distanced further  (3g) sui, H. X_; Han, B. G.; Lee, J. K.; Wanazn, pE.i'; Jap, B. Mature 2001
idari indi ian- 414, 872-878.
from the N atom by 0.28 A. Considering that the indirect ion (39) Fu, D. X,; Libson, A.; Miercke, L. J. W.; Weitzman, C.; Nollert, P.;

binding effect is approximately half that of the direct ion-binding Krucinski, J.; Stroud, R. MScience200Q 290, 481-486.
9854 J. AM. CHEM. SOC. m VOL. 128, NO. 30, 2006



70 Solid-State NMR in Gly-Gly-Gly at 19.6 T ARTICLES

Acknowledgment. This work was supported by NSF MCB-  tational resources at Advanced Biomedical Computing Center,
0235774. The spectroscopy was performed at the National HighNCI-Frederick.
Magnetic Field Laboratory supported by NSF Cooperative . . . ) .
agreement (DMR 00884173) and the State of Florida. We thank Supporting Information Available: Tables of coordinates fqr
N L the monomers and clusters of the four GGG conformations
Dr. Klaus Eichele for providing the WSOLIDS1 program and . - .
- . presented here. Complete ref 21. This material is available free
Prof. George Pack for providing computational support for DFT of charae via the Internet at htto-//pubs.acs.or
calculations. We also acknowledge the support of HPC resources gevi p-/lpubs.acs.org.
at the University of Kentucky Computing Center and compu- JA060191R

J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006 9855



