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Abstract Magic-angle-spinning solid-state '*C  NMR
spectroscopy is useful for structural analysis of non-crys-
talline proteins. However, the signal assignments and
structural analysis are often hampered by the signal over-
laps primarily due to minor structural heterogeneities,
especially for uniformly-"*C,'>N labeled samples. To
overcome this problem, we present a method for assigning
3C chemical shifts and secondary structures from unre-
solved two-dimensional '>C-'"*C MAS NMR spectra by
spectral fitting, named reconstruction of spectra using
protein local structures (RESPLS). The spectral fitting was
conducted using databases of protein fragmented structures
related to >C*, 3CP, and '>C’ chemical shifts and cross-
peak intensities. The experimental '>C—'>C inter- and intra-
residue correlation spectra of uniformly isotope-labeled
ubiquitin in the lyophilized state had a few broad peaks.
The fitting analysis for these spectra provided sequence-
specific C%, CP, and C’ chemical shifts with an accuracy of
about 1.5 ppm, which enabled the assignment of the sec-
ondary structures with an accuracy of 79 %. The structural
heterogeneity of the lyophilized ubiquitin is revealed from
the results. Test of RESPLS analysis for simulated spectra
of five different types of proteins indicated that the method
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allowed the secondary structure determination with accu-
racy of about 80 % for the 50-200 residue proteins. These
results demonstrate that the RESPLS approach expands the
applicability of the NMR to non-crystalline proteins
exhibiting unresolved '*C NMR spectra, such as lyophi-
lized proteins, amyloids, membrane proteins and proteins
in living cells.

Keywords Signal assignment - Secondary structures -
Fragment assembly - Spectral simulation - Signal overlap

Introduction

Magic-angle-spinning (MAS) solid-state NMR spectros-
copy is widely used for the study of structures, dynamics
and inter-molecular interactions of non-crystalline proteins
such as membrane proteins, amyloids and precipitated
proteins (Baldus 2007). However, the sequence specific-
signal assignments and subsequent structural analysis of
the proteins are often quite difficult because '*C-NMR line
width of 1-2 ppm due to the structural heterogeneity gives
rise to overlaps of signals. Such '>*C NMR line widths are
smaller than the chemical shift changes due to secondary
structure transitions, and are reported for non-crystalline
proteins and biomolecules even for well-ordered structures
(Kobayashi et al. 2006; Todokoro et al. 2006, 2010; Iwata
et al. 2006; Fujiwara et al. 2004; Long and Tycko 1998).
This line broadening is conspicuous at low temperatures
where jump among low energy structures is suppressed in
the glass states (Iben et al. 1989; Kitao et al. 1998). This
paper presents a method that derives the chemical shifts
and the secondary structures for protein systems even from
low-resolution spectra without manual signal assignments.
Therefore, the method enables the structure and stability
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studies of proteins in states not amenable to the standard
sample optimization such as microcrystallization and sol-
ubilization, which greatly enhances the NMR applicability.

Several methods are proposed to alleviate difficulties
caused by signal overlaps in solid-state NMR spectra of
proteins. Crystallization and hydration of proteins decrease
line widths by improving the structural order and mobility
on the NMR time scale of the line widths (Jakeman et al.
1998; Martin and Zilm 2003). Selective isotope labeling is
widely employed to reduce the number of cross-peaks in
the spectra and to make signal assignments. One can spe-
cifically label amino acid residues with '>C and '°N by
chemical synthesis of polypeptides. Semiselective isotope
labeling such as amino-acid type selective labeling and
stereo-array isotope-labeling can be performed by using
bacteria and cell-free systems with labeled media (Castel-
lani et al. 2002; Zech et al. 2005; Kainosho et al. 20006).
The selective isotope labeling, however, reduces the
number of spins that provides structural information and
generally requires further efforts to compensate for the
insufficient information especially for the analysis of the
whole protein structure. Increasing the dimensionality of
NMR improves the spectral resolution at the expense of
signal sensitivity because the additional mixing period
decreases the amplitude of the magnetization.

Limited experimental NMR data can be fully exploited
by the use of informatics for NMR and proteins. The mutual
dependence between chemical shifts and structure is well
summarized in programs such as SHIFTX (Neal et al. 2003),
SPARTA (Shen and Bax 2007), and TALOS (Cornilescu
et al. 1999), which allowed the protein structure determi-
nation only by chemical shift information integrated in the
protein fragment assembly technique (Shen et al. 2008). We
demonstrated the determination of uniforlnly—13C,15N-
labeled membrane-bound peptide structure and location in
membranes using replica-exchange molecular dynamics

1. Search for Candidate Peptides and Chemical Shifts

simulations and limited solid-state NMR parameters in
overlapped signals (Ikeda et al. 2011), The automatic signal
assignments for the membrane-bound peptide were also
feasible by using molecular dynamics simulation under
pseudo-energy for the spectral fitting (Matsuki et al. 2007).
In these studies, solid-state NMR spectra were analyzed
quantitatively by the numerical spectral simulation from the
atomic coordinates. However, a high computational cost of
the simulation prevented the application of these methods to
larger protein systems.

We have developed an alternative approach to obtaining
the chemical shifts and secondary structures of proteins
from unresolved 2D '*C—'>C solid-state NMR spectra of
uniformly '*C,'’N-labeled proteins. This method named
the reconstruction of spectra using protein local structures
(RESPLS) is described in this paper. We focused on
chemical shifts of protein fragmented structures depending
on the amino acid sequence. Two-dimensional '*C-">C
solid-state NMR spectra were simulated on the basis of
those chemical shifts. Experimental chemical shifts were
assigned by fitting the simulated spectra to experimental
ones. The secondary structure was predicted from the
obtained chemical shifts (Wishart et al. 1992). We applied
the RESPLS approach to experimental 2D '*C-NMR
spectra of lyophilized ubiquitin and simulated spectra of
five proteins having 46-214 amino acid residues. The
structural heterogeneity of the lyophilized state was ana-
lyzed from the obtained results.

Materials and methods

The RESPLS procedure is shown by the flowcharts in
Fig. 1. This procedure consists of two steps: (1) selecting
candidate polypeptides for generating chemical shifts of a
target protein and (2) optimizing the combination of the

2. Reconstruction of Spectra and Energy Minimization
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Fig. 1 Schematic representation of the RESPLS approach
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peptides and chemical shifts by spectral fitting with simu-
lated annealing algorithm.

Protein NMR library

Non-redundant proteins on the PISCES server were used
for generating the polypeptides with backbone '*C and
13CP chemical shifts (Wang and Dunbrack 2005). We first
selected the 2,438 proteins with sequence identities of
<40 % in the Protein Data Bank whose structures were
determined by X-ray crystallography at resolutions of
<1.8 A. Then, the chemical shifts of the proteins were
computed by the program SHIFTX. The amino acid
sequence, torsional ¢, y-angles, and Beo BB and B
chemical shifts of the proteins were stored in the protein
NMR library.

Search for peptides with high sequence similarities
to the target sequence

The target n-residue protein was initially expressed by
connecting peptide sequences selected from the fragmented
sequence ensemble composed of nine-residue peptides
beginning from residue i (= 1 to n-8) and peptides con-
sisting of less than nine residues at the N- and C-termini.
We searched for peptides in the protein NMR library with
high sequence similarity to the query peptide sequences in
the ensemble. The score for the sequence similarity was
defined by the BLOSUMG62 matrix representing the
evolutional distances of two amino acids (Henikoff and
Henikoff 1992). The BLOSUMBS62 scores for the two amino
acids at the same residue number were summed to give the
scoring function for the two peptides. The top 100 peptides
in the scoring function at each segment were selected from
the protein NMR library for the spectral fitting at the next
stage.

The selected similar peptides include amino acids dif-
ferent from those in the query sequence. Since backbone
chemical shifts primarily depend on types of amino acids
and the torsional angles (Wishart et al. 1991), the chemical
shifts of them should be modified by replacing the substi-
tuted amino acid. To this end, we generated an amino acid
NMR library of torsional angles and chemical shifts from
the protein NMR library. The chemical shifts of the
substituted amino acids in the selected top 100 peptides
were replaced by those of the original amino acids with the
nearest ¢ and s angles in the amino acid NMR library.

Assembly of peptides for generating chemical shifts
of the whole protein

Chemical shifts of the target protein were obtained
from the protein generated by concatenating the candidate

nine-residue peptides from the N-terminus. If the C-ter-
minal peptide consisted of less than nine residues, we used
a shorter peptide. We also introduced frame-shifts in the
arrangement of the nine-residue peptides by inserting 1-8
residue N-terminal peptides at the N-terminus.

Calculation of cross-peak intensities and '>C-">C
spectra

We analyzed a set of experimental two-dimensional spectra: a
C? - C! region of an intra-residue spin diffusion spectrum
(CACO) under dipolar assisted rotational resonance (DARR)
(Takegoshi et al. 2001), C - CLl and C} - C}_ | regions of
an inter-residue CA(N)COCA spectrum (CANCO, CACA)
(Fujiwara et al. 2004), and a (C* + CP), — C? region of a
double quantum-single quantum spectrum (DQSQ) (Hong
1999).

The magnetization transfer processes in '>C—""N/'*N-"*C
cross polarization, excitation of double quantum coherences
and conversion to single quantum coherences were calculated
for spin systems composed of up to 6 spins for each amino acid
residue by integrating time-dependent Hamiltonians as pre-
viously described (Matsuki et al. 2007). The *C—">C mag-
netization components in the spin diffusion were calculated by
a rate matrix analysis (Egawa et al. 2007). The rate of mag-
netization transfer between a pair of spins was determined by
an internuclear distance and a zero-quantum line shape (Kubo
and Mcdowell 1988). The factors from the line shapes for
13C-"13C spin pairs with and without covalently-bonded pro-
tons were assumed to be 1.0 x 1077 and 2.5 x 10_6,
respectively (Egawa et al. 2007). The distances of the spin
pairs were calculated from an all-extended structure of the
protein. Spectra for the spin diffusion were calculated from the
cross-peak intensities between spins separated by up to two
covalent bonds. Although this calculation of signal intensities
does not consider tertiary or secondary structures of the pro-
tein, it is justified under a short mixing time, where the mag-
netization is transferred only between spins in proximity.
Figure S1 shows observed and calculated cross-peak intensi-
ties in a spin diffusion '*C—">C spectrum of MLF tripeptide.
The intensities of C*/CP — €’ and ¢’ — C*/CP transfer cal-
culated for an extended structure of the peptide agreed with the
observed ones. We also confirmed that the calculated mag-
netization amplitudes of ubiquitin for atomic coordinates
(PDB: 1 ubq) (Vijay-Kumar et al. 1987) at spin diffusion
mixing time <20 ms were different only by <4 % in RMSD
from those obtained for an all-extended protein structure.
These differences did not significantly affect the results of the
spectral fitting simulation (data not shown). Side-chain car-
bons other than C? which gave cross-peaks in the spectral
regions, e.g. '*C"* of Thr in the DQSQ spectrum, were
assumed to have average chemical shifts in the BMRB
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statistics (Markley et al. 2008) or shifts determined experi-
mentally. The spectra as a function of frequencies w; and w,
were calculated by adding two-dimensional Lorentzian
functions with cross-peak intensities [, half-width at half-
height line widths Az, Ao, and chemical shifts oz, o for a
cross-peak k,

Atk Aok

S((Dl 5 602) = Zlk

2+ (01 = 0u) A+ (02 — dn)”

Monte Carlo simulated annealing for energy
minimization

Simulated spectra were fitted to experimental spectra by
Monte Carlo simulations with simulated annealing algo-
rithm (Kirkpatrick et al. 1983).

First, an initial state with chemical shifts of the protein
was generated by connecting candidate peptides each of
which was randomly selected at the corresponding peptide
segment. The initial line widths were set at 1.0 ppm. Second,
we calculated the spectra and the energy function of spectral

ﬁt, E= Z]-%hl XJZ with XJ2 = Zi\i] (Sobs.j,i — '/Ijssim.j,i)z-
Here, N; represents the number of data points for spectrum
j = CACO, CANCO, CACA, or DQSQ SOst.i and Scalcj,i
denote the spectral intensities of the observed and calculated
spectrum j at data point i, respectively. The factor #; was
updated so as to minimize ij We used logarithmic functions
multiplied by 0.5N; to weight the experimental spectra with
different data points, signal-to-noise ratios, and calculation
errors as proposed in structure determination by NOE-based
distance restraints (Habeck et al. 2006).

A state in the simulation was renewed by replacing a
peptide with a one randomly selected from the candidates at
the segment which was also randomly selected in the pro-
tein. The spectra and the energy were calculated using the
chemical shifts of the renewed peptide. The new state was
accepted by following the Metropolis criterion (Metropolis
et al. 1953) expressed as the probability P = 1 for AE < 0,
and P = exp(—AE/T) for 0 < AE, where AE and T respec-
tively stand for a change in energy of the state and tem-
perature controlled by the simulated annealing algorithm.
The initial temperature was set at 1,000. Simulated
annealing was performed by decreasing the temperature as
T;y, = oT; for 100,000 steps with o = 0.9999. The line
width was also optimized every 100 steps during the search
for the best combination of local structures. All cross-peaks
in a 2D spectrum had the same line width for each dimen-
sion. Starting from the initial value of 1 ppm, a state was
renewed by adding normal random numbers with a standard
deviation of 0.1 ppm to the line width and was accepted by
following the Metropolis criterion.

@ Springer

Further optimization of spectral-fit energy and chemical
shifts

The prediction of chemical shifts by SHIFTX has errors of
~ 1 ppm in the estimation (Seidel et al. 2009). To compen-
sate for the error, we further optimized chemical shifts by
additional energy minimization steps after the minimization
described above. Chemical shifts were varied <41.5 ppm
from the initial values. A random shift with a standard
deviation of 1 ppm was added to a randomly selected '*C
resonance. Only a change with a reduction of the energy was
allowed, and iterated 100,000 times during the minimization.

In total, the whole energy minimization process was
conducted 500 times for each of the N-terminal offsets of
0-8 residues. Therefore, we obtained 4,500 resultant
chemical shift sets for ubiquitin with ~ 10 h computation
time on 45 CPU cores of Intel Xeon X7542 processors. The
program described in this paper is available from the
authors upon request.

Estimation of secondary structures by CSI

The obtained 4,500 sets were subjected to CSI programs
for assigning the helix (H), extend (E), and coil (C) to
amino acid residues (Wishart et al. 1992). The assignments
for each residue in the 4,500 states were counted. The most
assigned secondary structure was shown as the final result.

Solid-state NMR experiments for lyophilized ubiquitin

About 7 mg of uniformly-'>C," N-labeled ubiquitin pur-
chased from Cambridge Isotope Laboratories (Andover,
MA) was packed into a 3.2-mm rotor after the lyophiliza-
tion. NMR experiments were performed with Varian
Infinity-plus spectrometers at 'H resonance frequencies of
600 and 700 MHz equipped with broadband triple reso-
nance MAS probes for a 3.2-mm rotor. Sample spinning
frequency was 12.5-16 kHz at a probe temperature of
—60 °C. TPPM decoupling was conducted at a 'H RF
amplitude of 70-90 kHz (Bennett et al. 1995). A two-
dimensional '*C spin diffusion experiment under DARR
was carried out at a 'H RF amplitude of 15 kHz with a
mixing time of 20 ms. Maximum ¢, and #, periods were
10 ms and 12.8 ms with data points 1,000 and 1,024,
respectively. Repetition time was 2.0 s. Band-selective
cross polarization sequences for C* - Nand N — C' were
used for the 2D CA(N)COCA experiment at the '*C and '°N
RF amplitudes of 32 and 20 kHz with a mixing time of 4 ms
(Baldus et al. 1998). The mixing time for C’ — C*C® under
DARR was 10 ms. The 650(¢;) x 1,024(t,) data matrix was
acquired. A DQSQ experiment was performed with the
POST-C7 sequences without 'H-decoupling field under
15 kHz MAS (Hohwy et al. 1998; Hughes et al. 2004).
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Fig. 2 MAS solid-state NMR spectra of u-['*C,'>N] ubiquitin in the
lyophilized state. a, e, i CACO spectra. b, f, j CACA spectra. ¢, g,
k CANCO spectra. d, h, i DQSQ spectra. a—d Experimental spectra.
e-h Spectra calculated from the initial chemical shifts and line widths
of 1.0 ppm before the spectral fitting. i-1 Representative calculated

Each of the excitation and conversion times for DQ coher-
ences was 267 ps. The 360 x 1,024 data matrix was
acquired. The data matrices were zero-filled to
2,048 x 2,048 with Felix 2000 software (Accelrys Inc., San
Diego, CA). The free induction decays were multiplied by
an exponential function with a dumping rate of 100 Hz. The
signal-to-noise ratio was ~20 for CACO, ~ 10 for CACA
and CANCO, and ~ 15 for DQSQ experiments.

Results

RESPLS fitting of MAS solid-state NMR spectra
for lyophilized ubiquitin

To evaluate our approach for estimating 13C chemical
shifts and secondary structures, we performed the spectral
fitting for ubiquitin in a lyophilized state. The MAS solid-
state spectra are shown in Fig. 2a—d. The four spectral

spectra after the RESPLS fitting. Spectral intensities larger than 1.0
are shown by red. Simulated spectral intensities were adjusted so that
the RMSDs between the simulated and experimental spectra gave
almost minimum values

regions for intra-residue CACO and DQSQ, and inter-res-
idue CACA and CANCO experiments provide chemical-
shift correlations for sequence specific assignments of the
c® CP and C signals. The cross-peaks in the spectra,
however, are considerably overlapped, which impedes the
signal assignments. The line widths of >1.5 ppm were
larger than those in microcrystalline ubiquitin of <1.0 ppm
(Igumenova et al. 2004; Martin and Zilm 2003; Seidel et al.
2005). However, the CACO spectral intensity seems to
agree with the signal distribution of the chemical shifts for
the microcrystalline ubiquitin as shown in Fig. 3 (Schubert
et al. 2006).

We generated the protein chemical shifts from candidate
nine-residue and terminal peptides as indicated in Fig. 1.
These peptides ranked among the top 100 in sequence
similarity to the target protein. Figures 4a—c show C%, cP,
and C’ secondary chemical shift distributions of the can-
didate peptides plotted against the residue number. These
secondary shifts are defined by Ad = Ogps — Ocoil, Where

@ Springer



194

J Biomol NMR (2013) 55:189-200

3C/ppm

— T T T T T 1

178 176
BC/ppm

182 180 174 172 170

Fig. 3 CACO spectrum of ubiquitin in the lyophilized state. The
symbols show the resonances for intra-residue chemical-shift corre-
lations in microcrystalline ubiquitin (BMRB: 7111). red circles C*~C’
correlations. blue triangles CP-C’ correlations

Ocoi1 18 the random coil value. The shifts Ad were distrib-
uted around zero with large standard deviations of about
2 ppm, suggesting that the sets of the peptides included a
variety of local structures. The correlation coefficients
r between the average secondary chemical shifts of the
peptides and the microcrystalline ubiquitin (Fig. 4g—i)
were 0.35, 0.50, and 0.18 for C%, CP, and C/, respectively.
These weak correlations show that the ensemble selected
only by the sequence similarity does not provide the sec-
ondary structures and chemical shifts similar to those of the
target protein. Note that we removed entries for ubiquitin
and its homolog proteins with sequence identities of
>40 % from the protein NMR library to conduct the fitting
simulation without losing general applicability.

The spectral fitting was performed by selecting the
peptides whose chemical shifts were compatible with the
experimental spectra of ubiquitin. This fitting calculation
by the Monte Carlo simulated annealing with 4,500 initial
states gave an ensemble of chemical shifts and the line
widths. Spectra simulated at the beginning of the spectral
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Fig. 4 Secondary chemical shifts of ubiquitin. a—¢ Chemical shifts
calculated from the distributions of peptides selected by the sequence
similarity score. d—f Chemical shifts from the distributions after the
RESPLS fitting to the experimental spectra. g-i Chemical shifts of the
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Residue

microcrystalline ubiquitin. Chemical shifts for C* (a, d, g), ch
(b, e, h) and C' (¢, f, i) are shown. Solid bars show the secondary
shifts, A0 = Ogps — Ocoil- Error bars indicate standard deviations of
the secondary shifts in the ensemble of the 4,500 estimates
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fitting are shown in Fig. 2e-h. The root-mean-square
deviations (RMSD) of these initial spectra from observed
ones were 6.8, 3.6, 5.8, and 3.3 for CACO, CACA,
CANCO, and DQSQ spectra, respectively. These values
were much larger than the spectral RMS noises of 0.8, 0.7,
0.7, and 1.0, indicating the poor fit. The representative
spectra of ubiquitin after the optimization by the RESPLS
fitting are shown in Fig. 2i-1. The simulated spectra agree
with the experimental ones in the extent of spectral noises.
The average RMSDs between the observed and the 4,500
converged spectra were 1.3, 1.4, 1.3, and 1.4 with the
standard deviations of <0.1 for CACO, CACA, CANCO,
and DQSQ spectra, respectively. The RMSDs slightly
larger than the noises would show calculation errors of the
spectral simulations. The estimates of line widths were
converged to 1.5-2.7 ppm with standard deviations of
0.04-0.19 ppm (Table 1). The resulting distributions of
4,500 chemical shift sets are shown in Fig. 4d—f. The
obtained chemical shifts were deposited to the database
BMRB (accession number 11512). Correlation coefficients
of the obtained secondary shifts with those in the crystal
state were relatively large: 0.7, 0.6, and 0.6 for C%, CB, and
C’' (Fig. 4d-i and Fig. S2a—c). Chemical shift RMSDs
(CS-RMSDs) between the chemical shifts obtained Jpreq
and those in the crystal state J., are defined as

\/ﬁ Zivzl (5obs,i - 5pred.i)2s
c*, CB, and C'. The CS-RMSDs of ubiquitin were calcu-
lated at 1.44, 1.63, 1.43, and 1.50 ppm for C%, cP ', and
total C spins, respectively. These CS-RMSDs were com-
parable to the line widths of the recorded spectra, indi-
cating the good estimations.

Chemical shifts of backbone and B carbon atoms in
proteins depend on the backbone structures. The differ-
ences between the secondary shifts of C* and CP are used
for estimating the residue-specific secondary structures in
immobilized proteins (Luca et al. 2001). The obtained
shifts of ubiquitin in the lyophilized state agreed with those
in the crystal with r = 0.8 (Fig. 5a-b and Fig. S2d). The
positive values at residues 22-31 and negative values at

where N denotes the number of

Table 1 Full-width at half-maximum (ppm) of '*C-'3C signals of
ubiquitin estimated by the RESPLS approach

Fl F2
CACO® 1.55 + 0.09 1.86 + 0.09
CACA® 2.66 % 0.19 2.35 4 0.15
CANCO® 253 £ 0.15 2.51 £ 0.13
DQSQ! 2.33 £ 0.06 1.48 £ 0.04

@ C*-C’ region of *C-'3C spin diffusion spectrum
b C*-C* region of CA(N)COCA spectrum

¢ C*-C' region of CA(N)COCA spectrum

4 (c*,CH-C* region of DQSQ spectrum

residues 2-9, 12-15, 13-15, 4048, and 60-70 indicate o-
helix and B-sheet structures, respectively. This backbone
structure agreed well with that for the crystalline ubiquitin
(Fig. 5¢). The backbone structure was further analyzed
with CSI for the C*, CP, and C’ chemical shifts. The pop-
ulations of helix (H), extend (E), and coil (C) structures in
the 4,500 estimations are plotted in Fig. 5d. The most
selected secondary structure for each residue was assigned
as the residue-specific secondary structure. An accuracy

Nys.correct

score is defined as Qgg = , where Ngs correct and

Nresidue

Nresique Tepresent the number of correctly predicted resi-
dues and the number of residues, respectively. The score
for ubiquitin was 0.79. The positions of the long a-helix
and B-sheets in the lyophilized state agreed with those in
the crystal with a high probability.
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Fig. 5 Secondary structure of ubiquitin. a Differences between C*
and CP secondary chemical shifts estimated by the RESPLS fitting.
b Differences for the chemical shifts in the microcrystalline state.
¢ Secondary structure in the ubiquitin X-ray structure (PDB: 1 ubq).
d Estimated secondary structure probabilities by CSI: blue circles for
Helix; red squares for Extend; yellow triangles for Coil
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The torsion angles can also be estimated directly from
those of the selected fragments by the RESPLS fitting. The
angles for the 4,500 results were compared with those in the
PDB structures. We classified (¢, ) angles into three
regions; region 1: (—38° < ¢ < — 160°, —22° <y <
— 70°), region 2: (—50° < ¢ < — 180°, 10° < ¢ < 180°),
and region 3: the outside of these regions. The regions 1 and
2 approximately correspond to helical and extended struc-
tures, respectively. The amino acid residues were assigned
to the most populated regions in the 4,500 angles. The
accuracy of the secondary structure is defined as Qg =

N correct
Nresidue

residues whose torsional angle regions are correctly
assigned. The Qra was 0.83, showing the comparable
accuracy with Qggs from CSI using the chemical shifts. An
alternative approach for predicting torsional angles from the
chemical shifts was presented as the TALOS+ program
(Shen et al. 2009). We calculated Qt, from the torsion
angles obtained by TALOS+ with the averaged chemical
shifts. The Qra of 0.76 was also comparable to Qsg, indi-
cating that our library correctly associated the chemical
shifts with protein local structures as the library for
TALOS+.

To estimate the contributions of component spectra to
the structural analysis, we performed the spectral fitting
with a smaller number of the spectra in the data set (Fig. 6).
In general, removal of a spectrum decreased the accuracy
of the secondary structure Qss. The elimination of the

, where the Nta correcte Tepresents the number of the

0.85
0.80
0.75

0
0.70

0.65 —

0.60 —
CACO +—+++-=-=—+-—+-=--+

CACA ++-++-++-++--+-
CANCO +++-++-+---=-+- -

DOSQ ++++-++-++-+-- -
Fig. 6 Accuracy of RESPLS analysis with different combinations of

the ubiquitin spectra. Accuracy QOsg indicates the agreement of the
estimated secondary structure with the crystal structure
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DQSQ spectrum especially affected the fitting, suggesting
that this spectrum provided critical information in selecting
combinations of the fragmented peptides probably owing
to the relatively dispersed spectral pattern.

Test for simulated data of proteins

To evaluate the applicability of the RESPLS fitting, we
tested this method with 2D spectra simulated for five
proteins whose chemical shifts were deposited in the
database BMRB (Table 2). We computed the target spectra
for CACO, CACA, CANCO and DQSQ with line widths of
2.2 ppm. The C*, CP, and C’ chemical shifts not reported in
BMRB were calculated by SHIFTX with the structures
deposited in PDB. Noise was added to mimic experimental
spectra with S/N ratio of ~20. The RESPLS fitting was
conducted for several structural types of proteins such as
o/B, o-helix-rich and B-sheet-rich proteins with 46-214
residues. Similarly to the fitting for ubiquitin, entries for
homolog proteins were removed from the library.

Figures S3—-S12 and Table 2 show the test results. We
observed considerable signal overlaps in the target spectra
as in the experimental spectra of lyophilized ubiquitin. For
all the test proteins, calculated spectra agreed well with the
target ones after the RESPLS fitting simulations, judging
from the spectral-fit RMSDs comparable to the spectral
noises. B1 immunoglobulin binding domain of Protein G
(GB1) (Figs. S3-S4) and HPr-like protein crh (Figs. S5—
S6) are o/ proteins like ubiquitin (Franks et al. 2006; Juy
et al. 2003). The obtained and target chemical shifts were
correlated with r = 0.86 and 0.66 for GB1 and crh,
respectively (Bockmann et al. 2003; Zhou et al. 2007). The
total CS-RMSDs were 1.76 and 1.41 ppm. The locations of
a-helix and B-sheet regions were estimated with accuracy
of 70-80 %. Figures S7 and S8 show the analysis of
a-helical Pfl coat protein (Goldbourt et al. 2007; Welsh
et al. 2000). A relatively high correlation coefficient 0.85, a
small RMSD in chemical shifts 0.86 ppm, and the accuracy
of secondary structure prediction Qsg = 0.98 exhibit the
almost perfect estimation. This is probably because Pfl
takes on simple structure with a single o-helical region and
a disordered N-terminal structure. We previously showed
that the chemical shifts of a 14-residue a-helical peptide
were precisely determined with errors of <1 ppm by
spectral fitting combined with conformational energy
optimization (Matsuki et al. 2007). These results indicate
that the spectral analysis is easily performed for relatively
small peptides and proteins with simple structures. The
simulation was also carried out for the relatively large
a-helix-rich 214-residue protein, Het-s(11-224) (Figs.
S9-S10) (Greenwald et al. 2010; Schuetz et al. 2010).
We found that the obtained pattern of cumulative o-helices
was similar to that in the crystal structure. Finally, we
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Table 2 Fitting results for the simulated spectra of five proteins

Protein PDB BMRB Niesidue Structure CS-rmsd P O5a 04

(ppm)*

crh Imu4 5,757 87 a/B 1.76 0.66 0.74 0.69
GB1 2gi9 15,156 56 o/B 1.41 0.86 0.82 0.77
Pf1 coat protein 1ql1 15,138 46 a-rich 0.86 0.85 0.89 0.98
Het-s(217-289)+ his-tag 2kj3 11,064 79 B (amyloid) 1.30 0.60 0.75 0.72
Het-s(11-224) 2wvn 16,965 214 a-rich 1.51 0.55 0.69 0.69

* RMSD between the averages of 4,500 estimated chemical shifts and the target values

Y Correlation coefficient between estimated AS(C*)-AS(CP) secondary chemical shifts and the target values

¢ Accuracy of ¢ and ¥ angles of the selected fragments in the 4,500 structures

9" Accuracy of estimated secondary structure from the 4,500 chemical shifts by CSI

verified the usefulness of the RESPLS fitting for structural
analysis of an aggregated protein, Het-s(217-289) as
shown in Figs. S11-S12 (Lange et al. 2009; Van Mel-
ckebeke et al. 2010). The obtained chemical shift pattern
was consistent with the target shifts. The locations of B-
structures and loops were assigned Ot = 0.82 except for
the six residues at the N-terminus. This mis-assignment at
the N-terminus derived not from the obtained chemical
shifts but from the structure assignment by CSI, because
the target shifts gave almost the same structural assign-
ment. These results suggest that the method can be applied
to amyloidogenic proteins with non-native structures in
fibrils or aggregates like amyloids.

The test simulations showed that the CS-RMSD, correlation
coefficient r, and the accuracy of structure prediction Qgg were
1.3-1.8 ppm, 0.6-0.9 and 70-80 %, respectively (Table 2).
The accuracy for torsion angles Ot in the fragments selected
by RESPLS was 0.7-0.9, which was comparable to the results
of ubiquitin. The torsion angles predicted by TALOS+ from
the average chemical shifts also gave similar accuracy (Data
not shown). Thus, the RESPLS procedure can analyze the
spectra of the wide range of proteins with 46-214 residues and
different supra-secondary structures.

The secondary chemical shifts obtained by RESPLS are
about 1/0.7 times as small as the target shifts for the five pro-
teins. This reduction is expressed by the factor R that is defined
as the ratio of the chemical shift difference IAC* — ACP| from
the RESPLS analysis to that from the target shifts (Table S1).
Hence the chemical shifts by RESPLS should be corrected by
multiplying a factor of about 1/0.7. The line width obtained by
RESPLS, however, does not need a correction, because the
obtained average line width 2.3 ppm is almost the same as that
for the target spectra 2.2 ppm (Table S2).

Discussion

RESPLS allowed us to analyze static structure of ubiquitin
in the lyophilized state at a low temperature of —60 °C.

The low spectral resolution has been hindered sequence
specific structural analysis by NMR (Kennedy and Bryant
1990). Chemical shifts are useful for monitoring the
immobilized structure as in the lyophilized state (Havlin
and Tycko 2005). As shown in Fig. 5a, the secondary
chemical shift as a function of the residue number is similar
to that in the crystal structure. The chemical shift in this
figure should be multiplied by 1/0.7 as described in Results
to be compared with that in Fig. 5b. This similarity indi-
cates the structure in the lyophilized state is almost the
same as that in the crystal state. The average secondary
chemical shift difference IAC* — ACPI obtained for the
lyophilized sample S/0.7 = 2.6 ppm is close to that for the
crystal 2.8 ppm (Table S1), which confirms the structural
similarity. The structural homogeneity in the lyophilized
state can be estimated from the line width. The line width
obtained for the ubiquitin was about 2 ppm. This line width
is caused by Jc_c couplings of 55-30 Hz (Igumenova and
McDermott 2003), exponential line broadening of 100 Hz,
and the field inhomogeneity and residual CH dipolar cou-
plings 50 Hz estimated from NMR of valine (Khitrin et al.
2003). These factors account for a line width of about
1 ppm at '°C resonance frequency of 175 MHz. Another
1 ppm is probably due to inhomogeneous broadening. Such
a distribution in chemical shift is induced by the structural
heterogeneity characterized by a backbone RMSD of about
0.1 nm (Fujiwara et al. 2004; Long and Tycko 1998).
Structural trajectory in molecular dynamics simulation for
a globular protein in aqueous solution exhibited a backbone
RMSD of about 0.1 nm at room temperature (Steinbach
and Brooks 1993). Thus the protein in the lyophilized state
should have a static structural distribution given by the
protein in a solution state at room temperature. Note that
the narrow NMR lines for a protein solution only indicate
the uniform structure averaged on a time scale of the line
width and do not negate the presence of various short-lived
structures (Kay 2005). In lyophilized states, the heteroge-
neities of native structure in aqueous solutions would be
preserved under heterogeneous intermolecular interactions.
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This analysis suggests that the Ilyophilized state is
employed as a sample for studying the native structure and
its fluctuation. NMR analyses of proteins have often been
hampered by requirements in the sample preparation such
as solubilization at high concentrations. Since the lyophi-
lized proteins are easily prepared, the RESPLS analysis of
the lyophilized states should enhance the applicability of
the secondary structure estimation by NMR.

The procedure in the present method is characterized by
the use of fragmented polypeptides in common with de
novo protein structure prediction by fragment assembly
like ROSETTA (Bradley et al. 2005; Simons et al. 1997).
The fragmented peptides matching a fraction of a protein
sequence in question restrict a conformational search space
to plausible local structures. We applied this approach to
spectral fitting and signal assignments for MAS solid-state
NMR spectra. In ROSETTA and CS-ROSETTA nine-res-
idue fragments were used for the fragment assembly
because of the strong correlations between the local
sequences and the structures (Shen et al. 2008; Simons
et al. 1997). Thus we chose nine-residue fragments. We
have shown that the C%, CB, and C’ chemical shifts and
secondary structure of ubiquitin were predictable by the
RESPLS approach. The prediction tests for proteins up to
214 residues revealed that the method RESPLS can esti-
mate chemical shifts and secondary structures with accu-
racy of 70-80 % for various protein folds and sequences.
This method can be combined with fragment-based 3-D
structure determination techniques such as CS-ROSETTA
and CS23D which enabled the structure determination of
small proteins only by using chemical shifts (Shen et al.
2008; Wishart et al. 2008).

The performance of the method primarily relies on the
selection of peptides assuming conformations similar to the
protein local structures. As seen in Fig. 2a—c, the peptides
selected on the basis of the local sequence similarity had a
wide range of secondary chemical shifts. Therefore, the
candidate peptides had a variety of local structures which
the amino acid sequences can access. The good agreements
between the estimated and target chemical shifts mean that
the top 100 nine-residue peptides in the similarity score are
sufficient to express the chemical shift space of the proteins.
The RESPLS analysis depends also on experimental spectra
for fitting. We employed the four types of chemical shift
correlation spectra. The line widths exceeded 1.5 ppm,
resulting in signal overlaps with no isolated cross-peaks at
the S/N ratio of ~20. However, these spectra gave the '*>C
chemical shifts with the accuracy of 1-2 ppm, and allowed
the secondary structure estimation with the accuracy of
>~70 %. As shown in Fig. 6, increase of the spectral data
in the analysis should improve the accuracy and precision of
the estimation. Addition of '°N-edited spectra such as
NCOCX and NCACX would enhance the performance.
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There are some limitations in the RESPLS procedure.
First, the structures of sample proteins should assume a
unique structure especially in main-chain torsion angles.
When the ¢ and  angles distribute across the different
regions in the Ramachandran plot, backbone '*C chemical
shifts disperse in a range 4-8 ppm (Wishart et al. 1991).
The present approach cannot properly express systems
containing heterogeneous secondary structures such as a
mixture of folded and unfolded proteins. Heterogeneous
systems may be analyzed by introducing an additional
parameter like residue-dependent line width. The second
limitation is due to protein dynamics which reduces cross-
peak intensities mainly by averaging dipolar couplings.
Since peak intensities are calculated for static structures in
the RESPLS fitting, the estimated chemical shifts and
structure would not be reliable for dynamic systems. Thus
the present method is applicable to immobile systems such
as lyophilized or low-temperatures proteins. The RESPLS
fitting is affected also by inaccuracy in the functional
relationship between the '*C chemical shifts and pro-
tein structures. Since the RMS error in predicting the
13C chemical shifts by SHIFTX is ~ 1.0 ppm (Seidel et al.
2009), experimental chemical shifts better than the preci-
sions 1 ppm would not much improve the structure esti-
mation. Therefore, the fitting performance should hardly be
deteriorated even for the analysis of cross-peaks with line
widths 1-2 ppm. The accuracy of the secondary structure
estimation with RESPLS is limited also by that for CSI,
which is reported to be ~90 % on average (Wishart et al.
1992).

Conclusion

This article proposes a new method for determining
secondary structures of non-crystalline proteins from
13C chemical shifts in unresolved spectra using fragmented
peptide databases. The method analyzes the solid-state
NMR spectra without any peak-picking and manual signal
assignments. We revealed that the protein ubiquitin main-
tained the native secondary structure in the lyophilized
state. The secondary structures in five different types of
protein were also obtained with the accuracy 70-80 %
from the unresolved NMR spectra. Thus, this analysis can
target proteins in the dry powders like freeze dried for-
mulations and in low temperature glass states as used for
DNP NMR study (Bayro et al. 2011; Pikal et al. 2007). We
hope that the applicability of this method RESPLS is tested
with other proteins having different folds and larger residue
numbers. Structures of proteins in living cells and in nat-
ural membrane environments have been studied by solid-
state NMR (Reckel et al. 2012; Renault et al. 2012).
The NMR spectra of these systems have partially resolved
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cross-peaks, where signals are assigned partially to specific
residues and to amino acid spin types. Our method can be
applied to these protein systems with minor heterogeneities
and open a new avenue for structural biology of complex
molecules by solid-state NMR.
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