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ABSTRACT: Insight into structural and motional features of the C-
terminal part of the Human Centrin 2 in complex with the peptide P17-
XPC was obtained by using complementary solid-state NMR methods. We
demonstrate that the experimental conditions and procedures of sample
crystallization determine the quality of solid-state NMR spectra and the
internal mobility of the protein. Two-dimensional (2D) 13C−13C and
15N−15N correlation spectra reveal intra- and inter-residue dipolar
connectivities and provide partial, site-specific assignments of 13C and 15N
resonance signals. The secondary structure of the C-ter HsCen2/P17-XPC
complex in a microcrystalline state appears similar to that found in solution.
Conformational flexibility is probed through relaxation-compensated
measurements of dipolar order parameters that exploit the dynamics of
cross-polarization in multidimensional experiments. The extracted dipolar
coupling constants and relevant order parameters reveal increased backbone flexibility of the loops except for residues involved in
coordination with the Ca2+ cation that stabilizes the hydrophobic pocket containing the peptide P17-XPC.

1. INTRODUCTION
Human centrin 2 (HsCen2) is involved in the nucleotide
excision repair (NER) process, as a subunit of a heterotrimer
that includes the Xeroderma pigmentosum group C (XPC) and
hHR23B proteins.1 The interaction between HsCen2 and XPC
plays a direct stimulatory role in the NER process by enhancing
the specific binding of the heterotrimer (HsCen2/XPC/
hHR23B) to damaged DNA.2 The structure determination of
the full centrin is hampered by its high flexibility and the
tendency to self-associate.3 On the other hand, by considering
protein constructs of limited domains of HsCen2, it was
possible to determine by liquid-state NMR the structure of the
N-terminal domain (N-ter HsCen2: M1-S98)4 and of its C-
terminal domain (C-ter HsCen2: T94-Y172).5 Later studies
showed the high affinity of the full HsCen2 binding site for a C-
terminal 17-residue fragment of XPC (847NWKLLAKGLLIR-
ERLKR863), henceforth called P17-XPC.6 Finally, target
peptides2 were used to show that, in the presence of Ca2+,
the binding affinity of P17-XPC to HsCen2 is essentially
governed by the C-terminal domain of the protein. The Ca2+

dependent structural features of the overexpressed C-terminal
domain of HsCen2 and the target peptide (C-ter HsCen2/P17-
XPC complex) were also studied by liquid-state NMR and by
molecular dynamics.7 The C-ter HsCen2/P17-XPC complex
adopts the conformation of a classical Ca2+ saturated EF-hand
domain (α-helix-loop-α-helix) with two EF-hand motifs (EF-III
and EF-IV) separated by a linker loop.8 The complex acquires a
unique 3D structure in the presence of an excess of calcium and
a 1:2 stoichiometric ratio C-ter HsCen2:P17-XPC. The EF-
hand loops III and IV adopt an open conformation, creating a
deep hydrophobic cavity that can bind the P17-XPC peptide.
Recent advances in magic-angle spinning (MAS) solid-state

NMR spectroscopy have enabled detailed investigations at
atomic resolution of protein structure, function, and dynamics.9

Furthermore, solid-state NMR has also been used for mapping
protein−protein interactions and rearrangements upon binding
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revealed by site-resolved chemical shift perturbations as in the
case of site-specific structural rearrangements of a scorpion
toxin in the presence of a K+ channel analogue.10 In this specific
case, the sample of inhibitor toxin-membrane protein complex
was in the form of pelleted proteoliposomes. Chemical shift
changes of specific residues that map the complexation region
of the periplasmic disulfide-donor enzyme DsbA covalently
bound to its oxidizing agent DsbB as a pellet have also been
studied by solid-state NMR.11

Solid-state NMR investigations of centrins or their
complexes with target peptides have not been reported so far.
The main purpose of the present work is to record reliable
information about structural and motional features of the U-
(13C,15N)-[C-ter HsCen2]/P17-XPC complex in microcrystal-
line forms. For this, we combined a number of complementary
multidimensional solid-state NMR techniques based on dipolar
heteronuclear interactions. Some experiments were used for the
first time in the study of microcrystalline proteins. More
particularly, in the first part, we discuss how the experimental
conditions and procedures of sample crystallization determine
the quality of solid-state NMR spectra and the internal mobility
of backbone and side-chain sites of the complex. In the second
part, we take advantage of a dipolar recoupling sequence for
obtaining partial site-specific assignments of 13C and 15N
isotropic chemical shifts, especially of the EF-III, EF-IV, and
linker loops that stabilize, in the presence of Ca2+ cation, the
hydrophobic pocket containing the peptide P17-XPC. Finally,
we exploit an approach for probing conformational flexibility
through relaxation-compensated measurements of dipolar order
parameters.

2. EXPERIMENTAL SECTION
Protein expression and purification protocols and the
preparation of solutions of the complex are described in
Supporting Information.
Preparation of Microcrystals. The precipitating agent was

composed of 42% PEG 600 in 0.2 M imidazole malate at pH
5.4. We observed two different types of crystalline entities: sea-
urchin-like crystals which are clusters of very thin needles and
plate-like crystals which have larger widths and lengths than sea-
urchin-like crystals and larger volume/surface ratios.12 Sea-
urchin-like crystals (sample A, Figure 1A) were obtained by the
sitting-drop vapor diffusion method at 277 K by mixing 1−20
μL of the stock solution of the complex with an equivalent
volume of precipitating agent.
Each reservoir well contained 700 μL of precipitating agent.

Sea-urchin-like crystals appeared after 24 h, and the crystals
were harvested after 2 days. The crystallization yield is
estimated to 50% by measuring the optical density of the
supernatant at 280 nm and to 80% by measuring the optical
density at 280 nm of crystals dissolved in a 6 M guanidinium
hydrochloride solution. Subsequently, about 15 mg of the
microcrystals were used to fill a 2.5 mm rotor. The filling of the
rotors was carried out by ultracentrifugation with home-built
adaptors similar to those described in the literature.13 A sample
containing only plate-like crystals (sample B, Figure 1B) was
obtained by the batch method by mixing equal volumes (2−50
μL) of the stock solution of the complex and the precipitating
agent on a cell-culture plate. The plate was then refrigerated to
277 K. Plate-like crystals appear after 1 day, and the crystals
were collected after 3 days. The crystallization yields are similar
for plate-like and for sea-urchin-like crystals. Part of the plates
thus obtained were used to fill a 2.5 mm rotor.

NMR Experiments and Numerical Simulations. All
experiments were performed at T = 271 K on a Bruker Avance
II spectrometer with a 2.5 mm rotor spinning at a frequency νr
= 10 kHz in a magnetic field of 9.4 T (400 MHz for 1H). The
13C chemical shifts were referenced with respect to the carboxyl
carbon of α-glycine (δiso = 176.5 ppm).14 The pulse sequences
used in this work are shown in the Supporting Information. A
one-dimensional version of the cross-polarization inversion
(CPI) pulse sequence15,16 was used for a rough visualization of
the relative molecular mobility of different parts of the protein
in different samples. The constant-time TORQUE pulse
sequence17 was used in two- and three-dimensional experi-
ments to determine the heteronuclear dipolar couplings and the
relevant order parameters while quenching the dependence on
the proton T1ρ.

17,18 The phase-alternated recoupling irradiation
scheme PARIS (with recoupling condition N = 1/2)19 was
exploited in 2D 13C−13C and 15N−15N correlation experiments.
Heteronuclear PISSARRO decoupling,20 a supercycled version
of the phase-alternated (XiX) decoupling scheme,21 was applied
during both evolution and detection intervals in all experi-
ments. Numerical simulations were carried out with SPINE-
VOLUTION22 or by using an exact analytical treatment of
isolated spin pairs under MAS including spin diffusion effects.23

3. RESULTS AND DISCUSSION
3.1. Spectral Features for Various Crystallization

Conditions. The spectral resolution of solid-state NMR
spectra of proteins depends on the experimental conditions
and procedures of sample precipitation or crystallization.24−27

The relationship between the crystal quality or the crystalline
form of the protein and the observed line widths of the

Figure 1. Microcrystalline forms of the C-ter HsCen2/P17-XPC
complex. (A) Sea-urchin-like crystals grown by the sitting-drop vapor
diffusion method at 277 K. (B) Plate-like crystals obtained with a
macro-scaled batch method at 277 K. All pictures were photographed
at 60× magnification.

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp3099472 | J. Phys. Chem. B 2012, 116, 14581−1459114582



resonance signals remains to be clarified. Variations of chemical
shifts between different microcrystalline preparations and
between solid- and liquid-state NMR spectra have also been
reported in ubiquitin28 and recently related to local differences
in dynamics and conformation.29 As discussed above, different
experimental conditions and procedures may be used for
obtaining microcrystalline samples of the C-ter HsCen2/P17-
XPC complex, in particular sea-urchin-like crystals (sample A)
and plate-like crystals (sample B). While the standard 13C CP-
MAS spectra of both samples show very similar resonance
signals in the carboxyl and aromatic regions, the aliphatic
regions reveal significant differences, especially in the Cα region
(50−62 ppm) and in some CH or CH2 groups of side-chains
(25−42 ppm) (Figure 2, top). To get some insight into the

origins of these differences, which may result from variations in
chemical shifts and from local differences in dynamics, we
recorded the 13C spectra of both samples with the CPI pulse
sequence which can be used for selective inversion or
suppression of resonance signals depending on the proton−
carbon dipolar couplings which in turn are governed by local
dynamics.30 A short interval tCPI after cross-polarization leads to
selective inversion for the most rigid CH and CH2 groups,
while the resonance signals of more mobile sites, including CH3
groups, will maintain their positive intensity. This is visualized
in the CPI spectra shown in Figure 2 (bottom) where all
methyl resonances (9−25 ppm) have positive intensities for
both samples. The same occurs for a resonance signal around
40 ppm, assigned (vide inf ra) to the side-chain CH2(ε) carbons
in lysine residues that are endowed with substantial mobility.
More interestingly, striking differences in the intensities
highlighted by shadowed boxes in Figure 2 suggest substantial
differences in molecular mobility.
This is clearly the case for a region between 29 and 33 ppm

dominated by resonance signals of the Cβ carbons from lysine,
valine, and aspartic acid residues (vide inf ra) showing much
stronger negative intensities reflecting higher rigidity of these
sites in sample B than in sample A. Similar fingerprints of
increased molecular mobility in sample A are visible for the Cα
resonance signals between 52 and 58 ppm, showing positive
and negative intensities respectively for samples A and B as well
as for the serine and threonine Cβ resonances around 62−69
ppm which are either suppressed or inverted.
Further evidence that corroborates increased overall mobility

of Cα carbons in sample A comes from the dipolar coupling
constant Dexp

CH extracted from relaxation-compensated cross-
polarization dynamics measurements (the TORQUE pulse
sequence, see part 3.3). This leads to substantially smaller C−H
dipolar splittings of the Cα carbons in sample A, as shown in
Figure 3.
Moreover, significantly different spectroscopic fingerprints of

samples A and B are revealed by the 2D 13C−13C correlation
spectra shown in Figure 4 where the observed cross-peak
amplitudes reveal strongly reduced polarization transfer
efficiency in sample A. This again proves a higher molecular

Figure 2. Expansions of the aliphatic regions of 13C spectra of samples
A and B recorded with cross-polarization (top) and cross-polarization
inversion (bottom). In all cases, a 300 μs cross-polarization contact
time was used while the cross-polarization inversion spectra were
recorded after an additional phase-inverted rf irradiation of 70 μs
duration. All spectra were recorded in a magnetic field of 9.4 T (400
MHz for 1H) with a spinning frequency of 10 kHz.

Figure 3. Experimental dipolar spectra of the Cα carbons (resonance signals between 50 and 62 ppm) of samples A and B recorded by relaxation-
compensated cross-polarization measurements at νr = 10 kHz (TORQUE experiments with a total constant spin-lock time of 1 ms). Vertical dotted
lines indicate the positions of narrow lines at integral multiples of the spinning frequency. The dipolar coupling constant DCH

exp is extracted by
multiplying the dipolar splitting by a factor of √2 to account for the n = −1 cross-polarization matching condition.
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mobility and possibly a higher structural disorder of the protein
in this sample associated with its specific crystal morphology.
The fingerprints of different internal mobilities of the protein

in samples A and B discussed above could be related to a
striking difference in the 1H spectra of water molecules. In
agreement with earlier reports on different types of water
molecules in protein samples,13,31 we observed (Figure S2,
Supporting Information) two distinct proton signals with
isotropic chemical shifts close to 4.7 and 5.0 ppm and that we
ascribe, respectively, to (i) bulk (supernatant) water and water
molecules located on the surface of the protein that are engaged
in fast exchange with bulk water and (ii) tightly bound water
located either within crystallites or directly surrounding them
(crystal water). As expected, crystal water has a faster T1
relaxation than the bulk/surface water (see the Supporting
Information). More interestingly, dramatic differences in the
intensities of these two signals appear in both spectra. While
the signal of the bulk/surface water largely dominates in sample
A, the opposite scenario is seen in sample B where mainly
crystal water is observed. This could explain a higher internal
mobility and possibly higher structural disorder of the protein
in sample A.
Finally, in contrast to the 13C spectra, the 15N spectra (Figure

5) of the backbone resonances of sample B reveal higher
spectral resolution over a range of temperatures between 236
and 273 K. This strongly suggests the presence of higher
structural homogeneity (local order) in this sample. Standard
one-dimensional 15N CP-MAS spectra seem to be more
sensitive to this distinction than 13C spectra, probably due to
the higher sensitivity of 15N chemical shifts to the hydrogen
bonding network.
In summary, it appears that the observed differences in the

heteronuclear dipolar coupling constants, the efficiency of
polarization exchange, and the spectral resolution are related to
the experimental conditions and procedures of sample
precipitation and/or crystallization which may affect the
internal mobility of the protein and determine the quality of
solid-state NMR spectra of hydrated crystalline proteins.
Further spectroscopic and crystallographic studies will be
necessary to better understand the structural origins of the
observed differences that are possibly related to the presence of
different crystalline forms or polymorphs as to crystal
imperfections.

3.2. Partial Site-Specific Assignments of 13C and 15N
Resonances. Two-dimensional homonuclear correlation spec-
troscopy provides a powerful tool for the determination of
spectral connectivities and for the assignment of resonance
lines. Efficient magnetization transfer between spins S such as
carbon-13 or nitrogen-15 is a prerequisite for the assignment of
solid-state NMR spectra of isotopically enriched molecules in
biosolids. Here we exploit 2D dipolar 13C−13C and 15N−15N
correlation experiments to reveal intra- and inter-residue
connectivities and assign the resonance signals. We used the
basic PARIS (N = 1/2) sequence19 which allows one to achieve
an efficient exchange of magnetization with moderate rf-field
recoupling amplitudes. The efficiency of PARIS recoupling
does not depend on the rf amplitude19,32 which need not be
matched to the spinning frequency. PARIS is also largely
immune to the inhomogeneity of the rf field,19 so that the full
sample volume effectively contributes to the signal whatever the
spinning frequency. Very recently, we used the PARIS approach
to record sensitive 2D correlation spectra of a microcrystalline
protein,32 amyloid fibrils,33 and mixtures of crystallographic
forms34 and to restore the symmetry in 2D correlation
experiments.35 All experiments presented in this part were

Figure 4. 13C−13C correlation spectra of sample A (left) and sample B (right) recorded on a 400 MHz spectrometer by using PARIS recoupling with
a proton rf amplitude ν1H = 15 kHz during a mixing time of 50 ms. The 2.5 mm rotors were spun in both cases at 10 kHz. Both spectra were
recorded with 64 and 1024 points in the F1 and F2, respectively, zero-filled to 4 k before Fourier transformation, and processed with a cosine bell
function in both dimensions. Note that the intensities of the cross-peaks in a cross-section at 56.4 ppm corresponding to Cα carbons from the α-helix
show much higher polarization transfer efficiency in sample B.

Figure 5. 15N CP-MAS spectra of samples A and B recorded at
different temperatures on a 400 MHz spectrometer with a spinning
frequency of 10 kHz and a cross-polarization contact time of 150 μs.
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run with sample B. The assignment procedure of the site-
resolved 13C and 15N resonances in the solid state is based on
liquid-state NMR data.7

2D 13C−13C Correlation Experiments. A two-step strategy
was used for the assignment of 13C resonance signals. First,
using a short mixing time of τm = 20 ms, the intraresidue
connectivity paths of the spin systems of several amino acids
like Ile, Val, Thr, Ser, Ala, Leu, or Gly were identified. Next, the
inter-residue contacts between carbons of previously assigned
amino acid spin systems i and i ± 1 were determined and
assigned on the basis of correlation experiments recorded with
longer mixing times (τm = 50 and 100 ms). Figure 6 shows a
13C−13C correlation spectrum recorded with a short mixing
time which reveals characteristic chemical shift patterns of
unambiguously identified isoleucines I106, I121, I146, and
I165, valines V129 and V157, alanines A109, A130, and A149,
phenylalanines F123 and F162, glycines G119, G134, G153,
and G155, serines S122 and S158, and threonines T102, T118,
and T138. In all cases, one-, two-, and three-bond correlations
were drawn. Besides these well identified spin systems, two
correlation pathways were found starting with leucine L133 in
the linker loop and with glutamic acid E156 in the EF-IV loop.
A 13C−13C PARIS correlation spectrum recorded with a

mixing time of 50 ms is shown in Figure 7. This helps to
complete some intraresidue connectivity pathways of I121 and
I146, thus leading to complete C′-Cα-Cβ-Cγ1-Cγ2-Cδ path-
ways. Interestingly, the cross sections (not shown) reveal a
long-range cross-peak CH3δ−C′ of I121 in the EF-III loop with
a stronger intensity than the analogous cross-peak of I146 in
the α-helix. This might be ascribed to a higher structural

homogeneity of the I121 side-chain due to the presence of a
hydrophobic interaction with the target peptide P17-XPC.36

Moreover, three inter-residue cross-peaks from sequential
contacts (emphasized by dotted lines) involving glycines in the
EF-hand loop IV (D154Cα−G155C′ and E156Cα−G155C′)
and in the linker loop (L133Cα−G134Cα) show up in this
spectrum. Other inter-residual contacts become apparent if the
duration of the mixing time is equal to 100 ms (not shown).
The list of 13C resonances with assigned isotropic chemical

shifts is given in Table 1 of the Supporting Information. The
location of the assigned amino acids in the secondary structure
of C-ter HsCen2/P17-XPC is depicted in Figure 8 which
reveals that many of the unassigned resonances are located in
the nonstructured N-terminal (residues 94−100) and C-
terminal (residues 168−172) regions. This is analogous to
earlier liquid-state NMR studies5,7 where a similar lack of cross-
peaks from the two terminal domains was attributed to the
enhanced flexibility induced by conformational exchange on a
μs time scale.
On the other hand, the extremely crowded spectral regions

involving carbons from α-helices make their unambiguous
assignment difficult. This is especially true for the most
abundant amino acids in the α-helices which include seven
lysines, eight glutamic acids, and six leucines. Chemical shift
correlation plots between assigned resonances in solid- and
liquid-state spectra7 are shown in Figure 9.
Although some differences are expected between liquid- and

solid-state spectra, possibly due to changes in the conditions of
sample preparation, crystal contacts, nearby solvent molecules,
and the protonation state at different pH values of the liquid
sample and the mother solution of the crystallization, many

Figure 6. PARIS 13C−13C correlation spectrum of the C-ter HsCen2/P17-XPC complex recorded in a 9.4 T magnetic field with a mixing time of τm
= 20 ms and an rf recoupling amplitude of ν1H = 15 kHz. The 2.5 mm rotor was spun at νr = 10 kHz. The intraresidue pathways and assignments of
selected spin systems are drawn in color as follows: isoleucine, blue; valine, red; alanine, brown; leucine, yellow; aspartate, orange; asparagine, light
green; glutamate, magenta; glycine, black; serine, gray; threonine, green.
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resonances show very similar values in both sets of data. The
best agreement is observed for the Cα and Cβ carbons which
are very sensitive to the conformation. This strongly suggests
that the secondary structure of the C-ter HsCen2/P17-XPC
complex is indeed very similar in solution and microcrystalline
states.
2D 15N−15N Correlation Experiment. Figure 10 shows the

15N−15N correlation spectrum of the C-ter HsCen2/P17-XPC
complex. To get insight into the cross-peaks close to the
diagonal, two spectra are overlaid showing data of the same
experiment processed in two different ways. The 15N cross-
peaks that are farthest from the diagonal were assigned in the
spectrum processed using a standard exponential multiplication.
The resolution enhancement of the cross-peaks located close to
the diagonal was achieved by a Lorentzian-to-Gaussian
apodization.
The assignments in the 15N−15N spectrum were based on

chemical shifts in solution7 starting with three identified
backbone nitrogen signals of T118, G134, and R151 residues
located, respectively, in the EF-III, linker, and EF-IV loops. In

particular, connectivities involving residue T118 range from
D114 to I121 in the backbone sequence 114DDDE118TGKI121I,
with the G134 resonance permitting the assignment of the
134GENLTDE141E fragment and the R151 offering a starting
point for the 151RDGDGEVSEQEF163L pathway. Interestingly,
most of the cross-peaks in the last sequence appear relatively far
from the diagonal, thus revealing a particular shielding
environment of the EF-IV loop. The list of isotropic chemical
shifts of all assigned 15N resonances is given in Table 2 of the
Supporting Information. The comparison of the isotropic
chemical shifts in solution and in the microcrystalline state is
shown in Figure 11.
As expected, larger variations are observed for the 15N

chemical shifts than for the Cα and Cβ carbons. This must
result not only from a stronger dependence of nitrogen shifts
on hydrogen bonding and on electrostatic effects but also from
the fact that the largest variations are observed within the loops
which can differ significantly in their conformations in the
liquid and solid state.

Figure 7. PARIS 13C−13C correlation spectrum of the C-ter HsCen2/P17-XPC complex recorded in 9.4 T with a mixing time of τm = 50 ms and an
rf recoupling amplitude of ν1H = 15 kHz. The 2.5 mm rotor was spun at νr = 10 kHz. Full intraresidue C′-Cα-Cβ-Cγ1-Cγ2-Cδ correlation pathways
(continuous lines) are emphasized by continuous blue lines for I121, I146, and I163. The inter-residue correlations involving the cross-peaks
D154Cα−G155C′, E156Cα−G155C′, and L133Cα−G134Cα are highlighted by dashed lines.

Figure 8. Secondary structure and amino acid sequence of the C-ter HsCen2/P17-XPC complex. The EF-hand III consists of residues between
D101 and L133, while the EF-hand IV comprises residues D139−K167. The residues with assigned solid-state NMR 13C resonances are highlighted
in bold with the same color code as in Figures 6 and 7.
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Figure 9. 13C chemical shift correlation plots between resonances assigned in the solid state (present work) and solution NMR data7 for C-ter
HsCen2/P17-XPC.

Figure 10. (bottom) PARIS 15N−15N correlation spectrum of the C-ter HsCen2/P17-XPC complex recorded in 9.4 T with a mixing time of τm = 2 s
and an rf recoupling amplitude of ν1H = 15 kHz. The 2.5 mm rotor was spun at νr = 10 kHz. The figure shows the overlay of two spectra processed
with two different apodization functions: (cyan) spectrum apodized with a standard exponential multiplication using a line broadening of 5 Hz in
both dimensions; (black) spectrum processed by using a Lorentzian-to-Gaussian apodization in F1 and F2. Sequential assignments coming mainly
from the EF-III loop, the linker loop, and the EF-IV loop are highlighted with bold red dashed lines, black dash-dotted lines, and blue solid lines,
respectively. The same color code is used in the scheme of the assigned amino acids of each region (top).
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3.3. Conformational Flexibility: Relaxation-Compen-
sated Measurements of Dipolar Order Parameters. The
structure and dynamics are the cornerstones of the under-
standing of the molecular basis of the biological function of
proteins. Internal protein dynamics play an important role in
molecular recognition, ligand binding, catalysis, folding, or
proton transfer. Solid-state NMR relaxation measurements

allow one to access internal motions on a micro- to millisecond
time scale that is believed to be relevant for many biological
processes.
As discussed in part 3.1, cross-polarization inversion spectra

permit one to recognize at a glance the overall differences in
molecular mobility of functional groups or sites through the
intensities of the relevant signals (also see Figure S4,
Supporting Information). The extent of averaging of aniso-
tropic interactions by fast internal motions is usually described
in terms of fast-limit order parameters ⟨S⟩ that provide a
measure of the amplitude of motions occurring on time scales
up to the inverse of the interaction size.37 Here we will access
the order parameter defined as

⟨ ⟩ =S D D/XH
exp

XH
rigid

(1)

by comparing the experimentally determined heteronuclear
dipolar coupling DXH

exp and the rigid-limit value DXH
rigid calculated

for 13C−1H and 15N−1H bond lengths.
Several different approaches have been used to measure the

motionally averaged dipolar couplings and relevant order
parameters in proteins.29,38−42 As demonstrated first on a
single crystal of ferrocene,43 the oscillatory build-up of the
transfer of magnetization by cross-polarization44 may be used to
characterize the details of heteronuclear interactions in static
solids. Experimental evidence was later presented showing that

Figure 11. Comparison between the 15N isotropic chemical shifts of
C-ter HsCen2/P17-XPC in solution7 and in the solid state. The mean
standard deviation is 0.46 ± 1.64 ppm.

Figure 12. (left) 1H → 13C and 1H → 15N cross-polarization (CP) build-up plots recorded for the backbone Cα and NH resonances of the C-ter
HsCen2/P17-XPC complex (sample B) in relaxation-compensated cross-polarization measurements at νr = 10 kHz (TORQUE with a constant spin-
lock time of 1 ms) and T = 271 K. (right) Experimental dipolar spectra (in black) obtained after Fourier transform (FT) of the build-up curves.
Vertical dotted lines indicate the positions of narrow lines at integral multiples of the spinning frequency. The dipolar coupling constants DCH

exp and
DNH

exp were extracted from the splittings multiplied by a factor of√2 to account for the n = −1 CP matching condition. Simulated build-up curves and
corresponding dipolar spectra were obtained with the SPINEVOLUTION program21 for isolated pairs of spins (in red), while the fitting of the
experimental build-up curves and corresponding dipolar spectra (in blue) were obtained using the exact analytical treatment for isolated pairs of
spins that includes spin diffusion effects23 and implemented using the Scilab50 software.
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cross-polarization also offers a way of obtaining information
about local dipolar fields in solids that are spinning about the
magic angle15,45 without applying any homonuclear dipolar
decoupling. This permits one to circumvent the challenging
problem of the precise determination of the heteronuclear
scaling factor. Indeed, when using experimental schemes that
include homonuclear decoupling methods like Lee−Goldburg
cross-polarization (LG-CP),46 special care must be taken to
measure the heteronuclear scaling factor under the same
experimental conditions during the dipolar evolution, and to
control variations of the scaling factor over a range of frequency
offsets.47 Local-field measurements through regular cross-
polarization dynamics take advantage of the coherent energy
transfer in the initial periods of a few hundreds of microseconds
where information on local heteronuclear interactions is
revealed in solids where heteronuclear dipolar couplings are
larger than homonuclear dipolar couplings. This situation is
typical for protonated low-gamma nuclei. In contrast with the
LG-CP approach, the regular CP experiments are not very
sensitive to the carrier frequency due to the truncation of
chemical shift terms by intense rf-fields. To compensate for
harmful effects of proton T1ρ relaxation that can hide subtle
details of cross-polarization dynamics,17,18,48 we used the
TORQUE pulse sequence to quench the proton T1ρ depend-
ence.17 As shown in Figure 12 (left) for the integrated
intensities of signals of the backbone Cα and N−H regions, the
relaxation-compensated cross-polarization dynamics immedi-
ately reveals two distinct features: an oscillating polarization
transfer governed by one-bond dipolar C−H and N−H dipolar
couplings, followed by an exponential growth due to the
equilibration of the proton magnetization via spin-diffusion
processes. The initial oscillations are characteristic of the largely
coherent nature of the polarization transfer43 in spin systems
with moderate proton−proton couplings. Consequently, the
Fourier transform of the time dependence leads to dipolar
spectra (Figure 12, right) featuring modified Pake doublets due
to the oscillating heteronuclear polarization transfer, while
proton spin-diffusion leads to an isolated central peak.23,16,49

It is worth pointing out that the dipolar spectra shown in
Figure 12 are largely dominated by the most rigid C−H and
N−H pairs in the 44 residues of the four α-helices which have
larger splittings than the 23 residues of the two EF-hand loops
and the central linker, while the terminal parts do not appear to
contribute significantly. Further experimental evidence shows
that the rf-field inhomogeneity has a negligible effect on the
dipolar splittings at accurately determined n = ±1 Hartmann−
Hahn conditions (see Figure S5, Supporting Information, for a
comparison of the lineshapes recorded with a fully packed rotor
and with a small sample placed in the central part of the rotor).
The extension of numerical simulations to a larger number of
spins (Figure S6, Supporting Information) shows that the
remote protons have only minor effects. This implies that, in
contrast to the requirements of REDOR for measurements of
dipolar order,42 the use of highly deuterated samples is not
mandatory. If one considers the rigid C−H and N−H bond
lengths to be 1.102 and 1.02 Å, respectively, the order
parameters calculated from eq 1 with experimentally
determined dipolar couplings DCH

exp and DNH
exp are ⟨S⟩ = 0.87 ±

0.02 and 0.89 ± 0.02. For a model of an X−H vector which
freely diffuses within a cone,51 and assuming that the reduced
dipolar couplings do not result from an elongation of the X−H
bonds due to hydrogen bonding, the half angles of the cone-
opening estimated from these measured order parameters are

approximately θ = 24 ± 2° and 22 ± 2°. This would suggest a
very similar conformational flexibility of C−H and N−H
vectors in α-helices if we assume the same model of internal
motions for both types of bonds.
To probe the conformational flexibility of functional groups

that lead to well-resolved cross-peaks, we exploited 13C−13C
correlations for measuring dipolar oscillations during 3D
TORQUE/exchange experiment (see pulse sequence in Figure
S1d, Supporting Information). We checked that the same
dipolar coupling constants were measured through dipolar
oscillations of the cross-peaks and diagonal peaks (Figure S7,
Supporting Information). Four representative dipolar spectra of
C−H couplings of Cα and Cβ carbons are shown in Figure 13.
A full set of extracted dipolar coupling constants and order
parameters is shown in Figure 14.

Most observable dipolar couplings stem from residues
located in the EF-III, EF-IV, and linker loops and reveal an
average carbon−proton dipolar coupling constant of about 17
kHz. This corresponds to an order parameter of ⟨S⟩ = 0.76 ±
0.05, while for the whole Cα region, which is dominated by α-
helix resonances, one obtains ⟨S⟩ = 0.87 ± 0.02 (see above).
Interestingly, the highest order parameter in the loops, apart
from the CαH2 of glycines, is observed for the Cα (0.83 ±
0.05) and Cβ (0.98 ± 0.02) resonances of serine 158 as well as
the Cβ (0.91 ± 0.05) resonance of serine 122. Both of these
residues are involved in coordination of their hydroxyl groups
and the Ca2+ cations that stabilize the hydrophobic pocket
containing the P17-XPC peptide.7,36 A somewhat enhanced
flexibility is also observed for alanine 130 and 149 and
isoleucines 146 that are in the second and third α-helices. This
appears to confirm earlier observations that these helices might
not be completely structured.7,36 Finally, the lowest order
parameters 0.5 < S < 0.6 are observed for the Cγ1H2 resonances
of isoleucine 106, 121, and 146 due to enhanced mobility of
their side-chains. Combining site-specific dipolar order
parameters with relaxation measurements and molecular
dynamics should allow one to obtain deeper insight into the
mobility of backbone and side-chains.

Figure 13. (Black) Experimental dipolar 1H−13C spectra of CHα and
CHβ resonances of residues V129 and T102 in two different α-helices
and of S158 and V157 in the EF-hand IV loop of C-ter HsCen2/P17-
XPC. (Red) Spectra simulated for an isolated spin pair. The dipolar
splittings are scaled by a factor of 1/√2 due to the n = −1 CP
condition.
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4. CONCLUSIONS
Structural and motional features of the C-terminal part of the
Human Centrin 2/P17-XPC complex in a microcrystalline
form have been investigated by choosing complementary solid-
state NMR methods. We have shown that different
experimental conditions and procedures for sample crystal-
lization determine the quality of solid-state NMR spectra and
the internal mobility of the protein. Sensitive 2D dipolar
13C−13C and 15N−15N correlation spectra have been recorded
using PARIS recoupling to reveal intra- and inter-residue
connectivities and to assign resonance signals. There are some
differences between the chemical shifts in the liquid and solid
state that are probably due to variations in sample preparation
and to differences in protonation (the liquid sample and the
mother solution used for crystallization may have different pH
values). By and large, however, many resonances appear at
similar shifts in the liquid- and solid-state spectra. The best
agreement is observed for the Cα and Cβ carbons which are
most sensitive to the conformation. This proves that the
secondary structure of the C-ter HsCen2/P17-XPC complex is
very similar in solution and in microcrystalline states.
The conformational flexibility of the backbone has been

probed through relaxation-compensated measurements of
dipolar order parameters in constant-time cross-polarization
experiments. The dipolar coupling constants and order
parameters reveal increased overall conformational flexibility
of the EF-III, EF-IV, and linker loops, except for residues
involved in the coordination of Ca2+ cations that stabilize the
hydrophobic pocket containing the peptide P17-XPC.

The strategy applied in this work is expected to be useful to
obtain structural and motional information in other micro-
crystalline proteins and their complexes as well as other classes
of biopolymers.
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