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Abstract: A solid-state nuclear magnetic resonance (NMR) method for the site-resolved identification of the
secondary structure of solid peptides and proteins is presented. This technique exploits the correlation between
the backbone conformation and thet €hemical shift anisotropies (CSA) of proteins. THEo CSAs are
measured under fast magic-angle-spinning using a new sequence of sixtéguis88 with special timing to
reintroduce the CSA interaction selectively. Quantitative values of the shielding anisotropies are determined
from the magnetization decay, as demonstrated for several amino acids. To achieve high-resolution spectra,
this CSA filter experiment is combined with 2BN—13C correlation spectroscopy. Applied to selectively and
extensively**C-labeled and uniformly>N-labeled ubiquitin at the largest dephasing time, the 2D experiment
yields a spectral pattern that corresponds primarilky-teelical residues. This agrees with the previous finding

that helical residues have smaller CSAs than sheet residues. However, the quantitative CSA differences between
the helical and sheet conformations are less pronounced than indicated by solution-state NMR. This CSA
filter technique provides an efficient and site-resolved method for characterizing the secondary structure of
extensively isotopically labeled proteins.

Introduction robust methods for determining and refining the protein second-
o ] ary structure are desirable.

The structure determination of proteins that cannot be 1o NMR chemical shift interaction is a useful probe of the
crystallized or tumble slowly in solution is a challenging  ontormation of protein backbones. The chemical shift results
problem in biochemistry. Most membrane proteins and fibrous o the shielding of the external magnetic field by the electrons
proteins belong to this category, and have not been amenablerounding the nucleus. The orientation dependence of this
to study by single-crystal X-ray diffraction or liquid-state nuclear jntaraction is manifested through the chemical shift anisotropy
magnetic resonance (NMR) spectroscopy. Solid-state NMR is (csa). Because of the electronic nature of the chemical
the spectroscopic tool of choice for characterizing the structure shielding, both the isotropic and anisotropic chemical shielding
of disordered and amorphous solids in detail, because it doescorrelate with chemical bonding. In addition, the chemical
not require long-range order or rapid isotropic molecular shielding depends on molecular conformation. An example is
tumbling. To determine the secondary structure of these solid the y-gauche effect in long aliphatic chains, where a gauche
peptides and proteins, several solid-state NMR experiments thatconformation around the bond next nearest to the nucleus of
measure the backbone torsion angiesand y have been  interest shifts the isotropic frequency upfield by about 5 ppm
developed: ® One of these techniques has also been combined compared to the trans conformati¥In peptides and proteins,
with selective and extensive biosynthetic isotopic labeling to the Gu isotropic chemical shifts exhibit downfield displacements
determine multiple¢ torsion angles in a model protein, of about+3 ppm in the helical conformation compared to the
ubiquitin.” Although these torsion-angle methods can provide random coil structure, while th@-sheet conformation displays
accurate information on the protein backbone conformation, their upfield shifts of about-1 ppm12 Such conformation-induced,
successful implementation requires reproducible spectral intensi-secondaryisotropic chemical shifts have been widely used as
ties, which calls for extensive signal averaging. Thus, additional indicators of the protein secondary structité* Clearly,

: changes in the isotropic chemical shifts must originate from
(? \?\f*}.’l‘("dt‘DRP?r' iM"’I‘qchoon'ng'ﬁﬂggg 2293275;;9541537—8 188 changes in the chemical shielding values along the three
8 Feib}/’x_;"Ed%%‘OM;'grinﬂqrhanne,mA"; Euthman, H.: Eriksson, L. Principal axes of the chemical shift tensor. These changes will
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relaxation mechanisms in solution, they found the<bielding [2-_13C]glycine_, and [1%3C]leucine (Cambriqge Isotope L_ab). The amino
anisotropies of helical residues to be significantly smaller than acid mixture is a good compound for testing the CSA filter experiment,
those of sheet residues. Meanwhile, Oldfield and co-workers since it allows three different CSA parameters to be measured
carried out ab initio calculations on the individual components Simultaneously. o _ _

of the Gx. and @3 shielding tensors in a number Bfsubstituted 13C,5N-Labeled Ubiquitin. Selectively and extensiveljC-labeled

amino acid<® Their calculations confirmed that thex(CSAs and uniformly *>N-labeled ubiquitin were overexpressed by VLI-
) : Research (Malvern, PA). Cells were grown in M9 minimal media whose

. . . Ssole carbon source was [%C]glycerol and whose sole nitrogen source
observed by solution NMR, but with a smaller CSA difference 3515n-ammonium sulfate. The selective and extendf@labeling

between the helical and sheet conformatidhs. approach was designed to enrich specific carbons at high levels while
Solid-state NMR is the most direct method for measuring not labeling otheré.By keeping the labels relatively isolated, we
anisotropic frequencies, since the orientation dependence of theminimize line broadening in the spectra. The labeled sites originating
nuclear spin interactions is not averaged by the overall from [2-2°C]glycerol have been determined previouSin particular,
reorientation of the molecules. Although various techniques for eighteen out of twenty amino acids are labeled at'#et position.
CSA determination exist, none presents the high resolution andNine of thesé*C labels have no dire¢fC neighbors, thus simplifying
sensitivity required for application to proteins. For example, a € Spin dynamics. About 25 mg of the protein powder was packed
slow magic-angle spinning (MAS) technique has been used to|nto a 4-mm rotor and hydrated to 30% _(w/w) in water. Hydration
determine the principal elements of the: €hielding tensor to reduces the conformational heterogeneity of the sample, thereby

| ith th K ; 2 hi improving the spectral resolution.
correlate with the backbone torsion anglésdowever, this Solid-State NMR. The NMR experiments were carried out at the

experiment has low resolution and sensitivity due to the need ypjyersity of Massachusetts on a Bruker DSX-300 spectrometer
for MAS sidebands in the spectra. Other CSA measuring operating at a Larmor frequency of 75.5 MHz #8€ and 300.13 MHz
techniques require nonstandard probes that change the spinnefor H. A triple-resonance MAS probe equipped with a 4-mm probehead
orientations during each scan; additionally, during the time was used. Typical spinning speeds were 7808 Hz, regulated by a
required for rotor-axis reorientation, spin diffusion can occur, MAS controller. Proton decoupling fields of about 120 kHz were used.
which interferes with the correlation between the anisotropic Carbon 96 and 180 pulse lengths were about 3.5 angs, while*N

and the isotropic chemical shift&:22 A robust CSA measuring ~ Pulse lengths were about 5.5 and 44 Ramped cross polarization
technique for proteins must be applicable under fast magic- Wlth varlable133C radiofrequency fields was used to maximize polariza-
angle spinning to achieve the necessary sensitivity and site!’o" transfer ) . .

resolution. The resonances in the 2BN—3C spectra were assigned based on

In thi . d hni for d . h the solution NMR chemical shiftd.The solid-state isotropic chemical
n this paper, we introduce a technique for determining the gpirg have recently been shown by 2D and 3D MAS correlation

chemical shift anisotropies ofdCsites in proteins with high  experiments to be very similar to the solution state vat@sThe
resolution. With a simple one-dimensional pulse sequence crystal structure of ubiquitii was used to assign the secondary structure
suitable under fast MAS, the experiment preferentially destroys to the individual residues. With these two pieces of information, we
the magnetization of spins with larger CSAs while retaining correlated the shielding anisotropies with the secondary structure motifs.
that with smaller CSAs. We demonstrate on amino acids that The CSA decay curves were simulated using a Fortran program as
this “CSA filter” yields quantitative values of the breadth of ~described before Briefly, the MAS time signals were numerically
the chemical shielding tensor. To obtain high resolution for calculated based on_equand 3 be_low. Thealues Werelncremented
proteins, we combine this CSA measurement with two- from_ O0to 1_rotor period,) at equal intervals. Powder averaging was
dimensional (2D}*N—13C correlation. The 2D-resolved CSA carried out in 3 steps for the Euler anglesandp, and 8 steps fory.
filter is demonstrated on the 76-residue protein ubiquitin, which The input parameters were the three principal values of the chemical

. . shift tensor, the duration of the-pulse train forr = 0, the number of
yields a spectral pattern that corresponds well toatHeelical 7 steps, and the spinning speed. The chemical shift principal values

residues. Importantly, by identifying secondary structure motifs \yere input in frequency units, using a Larmor frequency of 75.5 MHz,
through the absencg{sheet) or presencewthelix) of peaks in which corresponds to the experimental magnetic field strength. All CSA
the 2D spectra, the experiment complements the precisedecay curves are presented in terms of the shielding Apes o33 —
determination of backbone torsion angles by the tensor correla-ou, which is related to the anisotropy parameteby Ao = 6(3 +

tion approach. Given suitable site resolution and resonance?)/2. The asymmetry parametgiis defined as; = (022 — 011)/(033 —
assignment, thie-helix selection approach has the potential of o). Since the isotropic chemical shift is averaged to zero by the pulse
permitting a rapid diagnosis of the protein secondary structure sequence, thg three input principal values were constrained t(_) have a
for many residues simultaneously. Finally, we compare the CSA SUM Of Zer0, 1.e.0iso = 011 + 022 + 033 = 0. The calculated time

. . . ... signals were transferred to MATLAB and compared with the experi-
values extracted from the SO“d'Stfate CSA-flIFe_r e xperlmen_t with mental decay curves. The root-mean-square deviation (rmsd) between
the solution NMR results and with the ab initio calculations.

the experiment and the simulation were calculated in MATLAB as
Experimental Section
n

13C-Labeled Amino Acids. A model compound designated A/G/L _ _ 2, 1112
was prepared by mixing approximately equal weights df{Zalanine, msd@om) =) (Sope = SadAonm)) Il 1)
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7827-7831. which affects the CSA decay as discussed below.
(18) Gan, Z. HJ. Am. Chem. S0d.992 114, 8307.
(19) Hughes, C. D.; Sherwood, M. H.; Alderman, D. W.; Grant, D. M. (23) Metz, G.; Wu, X.; Smith, S. Ql. Magn. Reson. Ser. 2994 110,

J. Magn. Reson1993 102, 58—-72. 219-227.
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107, 145-148. 39-50.
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M. A.; Barrall, G. A.; Pines, AJ. Chem. Physl992 97, 4800. 531-544.



3764 J. Am. Chem. Soc., Vol. 122, No. 15, 2000 Hong

(a) n, corresponding to the first half of thepulse train. The larger thé
H I DD I DD | TPPM | the faster the magnetization decays. The number of rotor periods can
2 : be any integer multiple of 4. The longer the pulse train, the faster the
CSA decay withr.
The time-dependent anisotropic chemical shift frequenyunder
MAS is written as

() [C1 C, S .
; o(t) = 6| cosfy + w,t) + " cos(d + 2w,t) + < sin(y +

HlG DD | | DD | | oo ieem| 0 0 0

I ! T T
AL 1 1 1 o+ e 0] @

1l 1 ]
poroad 1 E 5 3 & & 1 & T 11' AN where the coefficient€;, Cs, S1, and S depend o, #, and the Euler
BN Do ] ""” """w ""” "”” angles @, 3, y) that describe the relative orientation of the principal

_ ) . axis frame of the chemical shift tensor with respect to a rotor-fixed
Figure 1. Pulse sequences for the CSA-filter experiment. (a) 1D: The rame1022 pue to the sign reversal induced by the successive 180
CSAfilter pulse train consists of sixteen T8fulses phase-cycled by 5 ses at the specified positions of the pulse sequence, the accumulated
the xy-16 sch(_ame. Tr_le pulses are spaced at hal_f a rotor p_erlod apartphase of the magnetizatioh(t) = [lw(t) dt is
except for additional displacements between the eighth and ninth pulses,
and between the fifteenth and sixteenth pulse. A z-filter for obtaining _ 72 3 w2+t
purely absorptive cosine-modulated signals and a Hahn echo are appliedPcsa(?) = [_j; o(t) dt+ j;r/zw(t) dtj«n + [J; o(t) dt —
before detection. Filled rectangles: °qfulses. Open rectangles: T80 T T 2t
pulses. The plus and minus signs represent the sign of the dynamic j;/zﬁw(t) dt]xn + j;w(t) dt — fr w(t) dt
phases under the chemical shift evolution. (b) 28—3C correlated
CSA filter: The!®N chemical shift evolution is inserted between the

7,12 T/2+T T
18C-pulse train and th&C detection period. REDOR is used to transfer =-2 j; o(t) dxn + 2 fz () dtxn + j; () dt =

the coherence betweéfN and**C. 20

S o d

Theory of Chemical Shift Anisotropy Recoupling. The pulse =—on ft'lza)(t) dt + 2n f’f’2+’w(t) ot + fra)(t) dt —

sequence for the 1D CSA-filter experiment is shown in Figure 1a. After 0 T 0
cross polarization (CP) froAt to 13C, a train of sixteen 180() pulses fzrw(t) dt
is applied on thé3C channel. The phases of these pulses follow the T
xy-16 schem® to minimize the effects of pulse and phase imperfec- . . .
tions. The 180 pulses are applied in synchrony with magic-angle = —2nJ;a)(t) dt+2n f/zw(t) dt + 2nfr w(t) dt +
spinning with the following timing. The first eight pulses occur at an i . ‘ o
interval of half a rotor period, beginning with the first 8pulse j:)a)(t) dt — ‘/; w(t) dt

immediately after CP. At the end of the eighth pulse, one rotor period

is allowed to elapse without any pulse. An additional variable delay . iy 2

is then added before the ninth F8pulse is applied. Thus, the ninth =—(2n— 1)]; o(t) dt+ 2n fr/z o(t) dt — J; o(t) dt
pulse occurs at = 4.5r, + 7 after CP. The next six pulses are again ' 3)
spaced at half a rotor period apart, so that they occur at timier

either the end or the middle of a rotor period. The last, sixteenth, pulse  Equation 3 indicates that the magnetization acquires a finite CSA
is spaced by 0% + 7 from the fifteenth pulse and thus occurst at phase at = nt: (n = 0, 1, 2, ...) that is periodic with the rotation
8t; + 27 after CP. periodz,. Whent = 7,/2, the CSA phase is particularly simple:

Throughout ther-pulse train, a continuous pulse is applied on the .
15N channel to remove thEC—5N dipolar interaction. Following the 4 _ 72 Tr Y
180 13C pulses, a z-filter, consisting of two 9Pulses separated by a Pes (2) =@ 1)-/:3 (O dt+2n j;/zw(t) dt ffv/Zw(t) dt
period without'H decoupling, is applied on tHéC channel. The phase
of the first 90 pulse is orthogonal to th€C spin lock phase to select =—(n— 1)f1'/2w(t) dt+ (2n — 1) f" w(t) dt
the cosine component of the magnetization. Finally,*fi@esignal is 0 w2
detected after a Hahn echo.

Thes-pulse train with the above specific timing is designed to yield =—(4n-— 2)f"/2w(t) dt (4)
an average Hamiltonian of pure anisotropic chemical shift, without the 0
isotropic chemical shift or thé’C—'N dipolar interaction. The net The detected signals are modulated by das{(z,6,7)). Thus, by

evolution under the isotropic chemical shift is zero because the total monitoring the signal intensities as a functionzofve can determine
lengths of intervals corresponding to positive and negative isotropic the magnitude ob or Ag. The minimum number of values needed
frequencies are equal. Since the isotropic chemical shift is independent,; jatermine the CSA is three: = 0 provides the reference spectrum
of molecular orientations, the different rotor orientations at the beginning to which the intensities at largenvalues are normalized, and two more
of each interval do not affect the evolution of the magnetization. In 5. points are required since bash andy are unknown. In practice,
contrast, the anisotropic chemical shift depends on the orientation of it is advantageous to acquire more than threfata points, so thdt|

the rotor. The shielding anisotropy would only be refocused if no . A5 can be determined more precisely based on the redundancy of
variable delayr is inserted so that the second half of the pulse train o information encoded in the intensities at multiplealues. In the

would begin precisely at = 4.5r. In that case, the positions of the it of short fiter times 7, the CSA phase in eq 3 is directly
second eight pulses would exactly match those of the first eight pulses. proportional to the anisotropy, since

By inserting a variable delayto displace the second eight pulses with

respect to the first eight pulses, the CSA interaction is not completely Pop(t—0) = —(2n — 1) w(0)t + 2n-w(7,/2)t — w(t/2)r 0 61
refocused. The phase acquired during the evolution under the CSA 5
depends om, the anisotropy (or Ao), and the number of rotor periods,

Therefore, the cosine-modulated signals,

(28) Gullion, T.; Baker, D. B.; Conradi, M. Sl. Magn. Reson199Q
89, 479-484. (29) Maricq, M. M.; Waugh, J. S1. Chem. Physl979 70, 3300-3316.
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cos@cs(7—0)) O cosfr) ~ 1 — (07)%2 (6) 100

decrease quadratically with increasiagat smallr values. This proves

that the magnetization of sites with larger CSAs exhibits a faster initial %‘ 80
decay. S 6ol
In principle, the shielding anisotropy can be measured by an €
alternative pulse sequence in which the number of p8lses increases 5
in successive experiments to trace out the magnetization decay. .g 40 8
However, this method suffers from the differential residuaHCdipolar © =
couplings due to the varying evolution period and pulse imperfections E 20 é
due to the varying number of pulses. The present experiment avoids 2 5
these problems by using a nearly constant evolution period and a or =
constant number of pulses with a highly compensated phase cycling

scheme. The duration of thepulse train fom_ =4is at_least i}_(for -200 50 40 60 80 100 120 140
7 = 0) and at most 1f) (for T = 7;). The difference is sufficiently time (us)
small that the signal decay is mostly unaffected by the different residual
C—H dipolar coupling. Due to the slightly varying length of theulse
train, ther-dependent decay curve is also slightly asymmetric with
respect to the center of the rotor period.

The resolvable @ signals in the 1D CSA-filter experiment are
limited by the ratio of the @ isotropic shift dispersion with th&’C
line width. Under our experimental conditions, f8€ line widths range
from 0.8 to 1.2 ppm. Therefore, about 38 o resonances can be
resolved. To extract more CSA parameters simultaneously, the 1D CSA-
filter experiment needs to be extended to two dimensions. We use the
15N chemical shift as a second dimension to reduce resonance overlap.
The 2D'N—13C correlation pulse sequence with€ CSA-filter is
shown in Figure 1b. The-pulse train responsible for generating the
magnetization decay is inserted after CP fréthto '3C, and before
the 13C—15N correlation sequence, which has been described previ-
ously30

normalized intensity

100

Results — 2 = 8 5

Calculated CSA Decay Curves.Figure 2a shows the 2 8 - n=1
simulated CSA decay curves faw ranging from 15 to 40 ppm % 6o
in steps of 1 ppm. This range covers the chemical shift €
anisotropies of most aliphatic carbons in amino acids. At small é a0t
7 values ¢ < t/4), the time signals decrease monotonically N
with increasingAo, as expected from eq 6. For small values of g 20t V ‘l
Ao, the decay is also monotonic withfor the first half of the 5] ~ ~ /
rotor period. As Ao increases, the decay curves exhibit c of PSRRI N
increasing oscillatory features. Ao = 40 ppm, a prominent e T~
local maximum atr = 7,/2 is observed along with negative 20 a0 80 To0 120 740

minima on both sides. time (us)

Since the current CSA-filter experiment records only the
cosine component of the magnetization, the decay curvesFigure 2. (a) Calculated CSA decay curves fdw from 15 to 40
correspond to symmetrized chemical shift spectra after Fourier PPM I mcren_wents of 1 ppm angl = 0. (b) Calculated CSA decay
transformation. Thus, the sign &fo is not obtained from the curves forAo = 20, 30, and 40 ppm. FFor each anisolropys 0 (solid

. " ’ - . __lines), 0.4 (dashed lines), and 1 (daslotted lines) are calculated. The

experiment. This could be changed by acquiring both the cosineisc | armor frequency is 75.5 MHz, and the spinning speed is 7 kHz.
and sine components of the magnetization, using an extendedc) calculated CSA decay curves fa = 40 ppm andy = 0 (solid
phase cycle for the 9Qulse before the z-filter. The tradeoffis  |ine), 0.5 (dashed line), and 1 (dastiotted line), at a3C Larmor
the doubled signal-averaging time. frequency of 125 MHz and a spinning speed of 7 kHz.

To examine the effect of the asymmetry parameter on the
intensity decays, we show three sets of decay curves Avith
= 20, 30, 40 ppm ang = 0, 0.4, 1 (Figure 2b). It can be seen
that largen; values shift the intensities in the direction of smaller
anisotropies. For example, the decay curve foy & 20 ppm,
n = 1) resembles the\o = 18 ppm, = 0) curve (not shown).
If the spectral sensitivity were limited, these two chemical shift
tensors would not be easily distinguishable. An assumption of
n = 0 can underestimatdo while an assumption of = 1
tends to overestimat®o. This uncertainty imo resulting from
the uncertainy is about 10% for the chemical shift range
examined here. Fortunately, as the CSA increagesduced
line shape variations become more distinct fravm-induced
changes.

Since the chemical shift interaction scales with the magnetic
field, higher magnetic fields displace the onset of the oscillatory
features toward smaller chemical shift anisotropies as expressed
in ppm values. To demonstrate this, we calculated the CSA
decay curves foAo = 40 ppm and; = 0, 0.5, 1, using &°C
Larmor frequency of 125 MHz (Figure 2c). The= 0 curve
exhibits three local maxima in the rotor period. Larger asym-
metry parameters damp the amplitude of the oscillation. The
three curves are clearly distinguishable. Therefore, at larger
magnetic fields, both the chemical shift anisotropy and the
asymmetry parameter can be measured with higher accuracy.

Increased sensitivity to CSAs can also be achieved by
extending the duration of the-pulse train. According to eq 3,

a largern increases the dynamic pha®esa so that the decay
(30) Hong, M.; Griffin, R. G.J. Am. Chem. S099§ 120, 7113-7114. envelope changes in a direction that corresponds to larger CSAs.
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(a) Gly Cof  ala cp
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Figure 3. CSA decay curves of Gly €and Ala @3. (a) 1*C CPMAS
spectrum of the amino acid mixture A/G/L. (b) Experimental CSA
decays (circles) of [2%C]glycine and calculated curves fao from
31to 37 ppm afy = 0.4. (c) The glycine rmsd between the experiment
and the simulation as a function of the asymmetry paramesed the
anisotropy spamo. (d) Expanded region of the glycine rmsd plot.
The best fit is indicated by a cross, and the literature value is shown as
a circle. The horizontal bar indicates the uncertainty Am. (e)
Experimental CSA decays (circles) of {3z]alanine and calculated
curves from 22 to 26 ppm gt= 0.4. (f) The alanine rmsd as a function
of » and Ao. (g) Expanded region of the alanine rmsd plot.

In the frequency domain, this corresponds to reduced centerban
intensity and increased sideband intensities. A similar amplifica-
tion of the anisotropy has been demonstrated previously for the
dipolar interactiort!

One-Dimensional Chemical Shift Anisotropy Filter. Figure
3 shows the experimental CSA decay curves for the amino acids
glycine and alanine. ThEC CPMAS spectrum of the mixture
A/G/L (Figure 3a) exhibits strong signals from the three labeled
carbons, Gly @, Ala Cf, and Leu CO. The intensity differences
result mostly from the different molar quantities of the three
amino acids used in the mixture. A series of B2 spectra,
corresponding to filter times, = n-7/32 (n =0, 1, 2, ..., 31),

Hong

while the Ao of Ala Cf is bracketed by the 22- and 26-ppm
simulations g = 0.4).

To extract the chemical shift anisotropies quantitatively, we
determined the minimum root-mean-square deviations between
the calculated and the experimental intensities. Figure 3c and
Figure 3f display the rmsd plots for GlydCand Ala @3,
respectively, as a function @dfo and#n. A Ao increment of 1
ppm and any increment of 0.2 were used in the simulations.
For Gly Ca, a valley of lowest rmsd values fronAg, 1) of
(32 ppm, 0) to (37 ppm, 0.75) is found. The density of the
contour lines is low along the length of this valley (Figure 3d),
indicating that highAo values combined with highy give
similarly good fits as lowAo values combined with low. The
global minimum rmsd occurs a&o = 34 ppm, which corre-
sponds to the best fit. This result differs by 3 ppm from the
literature value of 37 ppr#2 The 8% error margin may be
attributed to the fact that the GlyoChas the strongest residual
13C—1H dipolar couplings among all amino acids, since it has
two directly bonded protons.

The rmsd plot for Ala @ exhibits a similar valley of low
rmsd values from (22.5 ppm, 0) to (25 ppm, 1). The global
minimum occurs at (24 ppm, 0.4) (Figure 3g). Ths agrees
perfectly with the CSA obtained from the static spectrum of
alanine®? If the literature asymmetry parameter= 1 is used
as an input, then &o of 25 ppm is obtained, a deviation of
only 1 ppm.

The 1D CSA-filter experiment was also applied to selectively
and extensively’*C-labeled ubiquitin, whosé3C CPMAS
spectrum is shown in Figure 4a. More than BCa. sites in
ubiquitin are labeled by the [®C]glycerol scheme. These
resonate between 40 and 70 ppm, thus signal overlap is
considerable. However, upfield between 10 and 20 ppm, the
spectrum is less crowded. In particular, the resonance at 14 ppm
results from several lle & sites according to the solution NMR
chemical shifts. Since the end of the long isoleucine side chain
should be minimally affected by the backbone conformation,
these @1 CSAs are expected to have a narrow dispersion.
Indeed, the CSA decay curve of the ll@Csignal (Figure 4b)
falls between the 18- and 22-ppm simulations. The 2D rmsd
plot (Figure 4c) shows a narrow valley of low rmsd values from
(19.5 ppm, 0) to (21.5 ppm, 1), with the global minimum at

o = 20.5 ppm (Figure 4d). This is in excellent agreement

with the literatureAo of 21 ppm3? The low rmsd valley for
this site is aligned more closely with tiyeaxis than the previous
two cases, indicating that thes determination is less sensitive
to 7.

The 2D rmsd analyses for these three carbon sites suggest
that except for CH groups, the uncertainty of the CSA
determination is about1 ppm, at the magnetic field strength
and spinning speed used here. This is an adequate error margin,
since the conformation-dependent variations in tle ©SAs
should be much larger, according to both solution NMR
measurement and the quantum mechanical calculations.

was acquired using the pulse sequence of Figure 1a. The peak Chemical-Shift-Anisotropy-Filtered 2D *N—!3C Correla-

intensities were normalized with respect to thee 0 spectrum.
They were plotted as a function offor Gly Ca (Figure 3b)
and Ala @3 (Figure 3e). The intensities at= 7, were taken to
be identical with those at = 0. Both decay curves exhibit a
minimum atr ~ t,/2, but with drastically different values. The
Gly Ca signal decays to a negative value-64.5%, while the
Ala Cg signal decays ta-20%. This is qualitatively consistent

tion. To determine the chemical shift anisotropy of multiple
Ca sites simultaneously, resonance overlap must be minimized.
This is partially achieved by 2EPN—13C correlation. Figure 5
displays four 2D CSA-filter spectra dfC2-glycerol-labeled
ubiquitin, acquired at values of 0, 36.7%/4), 54.7 (3,/8),

and 72.4us (t/2). The assignment of some of the resolved

with the larger anisotropy of the methylene carbon compared
to the methyl carbon. Quantitatively, the CSA decay of glycine
Ca falls betweenAo of 31 and 37 ppm (assuming = 0.4),

(31) Hong, M.; Gross, J. D.; Rienstra, C. M.; Griffin, R. G.; Kumashiro,
K. K.; Schmidt-Rohr, K.J. Magn. Reson1997, 129, 85-92.

(32) Ye, C.; Fu, R.; Hu, J.; Hou, L.; Ding, $agn. Reson. Cheri993
31, 699-704.
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Figure 5. 2D N—1%C spectra of*C,'>N-ubiquitin with variable delay
timesz. (a) r = O us, number of scans pérslice (NS)= 64. (b)t =
35.7us, NS= 64. (c)r = 57.1us, NS= 128. (d)r = 72.4us, NS=

192. Spinning speed: 7 kHz. Assignment was made based on solution
NMR.% The helical residues are indicated in bold, the sheet residues
in bold underline, and the turn residues in bold italics. Dashed circles
highlight regions of drastic intensity decays with longer filter time
Total signal averaging time: 21 h.

Therefore, the main observation from these 2D CSA-filter
spectra is that the €signals of helical residues survive longer
Ac (ppm) than those of the sheet residues. This indicates that helical C
Figure 4. (a) °C CPMAS spectrum of [23C] glycerol labeled CSA_s are smaller than the sheat (_SSAs._This differenc_e is
ubiquitin. (b) Experimental CSA decays (circles)*8€s1-isoleucine ~ Manifested more clearly by superimposing the experimental
and calculated curves fdo = 18 to 22 ppm ay = 0.2. (c) Thermsd ~ Spectra at = 0 and 72.4us with two sets of peak positions
of isoleucine between the experiment and the simulation as a function obtained from solution NMR (Figure 6). In the first subset, all
of # and Ac. (d) Expanded region of the isoleucine rmsd plot. The labeled!3Ca sites, regardless of their conformation, are included.
best fit (20.5 ppm) is indicated by a cross, and the literature value (21 Leucines are the only excluded residues, since thairsites
ppm) is shown as a circle. The horizontal bar indicates the uncertainty gre not labeled by [23C]glycerol (Figure 6a). In the second
in Ao. subset, only the helical « sites are plotted. A remarkable
o ) correlation is immediately discernible: while the = 0
resonances is indicatéé These resonances are categorized as gyperimental spectrum expectedly matched the set with nearly
o-helical (bold),5-sheet (bold underline), aniiturn conforma- all peaks, the = 72.4us spectrum matched closely the pattern
tions (bold italics), based on the crystal structure of the préfein. o the helical residues. Particularly prominent are thesites
Several types of amino acids occur in different secondary of |le-23, Val-26, Lys-27, and lle-30. In fact, all helical residues
structures. These include Val-26 (helix) _and Val-70 (sheet), except for Lys-33, Glu-34, and Tyr-59 have matching experi-
lle-30 (helix) and lle-13 (sheet), Ser-57 (helix) and Ser-20 (turn), mental intensities. Interestingly, the three exceptional residues
and Lys-29 (helix) and Lys-6 (sheet). S are all located at the ends of the two helices in ubiquitin. Thus,
We first analyze the spectra qualitatively by identifying the  thejr above-average anisotropies may result from a “helix end”
resonances that survive the CSA filter. Asncreases from O gffect, where the conformation-based reduction of the CSA is
to 36.7us, severap-sheet @ signals decay first. This is true,  \yeaker at the termini than in the central portion of the helices.
for example, for thé>N—**Co. resonances of GIn-40, GIn-41, Several types of nonhelical resonances in the 2D spectra merit
and Phe-4 at 116120 ppm in theN dimension and about 55 aqgitional comments. First, twé-turn resonances, Thr-55 and
ppm in the'3C dimension (dashed circle). Another area where ger-20, clearly remain in all spectra. The basis for their small
the intensities are reduced is (2530 ppm, 66-62 ppm) for  csAs is not understood. It is interesting that both sites exhibit
Val-70 and lle-13. In contrast to the fast decayifiggheet  ynysually upfield!®N chemical shifts, suggesting that other
resonancesq-helical resonances such as Val-26 and a few gpecial conformational or packing factors may contribute to the
f-turn resonances such as Thr-55 persist in the spectrum. As chemical shifts of the backbone atoms in these two residues.
increases further, the spectrum becomes increasingly Simp|e:Second, the Pro-19 and Pro-3& @&sonances exhibit negative
since some of the initially unresolved signals have decayed. At jntensities at = 36.7 s, become undetectable at the intermedi-
the longest filter time of 72.4us, most of the remaining  ate time of 3,/8, and reappear negativer@®. These significant
resonances can be assigned todhkelical residues, with the jntensity oscillations are consistent with the large, 37-ppm,
exception of twas-turn signals, Ser-20 and Thr-55. anisotropy measured from the static spectra of the amino acid
(33) Wang, A. C.; Grzesiek, S.; Tschudin, R.; Lodi, P. J.; BaxJA.  ProlineIn comparison, the glycinesignals decay and never
Biomol. NMR1995 5, 376-382. oscillate back. This is the signature of a large anisotropy and a
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and extensivé3C labeling solves this problem. The experiment
gives direct evidence that helical residues have smadeCSAs

than sheet residues, without assuming the orientation or the
asymmetry parameter of the chemical shift tensor. In the 2D
CSA-filtered 1N —13C spectra, the helical residues correspond
to most of the remaining resonances while the sheet residues
are filtered. Therefore, the 2D CSA-filter experiment provides
a simple and robust tool for determining the secondary structure
of proteins qualitatively.

To obtain conformational information from the CSA-filter
experiment, the NMR spectra need to be assigned. In this study,
we used the solution NMR chemical shifts of ubiquitin to
facilitate the verification of the CSA-structure correlation.
However, knowledge of solution NMR assignment is generally
not available for the insoluble proteins to which this CSA-filter
technique is particularly relevant. For such insoluble proteins,
there are now a number of multidimensional solid-state NMR
assignment techniques, such as 2D N(CA)BD NCACB,
time-dependent 2D'N—13C correlation, and 2D@¥C—13C
correlation?>2% |n fact, some information on amino acid type
assignment is already contained in #i8—13C 2D CSA-filter
spectrum atr = 0. Aided by these resonance assignment
experiments, the 2D CSA-filter technique should be useful for
identifying a-helical residues in solid proteins.

Comparison of Solid-State, Solution, and Calculated @
CSAs. The solution NMR dipolar-CSA cross-correlated relax-
ation experimert found G CSAs of 6.14 4.9 ppm for helical
residues and 27.3% 4.3 ppm for sheet residues. Quantum
: ' : ' mechanical calculations predicted the same trend of larger tensor
] . i . . spans for sheet over helical residues. However, the CSA gap
] : : : : according to the latter study is much smafiéThe average
= e helical CSA was calculated to be 22 ppm while the average

70 60 50 40 sheet CSA was 34 ppm. In other words, the calculated helical
13C (ppm) CSAs are more than 10 ppm larger than the solution NMR
Figure 6. Simulated (symbols) and experimental (contours) 2D CSA CSAs. In addition, the quantum mechanical calculations pre-
spectra of*C2-ubiquitin for correlating @ CSA with the secondary  dicted that the shielding surfaces depend not only gy
structure. (a) Resonances of all residues labeled by th&]atycerol but also on the side chain torsion angjgesand y2.
scheme. Solution NMR chemical shifts are used to simulatéthe 0 hresent solid-state CSA-filter experiment sheds light on
3C spectra. Clrcle_s. helical residues. Tnangles._ turn residues. Dia- the origin of the different helical CSAs between the solution
monds: sheet residues. Crosses: Pdo The experimental spectrum . -
corresponds ta = 0 us. (b) Resonances of all helical residues. The NMR measurement and the quantum chemical calculations. The
experimental spectrum correspondsete: 72.4us. comparison among the experimental solid-state CSAs, the
solution NMR results, and the ab initio calculations is shown
largery. Finally, we observe negative intensities for the proline in Figure 7. The intensities of a number of relatively resolved
Co resonances in all but the initial spectra. The prolirehas resonances from the CSA-filter spectra are plotted. These include
the largest chemical shift anisotropy among all amino acids, three helical resonances (Figures 7a and 7c) and four sheet
about 60 ppm according to static powder spéétad with an resonances (Figures 7b and 7d). Among the helical resonances,
asymmetry parameter of about 0.5. The corresponding decayVal-26 Co is resolved in both the 1D and 2D spectra. Both
curve is similar to those shown in Figure 2c, where the decay curves are plotted to gauge the consistency between the
intensities decay rapidly to below 0 and remain there for most 1D and the 2D experiments. A similar consistency check for

-

a

Wi

(]
Al

15N (ppm)

15N (ppm)

of the rotor period. the CSA decays of the sheet residues is provided by Ala-46
. _ Ca, which is actually located in a type-1|B-turn but exhibits
Discussion a large CSA. The uncertainties of the experimental intensities

vary from 1.5% to 7%, since the noise level of each spectrum
is scaled by different amounts according to the initial peak
intensities. For simplicity, these error margins are not indicated

Diagnosis of Protein Secondary Structure by the Solid-
State CSA Filter. Determination of the backbone conformation
is the necessary first step toward the elucidation of the complete! ™+
three-dimensional structure of proteins. The correlation betweeni" Figure 7.
the 13Ca chemical shift anisotropy and the backbone conforma- ~ Superimposed with the experimental intensities are the
tion provides a potentially efficient probe of the secondary calculated decay curves for the solution NMR and the quantum
structure of insoluble and noncrystallizable proteins. Until now, mechanical @ CSAs. The solution NMR CSA decays (Figures
knowledge of the protein CSAs has been relatively scarce, since7a and 7b) were simulated with an asymmetry parameter of 0,
solid-state NMR has been unable to measure many CSAswhich had been used in the analysis of the relaxation data. We
simultaneously on isotopically labeled proteins. The present calculated three decay curves for each backbone conformation,
CSA-filter technique in combination with biosynthetic selective representing the lower limit, the average, and the upper limit
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Figure 7. Comparison of conformation dependent CSAs from solid-state NMR, solution NMR, and quantum mechanical calculations. (a)

Solid curves: simulated solution NMRoGCSAs for helical residues, 64 4.9 ppm. Filled circles: 2D & intensities of helical resonances Ser-57,

Lys-29, and Lys-27. Open circles: 2Do0ntensities of Val-26. Crosses: cOntensities of Val-26 from 1D. Uncertainties are +@&7%. Thin

dashed lines at 0%, 10%, and 20% normalized intensities guide the eye for comparison with the sheet CSAs. (b) Solid curves: simulated solution
NMR Ca CSAs for sheet residues, 2A14.3 ppm. Filled diamonds: 2Ddintensities of sheet resonances Phe-4, Val-17, and lle-61. Uncertainties

are 1.6-7.7%. Open diamonds: 2DcCintensities of Lys-6, with uncertainties of 4:8.7%. Triangles: Ala-46 from the 2D CSA filter. Stars:

Ala-46 from the 1D CSA filter. (c) Ab initio helical & CSAs for Val (16.5 ppm, short-dashed line), lle (18 ppm, long-dashed line), and Ser (24
ppm, dotted line). Experimental data points are the same as in (a). (d) Abgrsti@et CSAs for Val{35 ppm), lle 37 ppm), and Ser<29

ppm). Simulations are the same as in (c). Experimental data points are the same as in (b). (e) Experim€&ak©f glycine. Squares: 2D
intensities of two glycine resonances. Filled circles: 1D intensities. (f) Experimept&3As of Lys and Leu from the 1D CSA filter.

of the measured CSAs. It can be seen clearly that the helicalonto the dipolar bond vectdf:37 Specifically, Ao* = opar —

CSAs from the solid-state NMR experiments are larger than
the solution NMR values well beyond the uncertainties of either
measurement. At,/2, the intensity gap between the largest
solution NMR CSA (the lowest solid curve) and the smallest
solid-state NMR CSA (the highest experimental point) is more
than 55%, relative to the initial intensity of 100%. In compari-
son, better agreement for tifiesheet CSAs is found between
the solid-state and the solution NMR results (Figure 7b).

The decay curves corresponding to the ab inittoCSAs of

Oorth, IN Which the parallel and orthogonal tensor elements are
defined with respect to the dc-Ho bond, is measured.
Deviation of the tensor orientation from then€Ha bond is
accounted for by the second Legendre polynonia{cos 6)

= (3 cog 0 — 1)/2, where9 is the angle between theo=Ha
bond and the most deshielded elementof the chemical shift
tensor. Therefore, the CSA-dipolar cross correlation experiment
does not separate the effects of the tensor orientation from the
tensor magnitude. This contrasts with the ab initio calculations

Val, lle, and Ser in helical and sheet residues are displayed inand the present solid-state NMR experiment, which determine
Figures 7c and 7d. For each residue type, the CSAs calculatecthe shielding tensor breadth independent of an internuclear
for the majory, conformers were averagé®l.The resulting vector.
valine helical and sheet dC CSAs are 16.5 and 35 ppm, In fact, the orientation of the &€shielding tensor may deviate
respectively. The isoleucine helical and sheet CSAs are 18 andsignificantly from the @—Ha bond. Quantum mechanical
37 ppm, respectively. For serine, the corresponding values arecalculations predicted that the angle between the-Bo bond
24 and 29 ppm. The figures show that the quantum mechanicaland the most deshielded element of the Gu shielding tensor
helical G CSAs are much closer to the solid-state NMR results vary from 6 = 8° in sheet residues t@ = 82° in helical
than the solution NMR experiments are, although the ab initio residues$ If this is the unique axis in both the helical and sheet
anisotropies are still somewhat smaller than the results of theresidues, then the relaxation interference experiment actually
CSA-filter measurements. For the sheet conformation, the measured\o*-Py(cos 82) ~ —0.5Ao* for the helical residues
calculated range of CSAs agrees quite well with the experi-
mental intensities.

1999 15, 27-37.

The different CSAs between the solution-NMR measurement  (35) Fushman, D.; Cowburn, 0. Am. Chem. S0d.998 120, 7109~
and the quantum chemical calculation can be attributed to the 7110. , , _ _
fact that different chemical shift quantities are addressed in the , (36) Tessari, M.; Vis, H.; Boelens, R.; Kaptein, R.; Vuister, G. W.
oo . Am. Chem. Socl997, 119, 8985-8990.
two approaches. The relaxation interference experiment mea-  (37) Tjandra, N.; Szabo, A.; Bax, A. Am. Chem. So2996 118 6986-
sures the projection of an axially symmetric chemical shift tensor 6991.

(34) Damburg, P.; Jarvet, J.; Allard, P.; Graslund,JABiomol. NMR
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but Ag*-P,(cos 8) ~ Aoc* for the sheet residues. This could
account for the small helical CSAs obtained from the solution
NMR experiment. On the basis of this analysis, the actual helical
CSAs should be 12.2- 9.8 ppm, the upper bound of which is
much closer to the solid-state CSA results for the helical
residues.

' |
A second complicating factor that contributes to the different b I |
helical CSAs determined by the three methods is the asymmetry (b) 35.7 uw
parameter of the &€ shielding tensor. Static NMR experiments | :
on powder samples of single amino aéidsnd ab initio I
calculations indicate that the asymmetry parameter of the C (c) 57.1 “W
tensor covers the full range of 0 to 1. Thus, the assumption of | !
|

axial symmetry in the analysis of the solution relaxation data
is likely to have a nonnegligible effect on the determination of
Aa. The relaxation interference between an asymmetric chemical
shift tensor and a dipolar vector has been analyzed previSusly
by the decomposition of the asymmetric tensor into the sum of
two axially symmetric tensors with a certain relative orientation.
It is possible that the single-tensor assumption wjitkr O in
the solution NMR experiment effectively amounts to removing T T T y T T T T
the contribution of the second tensor, thus underestimating the 8 70 60 50 40 30 20 10
real anisotropy. 13C (ppm)

Nevertheless, for the purpose of determining protein second- Figure 8. 1D CSA filter spectra of ubiquitin for = 0 (a), 35.7 (b),
ary structure, the CSA-dipole relaxation interference experiment 57.1 (c), 71.4 (d), and 142.8 (a}. Spinning speed: 7 kHz.
is quite effective. If the change indtensor orientation between
the helical and sheet residues proves to be true experimentally simultaneously. This is useful for structure refinement of
then the lack of distinction between the magnitude and the proteins when used in conjunction with torsion-angle experi-
orientation actually constitutes an advantage to the solution ments. Moreover, it should be useful for generating a larger

NMR technique. empirical basis for the correlation of CSA and structure in
Glycine Ca and Leu and Lys Side Chain Carbon CSAs. proteins.

In addition to the helical and sheet:Gites, we also examined
the CSAs of several other carbons. These include thegZdlp Conclusions
of two glycine residues (Figure 7e) and the §ignals of several
Lys and Leu residues at isotropic chemical shifts of about 27
ppm (Figure 7f). The Gly @ signals give an upper bound to
all the CSAs measured here, while the side chajnsi@nal
provides a lower bound. The relatively slow CSA decay of the
Cy signal verifies that the large decays observed for'f@a.
of helical and sheet residues are indeed conformational effects
and not experimental artifacts. This is demonstrated by five
representative 1D CSA-filter spectra with variable delays
(Figure 8). All five spectra show consistently high intensities
of the side chain € signal.

Advantages of the CSA Filter Technique. The main
advantages of the CSA-filter technique are its insensitivity to
experimental artifacts and its ease of implementation under

standard MAS conditions. The number of 1§fuises remains obtained from the solid-state experiment are significantly larger

constant in the experiment. There is no “collision” of pulses, . .
and the total duration of the pulse train is nearly constant. The th.an the values estlmated_by solutlon_NMR and agree bet’Fer
with the quantum mechanical calculations. The difference in

experiment does not require special probeheads such as slow- ) . .
spinning MAS probe€1%or switching-angle-spinning prob&s22 the helical CSAs between solution and solid-state NMR may

It can be applied under medium to high spinning speeds to be_ attriputed to the different assumptions o_f the shielding tensor
achieve high resolution, since only twopulses are applied in orientation .and asymmetry parameter. This CSA-filter experi-
each rotor period. As the magnetic field strength increases, thement promises tq be a.useful diagnostic tool for the secor'ld.ary
experiment will exhibit highet\o accuracy. The experiment structure (_)f proteins. It_|s also_a general method for de_termlnmg
does not sacrifice signal sensitivity, which is a limitation of the the chemical shift anisotropies of other complex disordered

principal-value spectroscopy.The same 23°N—13C correla- solids.
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A technique for measuring the chemical shift anisotropies of
multiple sites in extensively isotopically labeled proteins is
presented and demonstrated on ubiquitin. The chemical shift
anisotropy is reintroduced under magic-angle spinning by a train
of 180C° pulses in which the second half of the pulse train is
displaced with respect to the first half. It is shown that ¥#@
CSAs can be measured with the accuracy-afppm for CH;
groups and CH groups, and &f 3 ppm for CH groups. For
extensively isotopically labeled proteins, the technique can be
combined with>N—13C 2D correlation to enhance the site
resolution. The 2D CSA-filter spectrum at a delay of half a rotor
period corresponds predominantly dehelical residues. This
confirms the previous finding that helical residues have smaller
Ca CSAs than sheet residues. However, the helical CSAs




