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Abstract

Chemical shift anisotropy (CSA) tensors are essential in the structural and dynamic studies of
proteins using NMR spectroscopy. Results from relaxation studies in biomolecular solution and
solid-state NMR experiments on aligned samples are routinely interpreted using well-
characterized CSA tensors determined from model compounds. Since CSA tensors, particularly
the 15N CSA, highly depend on a number of parameters including secondary structure,
electrostatic interaction and the amino acid sequence, there is a need for accurately determined
CSA tensors from proteins. In this study we report the backbone amide-1°N CSA tensors for a
16.7-kDa membrane-bound and paramagnetic-heme containing protein, rabbit cytochrome bs
(cytbs), determined using the 15N CSA/YSN-1H dipolar transverse cross-correlation rates. The
mean values of 1°N CSA determined for residues in helical, sheet and turn regions are —187.9,
-166.0, and —161.1 ppm, respectively, with an overall average value of —171.7 ppm. While the
average CSA value determined from this study is in good agreement with previous solution NMR
experiments on small globular proteins, the CSA value determined for residues in helical
conformation is slightly larger which may be attributed to the paramagnetic effect from Fe(l11) of
the heme unit in cytbs. However, like in previous solution NMR studies, the CSA values reported
in this study are larger than the values measured from solid-state NMR experiments. We believe
that the CSA parameters reported in this study will be useful in determining the structure,
dynamics and orientation of proteins, including membrane proteins, using NMR spectroscopy.
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Introduction

Solving high-resolution structures and characterization of dynamics of biomolecules has
become one of the most important goals of modern structural biology. Both solution and
solid-state NMR spectroscopic techniques are increasingly used to study the structure and
dynamics of proteins. In these NMR studies, chemical shift anisotropy (CSA) tensors play a
vital role in providing valuable information about the local structure and motions
surrounding a nucleus. In solids molecular motions are restricted, as a result anisotropic
interactions such as CSA, dipolar interactions are present in totality. CSA tensors from
solids can be determined using various methods: static powder patterns,1=4 2D separated-
local-field (SLF) experiments®8, magic angle spinning (MAS) spectra’~12, recoupling
techniques!314 and single-crystal studies.1>-17 In addition, quantum chemical calculations
have also contributed significantly towards computing and understanding the variation of
CSA tensors.18-25 Solid-state NMR spectroscopy is also commonly used for CSA
measurements from samples that are site specifically labeled with an isotope (such as 1°N
or 13C). However, this technique is less practical for large proteins that are isotopically
labeled at multiple sites due to difficulties associated with severe spectral overlap. On the
other hand, this problem can be overcome by studying these proteins in solution. The rapid
tumbling of the molecules in solution results in a faster change of molecular orientations
than the magnitude of anisotropic interactions leading to well-resolved narrow lines at the
isotropic chemical shift values. Hence information about individual components of the CSA
tensor cannot be determined from the peak positions. However, recent studies have shown
that the CSA tensor elements for globular proteins in solution can be determined in solution
from nuclear spin relaxation measurements where chemical shift anisotropy contributes to
relaxation through a cross-correlation relaxation mechanism with a dipolar coupling
tensor.26-33

There is a growing interest in determining amide-1°N CSA tensors associated with the
backbone of a protein. Well-characterized amide-1°N CSA tensors are essential to determine
the structure and local dynamics, and to distinguish the residues undergoing conformational
exchange. Structural dependence of 1H and 13C chemical shifts are well studied by
experimental as well as computational approaches both in solids and

solutions.10.14.34-40 15N CSA on the other hand, is relatively less known as it is influenced
by many factors such as torsion angles, hydrogen bonding interactions (both intra and inter
residue), intra-residue angles, the chemical nature of a side chain, electrostatic interactions
and solvent interactions.2341-47 Many attempts have also been made towards theoretical
determination of 1°N-CSA using quantum chemical methods by several groups in the recent
past.19:4348-55 Experimentally, the most widely used method to obtain 1°N-CSA values
from proteins in solution is by measuring the cross-correlation rate arising due to the
interference between 1°N CSA and 1°N-1H dipolar coupling tensors that lead to differential
line broadening of the 1°N in doublet components in H-coupled 1°N-1H HSQC (Hetero
nuclear Single Quantum Coherence) spectra.28-31:56-59 | ong range cross-correlation rate
measurements have also been reported for 13CO CSA and weak long-range dipolar
interaction between same carbonyl and neighboring amide proton.26:33.60 A recent study
makes use of different motional models to describe local motions for the determination of
CSA tensor components in human ubiquitin and shows that the measured CSA values are
weakly dependent on the choice of model used for the study.26 Hall and Fushman obtained
similar results for backbone amide-1°N CSA values in protein G by applying a combination
of relaxation and CSA/dipolar cross-correlation measurements at five different magnetic
fields using various model independent approaches.6! Damberg et a/. have shown limited
variations in the magnitude and orientation of site-specific backbone amide-1°N CSA in
ubiquitin measured at four different magnetic field strengths.®2 In another study, site-
specific backbone amide-1°N CSA tensors for the well-ordered B3 domain of globular
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binding protein were determined from residual chemical shift anisotropy (RCSA)
measurements.5 In the present study, we measure the backbone amide-1°N CSA in
combination with transverse CSA/dipolar cross-correlation rates for a membrane protein
cytochrome bs (cytbs) using a 1H coupled 1°N-1H HSQC type spectra by comparing the
observed difference in line widths of the 1°N doublet components using a model
independent method developed by Fushman et a/2° Cytbs is a 16.7-kDa (134 amino acid
residues) electron transfer protein present in eukaryotic organisms. It contains a structured
water-soluble domain with a paramagnetic heme unit, a transmembrane helical domain, and
an unstructured about 14-residue long linker region which connects the transmembrane and
soluble domains of cytbs.54-66 Since this membrane-bound protein is rich in different
secondary structural elements and domains exhibiting a range of dynamics and a
paramagnetic center, it makes an excellent model system to study the variations in the
amide-15N CSA tensors with structure and dynamics. Our results indeed provide an
explanation for the variation of experimentally measured amide-1°N CSA tensors that will
be useful in the structural studies of water-soluble as well as membrane-associated proteins.

Experimental Section

A membrane bound cytbs was expressed in £. coliand purified as explained elsewhere.87
The 1H-15N HSQC type proton coupled IPAP (In Phase Anti Phase) experiments®6 for
transverse cross-correlation rate measurements were performed on a 900 MHz Bruker
Avance NMR spectrometer using a cryo probe. A 5 mm Shigemi tube containing 0.5 mL of
a 0.3 mM uniformly labeled 13C, 2H, 15N cytbs sample incorporated in 45 mM
perdeuterated dodecylphosphocholine (DPC) in 100 mM potassium phosphate (KPi) buffer
at pH 7.4, containing 5% glycerol and 35% D,0 at 25°C was used in all NMR experiments.
The relaxation delay (A) values were set to 10.64, 15.96, 21.28, 26.60 and 31.92 ms and the
IPAP spectra were collected in an interleaved manner as pseudo-3D experiments where the
first 2D-plane corresponds to /n-phase (IP) and second plane to anti-phase (AP) spectra. The
same number of scans was used for the /n-phase and anti-phase experiments for a given
delay, while it was varied from 24 for the smallest to 96 for the largest delay to compensate
for the loss of signal due to a large delay A in the IPAP pulse sequence. Experimental data
processing and the subsequent addition/subtraction of /n-phase and anti-phase spectra were
performeeéj using NMRpipe88 while resonance peak assignments for cytbs were done using
Sparky.

Results and Discussion

The amino acid sequence of a 16.7-kDa rabbit cytbs and a 2D 1H-1°N TROSY-HSQC"0
spectrum of U-13C, 15N, 2H labeled full-length cytbs incorporated in perdeuterated DPC
detergent micelles at 25°C are given in Figure 1. The amide NH resonances from the soluble
domain (6 to 91 residues) and the linker region (92 to 104 residues) are well resolved as seen
in Figure 1. Resonances from the N-terminal (1-5) and transmembrane region of the protein
(105 to 125 residues) were not observed due to their fast spin-spin relaxation that leads to
broadening of spectral lines. The structure and orientation of the transmembrane domain was
characterized using the 2D HIMSELF (heteronuclear isotropic mixing leading to spin
exchange via the local field) sequence’! based on the PIWIMz (polarization inversion by
windowless isotropic mixing) pulse scheme’? solid-state NMR experiment, on a full-length
cytbs incorporated in aligned DMPC/DHPC bicelles. Details on the resonance assignment
and the 3D structure of cytbs will be reported elsewhere. In this study, we report
experimentally measured backbone amide-1°N CSA tensors of 84 residues from cytbs
incorporated in DPC micelles. The backbone amide-1°N CSA tensors for remaining residues
could not be measured due to overlapping resonances.
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Backbone amide-1°N CSA/dipolar transverse cross-correlation rate measurement

To determine backbone amide-15N CSA, we measured 15N CSA/dipolar transverse cross-
correlation rates for various residues of cytbs by following the method as described by Hall
and Fushman.%® The transverse cross-correlation rates were measured by implementing the
IPAP method’3 wherein two spectra that are representatives of the inphase (IP) and the
antiphase (AP) 1°N doublet components were recorded as part of a single experiment. The
transverse cross-correlation rate measurement depends on the ratio of the signal intensities
of the difference (up-field) and the sum (down-field) spectra, which decays mono
exponentially with increase in relaxation delays. A small region of the 1H coupled 1°N-1H
HSQC (IPAP) spectrum with resolved inphase and antiphase 1°N spin doublet components
are shown in Figure 2A and 2B, respectively. The up-field (/Up,z/ygﬁ/y) and the down-field
(1an2 1ySr ,y) components of the inphase and antiphase doublets were Subsequently added
and subtracted leading to simplified sum (IP+aAP) and difference (IP-aAP) spectra (Figure
2C and 2D, respectively). A scaling factor a = 1.2 was applied to the AP spectrum before its
addition or subtraction to the IP spectrum to compensate for the signal losses and to obtain a
complete removal of unwanted signals.

The intensity of peaks from the sum (IP+aAP) and the difference (IP-aAP) HSQC spectra
was measured using Sparky. The ratio of intensities of the up-field and the down-field peaks
for various residues of cytbs was then calculated and plotted against the delay time used in
the experiment; representative plots for residues G67, G56 and V50 of cyths are shown in
Figure 3. The 15N transverse cross-correlation rates (17xy) were measured by fitting the
mono-exponential decay curves obtained from the ratio of the up-field and the down-field
peak intensities using /2 IS+ ///dn, 2lys1y= Ce xyA: where Cis the ratio of signal
decays (or #-dependent functions) associatéd with the up-field and the down-field
intensities, A is the relaxation delay which was taken as multiples of 1/(2Jy.n), and Jy-H
represents the one bond scalar °N-1H coupling.

The backbone amide-15N transverse cross-correlation rates (1) determined from the best-
fitting mono-exponential decay curves for various residues of cytbs are given in Table S1
(see the Supporting Information) and are plotted in Figure 4. As expected and also evident
from Figure 4, the values of backbone amide-1°N transverse cross-correlation rates fall
rapidly for residues in the N-terminus (residues 7-9), the C-terminus (residues 132-134) and
the linker-region (residues 92-104) of cytbs which suggests a highly dynamic and flexible
nature of the protein in these regions as compared to the structured regions.

Distribution of backbone amide-1°N transverse cross-correlation rates in different regions

of cytbg

The backbone amide-1°N transverse cross-correlation rates (mxy) are receptive to internal
and overall motions of the protein30:74 therefore structured elements such as alpha-helices,
beta-sheets and turns may undergo differential dynamics in their three-dimensional
arrangement. Figure 5 shows a distribution of cross-correlation rates across alpha-helices,
beta-sheets, turns and the loop-regions that include termini along with the linker-region
across the amino acid sequence. It is evident from Figure 5 that there is hardly any
difference between the mean values of backbone amide-1°N transverse cross-correlation
rates for residues in alpha-helix (16.08 s™1), beta-sheet (15.05 s™1) and turn (14.54 s71)
regions. On the other hand, the mean value of the cross-correlation rate for residues in the
termini and linker region is 6.83 s™1. It should also be noted that the span of 1°N transverse
cross-correlation rate values for alpha-helix and beta-sheet residues is smaller than that for
the turn and loop-region residues. This narrow distribution of cross-correlation rate suggests
a uniform characteristic of the 1°N transverse cross-correlated relaxation rates in amide
backbone of alpha-helices and beta-sheets wherein the residues are experiencing direct and
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indirect H-bonding interactions. The large fluctuations of transverse cross-correlation rates
in turns and loop-regions are attributed to their more flexible nature especially in the N-
terminus, C-terminus and the linker region as compared to the residues in alpha-helices and
beta-sheets. However, the variation of cross-correlation rates in the individual turns in the
structured regions of the cytbs’s soluble domain is slightly less pronounced indicating less
flexibility as compared to the residues in the termini and the linker-region of the protein.

Determination of backbone amide-1°N CSA using transverse cross correlation rates

The measured backbone amide-1°N transverse cross-correlation rates (1) were used to
determine the span of 15N CSA (o = o) values for membrane-bound cytbs. Based on an
approach described by Fushman et al., ny/R, = 20c(P>(cosp))l + ¢?) was used in our

calculation by assuming axially symmetric CSA tensors;28.29.56 where d=—uoy, v, fi/4nr]
is the dipolar coupling constant, /y.p is the 1°N-1H bond length, ;s the gyromagnetic ratio
of a nucleus /7, u is the permeability constant, and # is the Plank’s constant (/) divided by
2. The parameter ¢ = —wp(o) — o )/3 is the CSA constant; where wyis the 15N Larmor
frequency. Py(cosp) is the Legendre polynomial with S representing the angle between the
N-H dipolar vector and the least shielded component of the 15N CSA tensor described in
principal axis system and /, represents the average transverse relaxation rate. The
corresponding backbone amide-1°N CSA (o = o) tensors for cytbs are plotted as a
function of the residue number in Figure 6 and are also listed in Table S2 (see the
Supporting Information). The calculation of 1°N CSA (o) = o) tensors for backbone amide
residues of cytbs was performed by assuming effective internuclear distance 7.y =1.023 A
and an angle 8= 18°. The 1°N CSAs (refer to Table S2 in the supporting information) are
smaller for residues in the termini and the linker regions as compared to that of the residues
in the structured regions of the protein. However, it is important to note that the
experimentally determined CSA values for these residues could be inaccurate as they
undergo a fast motion in the NMR time scale (ps-ns rotational correlation time) as
determined from heteronuclear nuclear Overhauser enhancement along with T1 and To-
measurements; the experimentally measured R, values are reported in Table S3 of the
Supporting Information. Due to such fast motion, CSA tensors can be time-dependent for
these residues and therefore the solution NMR method used in this study may not be
accurate.3945 As a consequence, we have not included these residues in our further analysis
of data; in fact, Figure 6 does not include the CSA values for residues in the N- and C-
termini and the linker region.

Dependence of 15N CSA values on the angle (B)

Previous solid-state NMR and quantum chemical calculation studies on peptides have
reported that the angle (8)287> in principle could vary from ~12 to ~25°. However, for
most of the residues this value was found to lie between 17.5°-22.5°. In our study, for S8
=20°, the mean value of 1°N CSA span (o) = o) was calculated to be —184.4 ppm, not
including the outliers in the termini and the linker regions. This value is slightly more than
the commonly used value of —170.0 ppm in the 1°N-relaxation studies.

To understand the observed higher average value of 1°N CSA for = 20° we have compared
the change in the CSA for four different angles (12, 15, 18 and 20°) as a function of residue
number in membrane-bound cytbs as shown in Figure 7 (refer to Table S2 in the Supporting
Information for 1°N CSA values). It is clear from Figure 7 that with the increase in the angle
B, i.e., going from 12° to 20°, there is a uniform change of 1-12 ppm in the 15N CSA values
for nearly all the residues except the circled ones. For the residues circled in Figure 7, the
change in the CSA value is larger as compared to other residues (1541 ppm versus 1-12
ppm) while increasing the angle from 18° to 20°. This observation is quite obvious from the
following inequalities 7,/ R, < P5(cos B), nxy/ R < 2dcl(c? + ¢?) and 1,/ R, < 1, which are
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required to be simultaneously followed for the experimentally derived CSA.2° The first
inequality determines the upper limit of angle (5) while the second determines both the
lower and the upper limits of CSA. With the increase in the angle S from 12° to 20°, the
value of P,(cos ) decreases and as the difference (7,/R,)—FP>(cos B) becomes narrower
(refer to Table S3 in the Supporting Information for (7,,/R,) values), even a small variation
in the angle causes a larger change in the CSA. For an illustrative purpose we have taken a
case of residue V66 as an example. The calculated backbone amide-1°N CSA for V66 at
angles 12, 14, 16, 18 and 20° are —215.5, —=226.8, —242.4, —265.4 and -306.7 ppm,
respectively. The difference in 1°N CSA for every 2° increase in angles is 11.3, 15.6, 23.0
and 41.3 ppm, respectively. The value of 7,,/R, for V66 is 0.81 (corresponding to an upper
limit of angle 20.9°) while the values of ~,(cos B) for above listed angles are 0.94, 0.91,
0.89, 0.86 and 0.83. At a constant angle of 20° which is very close to the upper limit of the
angle for V66, the difference (7,/ R>)—P»(cos Bis minimal, leading to an abrupt change in
CSA (41.3 ppm) when the angle is changed from 18° to 20°. As a result, we have carried out
our calculations at a constant angle () of 18° since the variation of 15N CSA is almost
uniform for all the residues of a membrane-bound cytbs. The average value of backbone
amide-15N CSA for cytbs (excluding the outliers in the termini and the linker regions) at a
constant angle of 18° is found to be —171.7 ppm.

Since 15N CSA values depend on the effective N-H bond length, 7., and the angle, B, the
choice of /y.4=1.023 A and 5=18° for all residues in the protein may not be correct. For
example, residues in the unstructured regions can have a different N-H bond length and Gly
residues can have larger Bangle based on previous solid-state NMR study.’®. In addition,
internal motions can alter the N-H bond length by 10-15% based on the motionally
averaged N-H dipolar couplings measured from solid-state NMR studies.”>~"8 Even a small
deviation of the order of 1072 in the N-H bond length or 1° increase in the B angle could
alter the calculated CSA values. To substantiate this aspect, we have calculated the
difference in CSA values obtained for 7.y of 1.023 A and 1.04 A. The CSA values decrease
by a factor of (1.023/1.04)3=0.952 with an increase in the N-H bond length with a variation
ranging between 5 and 13 ppm (refer to Figure S2 in the Supporting Information). Also as
shown in Table S2 of the Supporting Information, even 1° increase in the Sangle (going
from 17° to 18°) could increase the CSA by 13 ppm.

Effect of the paramagnetic Fe(lll) on the backbone amide-1°N CSA of cytbs

Based on the observed 1°N CSA values, an investigation of the protein dynamics across
different structural elements was carried out. For a bond length 7. =1.023 A and the angle
=18°, the mean value for 15N CSA was found to be larger in the helical region (-187.9
ppm) than in the sheet (-=166.0 ppm) and the turn regions (-161.1 ppm) excluding the
outliers in the termini and the linker regions. The observed trend is similar to earlier reports
on water-soluble proteins1:63.77.79 thus validating the 15N CSA dependence on the
backbone torsion angles and H-bonding interactions. However, in our case the observed
mean value of 15N CSA for helical region (-187.9 ppm) of the protein is on the higher side
as compared to the average value (=171.7 ppm) for the protein. This observation can be
further analyzed on the basis of the interaction of few backbone amide NH nuclei with the
low-spin (5=1/2) paramagnetic center (Fe(l11)) of the heme unit of cytbs that can enhance
the 1°N-transverse relaxation rates. An increase in the relaxation rate of backbone nuclei
(amide protons and nitrogens) in a paramagnetic cytbs, in comparison to the diamagnetic
cytbs, is reported elsewhere.94 The observed paramagnetic effect is reported to be stronger
for residues in close proximity to the heme unit, with the largest paramagnetic relaxation
enhancement was found to be ~15%. It may also be possible that this interaction causes an
additional contribution in the form of cross-correlation between CSA and dipolar shielding
anisotropy (DSA)8%81 due to the thermally averaged electronic spin (Curie spin)®2:83 of the
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paramagnetic Fe(ll1). For a paramagnetic center this contribution cannot be ignored for
smaller distances from the Fe(l11) at higher magnetic field strengths. The CSAXDSA cross-
correlation rate depends on the relative orientation of the principal components of CSA and
DSA tensors and is inversely proportional to the cube of the distance between the nuclear
and the electronic spin. In cytbs the residues L41, E42, E43, E48, E49, V50, L51, R52, E53,
Q54, T60, E61, N62, F63, E64, D65, V66, D71, A72, R73, E74, L75, S76, K77, F79 (all
from helical region), L30, Y35 (from beta-sheet), H31, L37, T38, F40, H44, A59, G67, H68,
S69 (all from turn) are in close proximity (< 12.5 A) to the paramagnetic center Fe(l11) of
the heme unit (refer to Figure S1 in the Supporting Information). Most of these residues
such as H31, Y35, L41, E42, E43, E48, V50, L51, R52, E53, Q54, T60, E61, N62, F63,
E64, D65, V66, G67, H68, D71, A72, R73, E74 and S76 (refer to Table 2S in Supporting
Information for values of 1°N CSA) show relatively higher span of 15N CSA which is
possibly because of the effective shielding due to CSAxDSA cross-correlation effect. Also,
it is important to note that most of the residues interacting with the paramagnetic center
exhibiting larger span of 15N CSA are from the helical region; hence the observed mean
value is higher for helical regions as compared to reported values. The 15N CSA for
backbone amide residues (D87, D88 and R89) in the last helix along the polypeptide chain
are small when compared to most of the other helical residues in the protein. These residues
are situated at a larger distance (> 25.0 A) from the paramagnetic center and as a result their
interaction with paramagnetic center is less pronounced leading to a smaller 1°N CSA. This
also validates the dependence of the 15N CSA for structured regions on the distance from the
paramagnetic center. Residues such as T38, F40, H44, A59 and S69 show relatively lower
values of 15N CSA even if they are in close proximity with the paramagnetic center. These
residues are in the turn regions of the protein sequence, and their flexibility may reduce the
observed 15N CSA values. Spectral overlap for the residues L30, L37 and L75, debarred
them from the 15N CSA analysis.

Site-specific variation of the backbone amide-1°N CSA in cytbs

The calculated 1°N-transverse cross-correlation rates (mxy) for various residues of cytbs have
a linear correlation (slope = 0.61+0.01) with transverse relaxation rate (/») as shown in
Figure 8. This is in accordance with the theoretical calculation by Fushman and Cowburn.28
The uniform spread of data points around the average-slope line shows site-specific
variations in the 15N CSA values for cytbs. The outliers in the plot are mostly from the
linker region (e.g., S93 and T101). An exception is D87 residue located in the helical region
but next to the Pro86 residue that breaks the secondary structure in the sequence, which
could reduce the CSA as observed in our study.

To further validate the site-specific variation of CSA, a bar graph is plotted in Figure 9 that
shows a Gaussian spread of 7,,/R, values for various residues in cytbs. The spread starts
from 0.4 (excluding the residues in N- and C-termini and in the linker region) and ends at
0.81 with a mean value of 0.68. Past studies have shown the site-specific variation of 1°N
CSA both in solution as well as in the solid-state. 1°N CSA determined for short peptides
and proteins from solid-state NMR studies show a narrow range of variation as compared to
solution NMR studies (refer to Tables S4, S5 and S6 in the Supporting Information).11:16.76
Based on the amide-15N CSA values reported in a recent review article,16 the 15N CSA
values in solid-state varies from 139.8 to 168.8 ppm. The difference between the values
reported from solid-state and solution NMR studies is mainly because the solution NMR
approach applies a correction for the effects of small amplitude internal motion while solid-
state NMR utilizes the motionally averaged CSA and N-H dipolar couplings.32 This is also
confirmed by a recent theoretical study, using automated fragmentation quantum mechanics/
molecular mechanics (AF-QM/MM) on crystal structures of GB1 and GB3 proteins, that
reported CSA values that are in agreement with solid-state NMR values.>* The site-specific
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CSAs determined from solution NMR studies for ubiquitin, ribonuclease H, and GB3 were
reported to be —125 to —216 ppm,2% =129 to —213 ppm,3° and —111 to —241 ppm,5?
respectively. In the present study, the backbone amide-15N CSA exhibits even a larger range
of CSA: -123 ppm to —245 ppm (excluding the outliers: a turn residue F40, D87 attached to
Pro86, and residues in termini and linker regions) with an exception of 265 ppm for V66
residue that is very close to Fe(l11). While most values reported in this study are in good
agreement with previous solution NMR studies, the higher CSA values for certain residues
reported in this study may be attributed to the effect of the interaction of backbone nuclei
(15N and 1H) with the paramagnetic center of the heme unit in addition to the uncertainty in
the internuclear distance (/y.y) and angle () as discussed above. Nevertheless, the average
amide-1°N CSA value of —171.7 ppm determined for cytbs (excluding the outliers in the
termini and the linker regions) is found to be consistent with earlier reports from solid-state
NMR studies on peptides using 1°N-dipolar coupled powder pattern,1:2:75.76.84-90 15 NMR
of single crystal,®1:92 static93-96 spectra and solution NMR studies on water-soluble
proteins30:61.63.97-99 (refer to Tables S4, S5 and S6 in the Supporting Information).

Conclusions

In summary, we have measured 1°N CSA/dipolar transverse cross-correlation rates

using 1H-coupled 1°N-1H HSQC type IPAP spectra to determine 1N CSA tensors for
backbone amide residues in a full-length membrane-bound protein cytbs incorporated in
DPC micelles to understand the overall dynamics of the protein. A narrow span of 1°N
transverse correlation rates is observed in the structured regions suggesting a uniform
characteristic of 15N cross-correlated relaxation while the larger variation observed in the
termini and linker region suggests a highly dynamic nature. The mean value of backbone
amide-1°N CSA of cytbs excluding the outliers in the termini and linker region is found to
be —171.7 ppm for an NH bond length of 1.023 A and at 8=18°, the angle the least shielded
component of the tensor makes with the N-H bond. The average values of 1°N CSA for
residues in the helical, sheet and turn regions are —187.9, -166.0, and —161.1 ppm,
respectively. Larger CSA values observed for helical residues of the protein as compared to
previous solution NMR values is possibly due to the enhanced CSA/DSA cross-correlation
rate resulting from the interaction of the amide nitrogens and protons with the paramagnetic
center Fe(l111) of the heme unit. Therefore, it is worthwhile to characterize the paramagnetic
effect on the experimentally measured CSA values in such paramagnetic proteins. We
believe that this study will be a step forward to better understand the structure, dynamics and
orientation of membrane proteins based on well-characterized backbone amide-1°N CSA
values using NMR spectroscopy.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Backbone amide resonance assignment for the 16.7-kDa rabbit cytbs incorporated in

DPC micelles

A full 2D 1H-15N TROSY-HSQC spectrum of U-13C, 15N, 2H labeled full-length cytbs in
DPC micelles along with resonance assignments is shown in panel A while panel B
represents expanded region of the box shown in panel A. The amino acid sequence with its
secondary structure is shown at the top.
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The plot is extracted from a small region of the 2D 15N-1H HSQC spectrum of a
uniformly-1°N, 13C and 2H-labeled cytbs incorporated in DPC micelles. The spectra were
recorded using a relaxation delay of 10.64 ms from a 900 MHz NMR spectrometer. Protons
were not decoupled during the # period of the pulse sequence and therefore the transverse
magnetization of 15N nuclei was allowed to evolve under 1°N chemical shift and 1°N-1H

scalar couplings. Panels A, B, C and D represent the inphase (IP) 1°N-1H doublets, the
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antiphase (AP) 15N-1H doublets, the simplified sum (IP+aAP) and the difference (IP-aAP)
spectra, respectively.
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Figure 3. Determination of transver se cross-correlation rates, iy

The plots represent mono-) exponential decay curves for the measurement of transverse
cross-correlation rates (7,,) from the ratio of the up-field and the down-field peak intensities
(1yg 1) Tor residues G67, G56 and V50 against the delay time (A). The corresponding
values of 7, for these residues are 12.43+0.50 571, 13.29+1.10 s™* and 16.05+1.12 571,
respectively.
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Figure 4. Backbone amide-1°N transver se cross-correlation rates, Ty, for residuesin a
membrane-bound cytbs,

Backbone amide-1°N transverse cross-correlation rates as obtained from mono-exponential
decay curves are plotted against amino acid residue number of cytbs. A break on the
horizontal axis represents the transmembrane region of the protein that could not be
observed in solution state NMR due to its fast spin-spin relaxation.
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Figure5. Distribution of backbone amide-12N transverse cross-correlation ratesin different
regions of a membrane-bound cytbs,

The mean values of transverse cross-correlation rates are plotted against different regions of
a membrane-bound protein cytbs. Error bars correspond to the standard deviation. The mean
values of transverse cross-correlation rates for helix, sheet, turn and loop-region (termini
along with linker region) are 16.08, 15.05, 14.54 and 6.83 s™1 with standard deviations of
1.54,1.43, 2.19 and 2.67 s71, respectively.
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Figure 6. Variation of the backbone amide-15N CsA along the polypeptide chain of the

membrane-bound cytbs,
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The backbone amide-1°N CSA for amino acid residues of cytbs is plotted against the residue

number. The 15N CSA (o — o) were determined by taking an effective internuclear

distance between amide nitrogen and proton (/i-n) as 1.023 A and a constant value for the
angle (B = 18°) between N-H bond vector and the CSA tensor described in the principal axis
system. CSA values for residues in the N- and C-termini and in the linker region are not
included as these residues undergo a fast (ns-ps time scale) motion and the solution NMR
approach used in this study may not be suitable for accurately determining their CSA values.
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Figure 7. A 3D-plot showing the variation of backbone amide-1N CSA values on angle S.

The 3D-plot of 15N CSA values obtained for gangles of 12° (blue), 15° (red), 18° (green)
and 20° (black) against the residue number of cytbs. Circled residues show a larger change
in the CSA when changing the angle from 18 to 20°.
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Figure 8. A comparison of the backbone amide-1°N transver se cross-correlation rate with the

transverserelaxation rate and their linear correlation

Panel A of the plot represents a comparison between the derived backbone amide-1°N CSA-
dipolar cross-correlation rate (7y,) and the transverse relaxation rate (/%) while panel B
represents a linear correlation with a slope = 0.61+0.01 between these parameters.
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Counts

Figure 9. Distribution zy/R; of in cytbg
The plot represents a Gaussian distribution of the ratio of transverse cross-correlation (7y)
and transverse relaxation rates (/). The mean value of the distribution is 0.68.
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