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Abstract: A simple method for the determination of backbone dihedral angles in peptides and proteins is presented.

The chemical-shift anisotropies (CSA) of the central a

lanirearbon in powdered crystalline tripeptides, whose

structures have been determined previously by X-ray crystallography, were measured by cross-polarization magic-
angle-spinning nuclear magnetic resonance. The experimental CSA values were correlagddimiitb chemical-

shielding calculations over Ramanchandrafy space on arN-formyl-L-alanine amide fragment.

Using this

correlation,p/y probability surfaces for one of the tripeptides were calculated based only anthebon CSA,

allowing a prediction of backbone angles. Dihedral an
values determined by crystallography. This approach
structure.

Introduction

Since the early 1980s, the development of nuclear magnetic

resonance (NMR) as a tool for biological structure determination

has given rise to a large number of isotopic labeling schemes

and pulse sequences for the study of proteins in solution.

Because these techniques depend on the fast tumbling o

molecules in solution, they are not applicable to large molecules i AN .
y i d d methods, the chemical shielding is calculated as a function of

and complexes or to systems which exist naturally in ordere

gles predicted by these calculations fallawliffiiof the
should be useful in the determination of solid-state protein

developed recently to measure both distaficésand dihedral
angled?-15 in solids, less information is available from these
methods than from a solution-state experiment because of
limitations on isotopic labeling and resolution.

One possible means for augmenting the information from
{SSNMR is to useab initio chemical-shielding computations to
gain insight into the backbone structure of a protein. In such

or partially-ordered states, for example, solids, membranes, andthe backbone (and potentially the side chain) torsion angles.

other aggregates. Indeed few physical techniques exist for the
determination of detailed structures in large solid-state systems

lacking long-range order. Solid-state NMR (SSNMR), however,
is now developing into an important tool for such studies.

Recently, structural studies of peptides and proteins that
aggregate, such as those responsible for Alzheimer's disease,y;

and prion diseaséspf membrane proteins such as bacterio-
rhodopsis# and glycophorin A, and of large systems which
do not fall into the fast-tumbling regirfié have been carried
out via SSNMR. Although many SSNMR techniques have been
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Correlations between isotropic chemical shifts and secondary
structure in proteins have been observed in both lidétand
solidg1819 and have been reproduced in theoretical calcula-
tions2021 Such correlations allow the determination of chemi-
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cal-shift/shielding surfacé%22-24 as a function of the dihedral

angles. Coupling these calculations with experimental chemical-

shift data has permitted both the further refinement of solution
structure$>27 as well as probability-based predictions of
dihedral angleg?

In this paper, we introduce a technique for the determination

Heller et al.

G*AV, we calculated ¢/yp space probability surfaces (Z-
surfaces) for the alanine,Gn G*AV. The highest calculated
probability is within £12° in both ¢ and v of the values
determined in the X-ray crystal structure. Although in this work
we determine only the correlation for alanine residues and for
backbone dihedral angles, the method is general and can be

of backbone dihedral angles in solid-state peptides and proteinsextended to other amino acids and possibly to side-chain dihedral

which exploits the additional information contained in the
chemical-shift anisotropy through the measurement of the
chemical-shift tensor and comparison with theoretical calcula-
tions via the Z-surface methd8. Whereas previously two or

angles with the addition of more tensor restraints.

Experimental Section

Fmoc-3C Amino Acids. °C,-labeled alanine (Cambridge Isotope

three experimental isotropic chemical shifts would be needed Laboratories, Andover, MA) was Fmoc-protected in a manner similar

to determine a uniques(y) pair 28 this can now be achieved in

to one previously described. To 3.75 mmol of alanine dissolved in

solids by using just the three components of the chemical-shift Hz0 (60 mL), 0.945 g (11.25 mmol) of sodium bicarbonate (NaHCO

anisotropy (CSA) of a single-carbon (G). This technique is
experimentally simple: using a 1-D cross-polarization magic-
angle-spinning-2%spectrum at spinning speeds slow compared
to the CSA (slow CPMAS), one can derive the CSA for a singly
13C labeled sample. If a 2-D CPMAS experimeént? is used

was added. After dissolving 1.265 g (3.75 mmol)N{9-fluorenyl-
methoxycarbonyloxy) succinimide (Fmd&-Suc) in acetone (60 mL),
the mixtures were combined. The cloudy mixture became clear after
stirring for 24 h, at which point the acetone was removed by rotary
evaporation. Citric acid (1 M) was used to precipitate Frifa-
alanine from the aqueous solution. Ethyl acetate (EtOAc) (150 mL)

to resolve any overlap in the many spinning sidebands, this was added to redissolve the precipitate. The mixture was transferred

method should also be applicable to samples with mulfifte
labels.

We have measured tH8C, CSA of the central alanine in
three crystal forms of the tripeptides glyaylalanyl-valing*!
(G*AV) and L-alanyl4-alanyl-alaning243(A*AA and A*AA-
hemihydrate) by slow CPMAS experiments. The measured
values correlate well with those calculateddlyinitio methods
using¢ andy angles around the central alaning t@@ken from
the known crystal structures. Using the correlation for thas
and A*AA-hemihydrate peptides and the measured CSA of
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to a separatory funnel, and the layers were separated. The aqueous
layer was washed with EtOAc (100 mL). The combined organic layers
were then washed with 4@ (2 x 100 mL) and saturated NaCl (2

100 mL). The organic layers were dried over magnesium sulfate, and
the solvent was removed by rotary evaporation. The product was used
for solid-phase peptide synthesis without further purification.

Tripeptides. G*AV and A*AA were synthesized using N-Fmoc
protected amino acids on an Applied Biosystems 431A peptide
synthesizer. The peptides were cleaved from the resin and deprotected
by stirring far 3 h in a 95%(v/v) trifluoroacetic acid (TFA)/HO
solution. The mixture was filtered to remove resin. TFA was removed
by rotary evaporation, followed by lyophilization. The cleaved A*AA
was then redissolved inJ® and purified by reversed-phase HPLC on
a Vydac C-18 column. Purity and identity of all samples were checked
by electrospray-ionization mass spectrometry (Hewlett-Packard 5989A).

Crystallization. Peptides were crystallized following the protocols
described previously, with slight modifications made in order to
crystallize larger quantities. In all cases, small crystal clusters were
obtained; large single crystals are not necessary in this approach.
G*AV 4 was dissolved in a minimal volume of warmy®, and the
solution was placed in a Petri dish. The dish was then placed into a
sealed container over a reservoir of methanol. Due to vapor diffusion,
small crystals formed quickly, and crystallization was complete within
a day. A*AA was crystallized in two crystal fornfd#® The first,
A*AA-hemihydrate (needles), was formed by dissolving the tripeptide
in a solution of 20%N,N -dimethylformamide (DMF)/HO and placing
the solution in a glass Petri dish. The solvent was allowed to evaporate
slowly. The second crystal form of A*AA (plates) was formed by a
similar procedure, except that the initial concentration of DMF was
60%.

The dihedral angles around the central alanine for the peptides as
determined by the crystal structures were as folléw& G*AV: ¢
—68.7, p = —38.1°; A*AA molecule A: ¢ = —143.2,y = 160.2
and A*AA molecule B: ¢ = —164.2, y —149.0; A*AA-
hemihydrate molecule Axp = —145.7, v = 145.5 and A*AA-
hemihydrate molecule By = —156.2, 1 = 149.9.

Solid-State NMR. All 3C NMR spectra were obtained at 7.07
Tesla (corresponding to’C Larmor frequency of 75.74 MHz) on a
home-built spectrometer based on a Tecmag (Houston, Texas) pulse
programmer. A Chemagnetics (Fort Collins, CO) 4-mm double-
resonance MAS probe was used for all experiments. Spinning speeds
were controlled tat1 Hz using a home-built spinning-speed controller.
CP contact time was 2.5 ms, thd decoupling field strength was 108
kHz, and the recycle delay was 1.5 s. For each crystal form studied,
slow CPMAS experiments at three spinning speeds were carried out.

The experimental data was fit by integrating a simulation program
into a nonlinear least-square optimization routine. Four-parameters,
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o ©

100 60
Chemical Shift (ppm)

Figure 1. CPMAS spectra for crystallin€C,-labeled A*AA-hemi-
hydrate (solid lines) and their best fits (dashed lines). For all
experiments, the CP contact time was 2.5 ms, the decoupling field
strength was 108 kHz, and the recycle delay was 146 40 960 scans
were acquired, spinning at 821 HB. 24 576 scans were acquired,
spinning at 928 HzC. 28 672 scans were acquired, spinning at 1024
Hz. D. 2048 scans were acquired, spinning at 10 kHz. This spectrum
was not fit, since it contains little information about the CSA. Open
circles show natural abundancéC sites. All chemical shifts are
referenced td3C=0 glycine at 176.04 ppm.

T T
180 140

the isotropic shiftd11, 22, and the line widths, were simultaneously
fit. The simulation using Floquet thedfy“” was written in the NMR
simulation environment GAMMAS Powder averages were perfomed
using the method of Cheng et“dlto obtain an optimal coverage of
the sphere. The presence of the directly attadfiddntroduced both

a dipolar and a quadrupolar contribution to the sideband pattern. The
quadrupolar interaction has been previously determined to be
negligible®53 (less than 20 Hz at 75 MHz) and was therefore not
included. However, thé*N—3C dipolar coupling is comparible in
magnitude to, but smaller than, th&C, CSA. This interaction has
been analyzed in detail for the carbonyl ca¥faand can be extended

to the G, by using an additional rotation to bring the CSA into the
dipolar frame. Following Tycké? a “local-field tensor”,0*(u), can

be defined, such that*(u) = 6 + D(m) where D(m) is the dipolar
correction tod, the chemical shift tensor. Thud,is brought into the
dipolar frame by rotating around two Euler anglesandj, wherea
represents a rotation aroudes andp represents a subsequent rotation
aroundd,,’. Adding D(m) and diaganolizing the resultant tensor, the
effective CSA for each of the thrééN spin states can be calculated.
The observed MAS spectrum is the superposition of the subspectra

J. Am. Chem. Soc., Vol. 119, No. 33, 789%
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Figure 2. Alanine Ramachandran shielding surfaces fqrstes in
N-formyl-L-alanine amide.A. o11; B. 025; C. 033 Surfaces were
approximated using 358 points spread apfer space with a more dense
placement of points in allowed regions.

150

each of the three experiments was taken and used to compare with
theoretically calculated values. Isotropic-shift values were measured
relative to the carbonyl carbon of glycine at 176.04 ppm.

Computational

due to these three local-field tensors. MAS subspectra were calculated Shielding calculations were performed using the TEXAS-90

for each of the!*N spin states using the orientation of the CSA with
respect to thé*N—13C bond determined in our theoretical calculations
for GA*V, (o = —47.32, p = 71.9) and a dipolar coupling of 712.7
Hz, corresponding to &*N—3C bond distance of 1.45 A. The
experimental data were fit to the sum of the resulting subspectra, and
errors were calculated. An average of the CSA values derived from
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progrant® which utilizes the gauge-including-atomic-orbital
(GIAO) method®657 All calculations were done on ah-
formyl-L-alanine amide fragment extensively minimized at the
helical geometry. A “locally dense” basis set was employed
consisting of 6-31%++G(2d,2p) basis functions on the central
residue and 6-31G basis functions on the formyl and amide
groups. Computations were performed on IBM RISC/6000
workstations (Models 340, 350, and 360; IBM Corporation,
Austin, TX). The shielding surfaces were constructed by
choosing 358,y points in Ramachandran space, with a more
dense placement of points in the allowed regions. Z-surfaces
for the chemical-shift tensors were created using a Gaussian
equation

ess__
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170 A*AA, the resolution of our experiments was not high enough
a3 to differentiate between them, and only one line was observed.
g 1609 Isotropic shifts were determined for each tripeptide using the
5150_ fast spinning spectrum referenced to the carbonyl carbon of
2 $ glycine at 176.04 ppm. For each slow spinning spectrum,
= 1404 nonlinear least-square fits were used to determine the chemical-
'7.93 shift tensor (Figure 1) and error estimates. The average value
8 130- S of the three measurements was used. These were (in ppm) as
- follows: A*AA: (511 =702+ 0.2, (322 =549+ 0.2, (333 =
1204 e 23.6+ 0.4; A*AA-hemihydrate: 617 = 71.0+ 1.2,0,, = 55.8
experimental shift (ppm) + 1.6, 633 =240+ 2.8; G*AV: (511 = 76.9+ 0.04, 622 =
Figure 3. Theoretical**C, chemical-shift tensor elements for G*AV 55.4+ 0.05,033 = 25.5+ 0.09.
(filled circles), A*AA (open circles) and A*AA-hemihydrate (open In Figure 2, we show the computed alanine chemical-

squares) calculated using the GIAO method and dihedral angles takenshielding surfaces fari; (A), 022 (B), andozs (C). Using these
from the crystal structures versus the experimentally measured tensorssyrfaces and backbone dihedral angles from the X-ray studies,
(slope= —0.67, y-intercept= 182.17,R = 0.99, and rmsg= 2.15). theoretical chemical-shielding values for each of the tripeptides

For G*AV, the experimentally determined values (in ppm) w&re= - .
76.9% 0.04 09 = 55.4- 0.05 053 = 25.5- 0.09. and the calculated were calculated and compared with the experimental values

values werer: = 129.45 55, = 146.18, andrss = 164.46. For A*AA found above (Figure 3). Two correlations were calculated, one
the experimentally determined values wéig = 70.2+ 0.2 , 022 = for the three tripeptides G*AV, A*AA, ?—nd A*AA-hemihydrate
54.9+ 0.2, 033 = 23.6+ 0.4, and the calculated values werg = and one for only A*AA and A*AA-hemihydrate. Although the

132.93,02, = 148.20, andrsz = 165.92. For A*AA-hemihydrate, the  slopes of the best fit lines{0.67 for G*AV, A*AA, and A*AA-
experimentally determined values werg = 71.04+ 1.2 ,d,, = 55.8 hemihydrate, and-0.66 for A*AA and A*AA-hemihydrate)
+1.6,033=24.0+ 2.8, and the calculated values wesg = 133.75, are not unity, correlation coefficients Bf= 0.99 ancR = 0.98
022 = 148.95, andrsz = 164.65. and rmsd values ab = 2.15 andw = 2.58 ppm were observed.
The low rmsd values demonstrate that the backbone dihedral
wheredp:°is the experimental chemical-shift tensora(,1) angles are the main determinants of the tensor components of
is the chemical-shift tensor surface, amdis the root-mean-  the G, chemical shift. To determine if the correlation is unique,
square deviation for the theory/experiment correlation. All je  to determine if the tensor components alone are sufficient
surfaces were approximated using a Matlab (The Mathworks, ¢q predict¢ andy, the Z-surface methd8was used.

Boston, MA) “best fit” function. For a given observable, such as a component of the CSA
tensor, it is possible to define a surfacedhy space which
gives the Bayesian probability that the observed value corre-
The CPMAS spectra of crystalliné’C,-labeled A*AA- sponds to a particulas/y pair. In the case of a Z-surface, this
hemihydrate at spinning speeds of 821, 928, 1024, and 10 kHzprobability is defined by the Gaussian function given above.
are shown in Figure 1. Similar data were collected for As one can see from the Z-surface in Figure 4A, a single
crystalline®C,-labeled G*AV and for the other A*AA crystal parameter, i.e., thedsotropic shift, is insufficient to determine
form (data not shown). Although two molecules with slightly uniquely two independent variables (such as two backbone
different conformations exist in the unit cells of both forms of angles), but three parameters are usually sufficient. This was

Results and Discussion
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Figure 4. Z-surfaces calculated from the experimentally determined chemical-shift anisotropy far #tenhe in G*AV and theoretical chemical-
shielding surfaces scaled by the correlation determined using A*AA and A*AA-hemihydatg-surface for the isotropic shifB. 1Z-surface for

the width of the CSA §33—011). C. 1Z-surface for the breadth of the CSAx§—011). D. 3Z-surface showing the intersection of the surfaces from
A, B, and C. The boxed region contains the area of highest probability and is expan8etihie dihedral angles as determined by measurement
of the CSA tensor ar¢ = —79.9, ¢ = —47.8 (dashed lines), while those determined in the crystal structure are-68.7, y» = —38.1° (solid

lines). TheséZ-surfaces were calculated using an rmsds 2.58 ppm. In all cases, contours are plotted at 10%, 30%, 50%, 70%, and 90% of the
maximum intensity.
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demonstrated in solution studies in which the isotropic shifts greatly narrow the possibl¢/yy angles and to allow accurate
of the G, Cs, and H, were measured and used to calculate predictions in the general case.
Z-surfaces for the backbone angles, and the intersection of these
three Z-surfaces generally narrowed the solution to a sipigle Conclusions
pair28

In solids, additional experiments to determine thea@d H,
isotropic shifts are not needed, since the three components o
the chemical-shift anisotropyji1, d22, and dzs3, provide the
necessary three independent parameters. Because the isotropi

shift value is contained id11, 022, anddss, even small errors . =" . ;
1 22 33 initio methods. This correlation was then used to calcupaje

in its measurement would be amplified in a product of those
three Z-surfaces. Three alternative parameters, the isotropi _Z-surfaces for the three components of the CSA, and the

; . tersection of the three surfaces predicigl pairs. For
shift, the width of the CSAdzs—011) and the breadth of the " . . . ;
CSA (022—011) were used to eliminate the propagation of error. G*AV, three high probabilityg/y pairs were predicted. The

The 1Z width, breadth, and isotropic surfaces for G*AV are nighest probability pair lies withint12® of the ¢/y pair
shown in Fig'ure 4 aloﬁg with th# surface which represents determined in the crystal structure. The results demonstrate that
the product of the threfZ surfaces. When the correlation based 1€ Ensor components of a single site are sufficient to greatly
only on A*AA and A*AA-hemihydrate data is used to scale narrow the possible dihedral angles and, in the best case, to
the calculated tensor surfaces, three high-probability solutions 26Curately predict them. Furthermore, the inclusion of Z-

: . * : . faces for ¢ and C chemical-shift tensors as well as
are predicted (Figures 4D-E) for G*AV. The highest probability sur ; . . .
solution (Gaussian probabilit, = 0.91) is¢ = —79.% andy Z-surfaces which predict the orientation of the CSA should

— —47.8, which is close to the values determined by X-ray provide additional constraints on the backbone dihedral angles

_ _ o as well as provide constraints on side-chain torsion angles
crystallography ¢ = —68.7 andy = —38.1°). Of the other ; . _— '
two high probability solutions, O:fj@(: 0.84) is in an allowed thereby increasing the predictive power of the CSA/Z surface

region ¢p = —55.8, y = —18.8), while the other P = 0.82) method.
is sterically unallowed¢ = —59.5°, ¢ = 10.7°).

Although there are two possible solutions in the allowed
regions of Ramachandran space, we expect that the accurac
of predictions will increase as more data points are used to
calculate the correlation of theory and experiment, and as
experiments are carried out at higher field where the ratio of
the CSA to the dipolar coupling is larger. However, several
factors could lead to a decrease in accuracy. In general the
effects of motion on the CSA must be accounted for, although
these effects could be ignored in our study since crystalline
peptides were used. Deuterium relaxation studies might be usedé
to determine the effects of motion when necessary, however
this m|ght|nj[roduce larger uncertainties. Lower 5|gnal-to-n0|se by the United States Public Health Service (NIH Grant Nos.
or overlapping spectra would also lead to a decrease in theHL-19481 and GM-50694)
accuracy of dihedral angle predictions. Our results nevertheless )
demonstrate that the three tensor components are sufficient taJA970124K

We have described a simple method for the determination of
fdihedral angles in peptides and proteins in the solid state. We
have measured the chemical-shift tensors of the celittalin
ébree crystalline tripeptides by slow CPMAS, and have cor-
related the measured values with shieldings calculatedkby
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