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Abstract In studies of membrane proteins, knowledge of

protein topology can provide useful insight into both

structure and function. In this work, we present a solution

NMR method for the measurement the tilt angle and

average immersion depth of alpha helices in membrane

proteins, from analysis of the paramagnetic relaxation rate

enhancements arising from dissolved oxygen. No modifi-

cation to the micelle or protein is necessary, and the

topology of both transmembrane and amphipathic helices

are readily determined. We apply this method to the

measure the topology of a monomeric mutant of phos-

pholamban (AFA-PLN), a 52-residue membrane protein

containing both an amphipathic and a transmembrane alpha

helix. In dodecylphosphocholine micelles, the amphipathic

helix of AFA-PLN was found to have a tilt angle of

87� ± 1� and an average immersion depth of 13.2 Å. The

transmembrane helix was found to have an average

immersion depth of 5.4 Å, indicating residues 41 and 42

are closest to the micelle centre. The resolution of para-

magnetic relaxation rate enhancements from dissolved

oxygen compares favourably to those from Ni (II), a

hydrophilic paramagnetic species.

Keywords Membrane protein immersion depth �
Membrane protein topology � Paramagnetic relaxation rate

enhancements � Solution state NMR of membrane proteins

Abbreviations

AFA-PLN Phospholamban mutant C36A/C41F/

C46A

DOPC 1,2-dioleoyl-glycero-3-sn-phosphocholine

DOPE Dioleylphosphoethanolamine

EPR Electron paramagnetic resonance

HSQC Heteronuclear single quantum correlation

NOE Nuclear overhauser effect

PISEMA Polarization inversion spin exchange at

magic angle

PLN, wt-PLN Phospholamban

PRE Paramagnetic relaxation enhancement

RDC Residual dipolar coupling

SDS Sodium dodecyl sulfate

SERCA Sarco(endo)plasmic reticulum calcium

ATPase

Introduction

To fully understand membrane protein function, it is

helpful to combine structural information with details

associated with protein topology. This includes the

immersion depth and orientation of the protein in the sol-

ubilizing micelle or bilayer, and the extent of solvent

exposure for each residue. Solution state NMR is well
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suited to the determination of membrane immersion depth

with the use of paramagnetic additives designed to give rise

to depth-specific relaxation effects or chemical shift per-

turbations. Such additives may include spin labels

anchored to lipids or detergents within a given region of the

membrane or be small freely diffusing paramagnetic spe-

cies, whose partitioning properties across the water mem-

brane interface create a gradient of paramagnetic effects

that correlate with depth. In this article we explore the use

two freely diffusing paramagnetic species, oxygen and

nickel (II), and their associated paramagnetic rate

enhancements on backbone amides to obtain the immersion

depth and topology of phospholamban in DPC micelles.

Phospholamban (PLN) is a 52-residue membrane protein

responsible for regulating the Ca2? pump in cardiac muscle

cells (Maclennan and Kranias 2003). In biological mem-

branes, PLN exists predominantly as a homopentamer in

exchange with the active monomeric form (Simmerman et al.

1996). Monomeric PLN inhibits the sarco(endo)plasmic

reticulum calcium ATPase (SERCA), thereby inhibiting

uptake of Ca2? into the cardiac sarcoplasmic reticulum

(Kimura et al. 1998). In both the pentameric and monomeric

states, PLN adopts a helix-turn-helix structure, composed of

four dynamic domains: domain Ia (residues 1–16), a short

loop (17–22), domain Ib (23–30) and domain II (31–52). The

structure of pentameric PLN in oriented lipid bilayers has been

characterized by a ‘‘pinwheel’’ model (Verardi et al. 2011;

Traaseth et al. 2006), where the transmembrane helix has a tilt

angle of approximately 11� with respect to the bilayer normal

and the amphipathic helix is almost perpendicular to the

bilayer normal.

Even in SDS micelles, a strongly denaturing/depoly-

merizing detergent, only 10–20% of PLN is present as

monomer (Maclennan and Kranias 2003). In order to

determine the topology of the active monomeric form, we

employ a previously described mutant, AFA-PLN (Karim

et al. 2000) in which mutation of the three cysteine residues

(C36A C41F C46A) prevents formation of the pentamer.

Chemical shift analysis and PISEMA (polarization inver-

sion spin exchange at magic angle) experiments (Traaseth

et al. 2007) suggest AFA-PLN and wt-PLN adopt similar

structures in DOPC/DOPE bilayers, in which the amphi-

pathic helix lies almost parallel to the bilayer surface while

the transmembrane helix crosses the bilayer at an angle of

24� (AFA-PLN) (Traaseth et al. 2009) or 15� (wt-PLN)

(Traaseth et al. 2007) with respect to the bilayer normal. In

this study, we evaluate the topology of AFA-PLN in dod-

ecylphosphocholine (DPC) micelles, by measuring amide

proton paramagnetic rate enhancements (PREs) from dis-

solved oxygen and nickel acetylacetonate. The two para-

magnetic species have opposite partitioning properties

across water membrane interfaces such that the measure-

ment of rate enhancements from both species provides

reliable information on both solvent exposure and immer-

sion depth.

Background

A number of approaches may be employed to study

membrane protein topology by NMR. Intermolecular

Nuclear Overhauser Effects (NOEs), which involve a

through-space transfer of spin magnetization between 1H

spins on detergent molecules and the peptide (Losonczi

et al. 2000) may identify residues which contact the

micelle, although the accuracy of such NOE-based exper-

iments suffers from spin-diffusion along the detergent/lipid

acyl chain(s), as well as the dynamics of the bilayer/micelle

(Huster et al. 1999). Similarly, relaxation effects from

covalently anchored paramagnetic species such as nitrox-

ide spin labels fixed to specific sites on lipids or detergents,

provides a long-range measure of immersion depth. (Al-

tenbach et al. 1994) NOEs from water to protons on

membrane proteins (Dalvit and Hommel 1995a, b) may

reveal water-exposed regions of the peptide. While there is

a gradient in H2O solubility across the ‘‘headgroup’’

region, local H2O concentration is effectively zero

throughout the hydrophobic centre (Marrink and Berendsen

1994; Marrink and Berendsen 1996). As a consequence,

NOEs from water are effective at distinguishing between

protein residues near the headgroup and those in the bulk

water, but the NOE from water to residues located any-

where in the hydrophobic core would be zero, irrespective

of the actual immersion depth. Thus, the water NOE

experiment cannot provide a direct measure of the depth-

dependence of residues located in the hydrophobic region

of micelles/bilayers.

The relative orientation of alpha helices in a protein, and

their orientation relative to the solubilising lipid environ-

ment may be obtained by measurement of 1H–15N residual

dipolar couplings (Bax and Grishaev 2005; Tjandra and

Bax 1997), which require the membrane protein to be

weakly aligned via strain-induced alignment in a gel (Chou

et al. 2001). Alternatively, solid state NMR measurements

of proteins/lipid preparations on glass supports provide

another powerful tool for determining helical orientation of

membrane proteins, namely by the PISEMA experiments

of Opella et al. (Wu et al. 1994). However, while both

methods provide orientational information, neither mea-

sures immersion depth explicitly, instead providing infor-

mation on possible tilt angles of alpha helices.

Electron paramagnetic resonance (EPR) or fluorescence

experiments have provided reliable measures of structure

(Altenbach et al. 1990), immersion depth (Altenbach et al.

1994), and dynamics (Steinhoff et al. 1994, 1995) of large

transmembrane proteins via site-directed spin labelling.
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The advantage of NMR measurements here is twofold.

First, the mutagenesis and introduction of a reporter mol-

ecule (i.e. an ESR spin probe or fluorescent chromophore)

necessary for most systems may introduce a local pertur-

bation in the peptide or bilayer, whereas the only ‘‘per-

turbation’’ in NMR is the isotopic substitution of nitrogen-

14 with nitrogen-15. Second, the ESR/fluorescence exper-

iment provides the immersion depth of the reporter

molecule only, necessitating multiple mutants to determine

the full immersion depth profile of a protein (Altenbach

et al. 1994). In contrast, NMR-based immersion depth

measurements can yield the immersion depth of all resolv-

able amide protons simultaneously, in just one experiment

requiring only one sample. If further resolution is desired,

NMR-derived side-chain immersion depths may be readily

obtained from samples where carbon-12 has been substituted

with carbon-13. For large membrane proteins (e.g. G-pro-

tein-coupled receptors), spectral crowding and slow molec-

ular tumbling may complicate interpretation of NMR

spectra. In such cases, selectively labelling only certain

residues with nitrogen-15 or carbon-13 (Rosen et al. 1996)

ameliorates spectral interpretation. In cases where it is dif-

ficult or undesirable to produce isotopically labelled protein,

researchers adapt techniques from ESR/fluorescence spec-

troscopy to introduce, minimally perturbing probe mole-

cules, even as small as a single 19F atom, to provide well-

resolved NMR resonances (Bokoch et al. 2010; Kitevski-

Leblanc et al. 2009).

O2 as a paramagnetic reporter of immersion depth

Dissolved oxygen, which possesses two unpaired electrons,

has been shown to be a very sensitive paramagnetic addi-

tive in studies of positioning and topology in model

membrane systems (Altenbach et al. 1994; Al-Abdul-

Wahid et al. 2006, 2009; Prosser et al. 2000). As with other

paramagnetic compounds, oxygen induces chemical shift

changes and paramagnetic relaxation rate enhancements

(PREs) of nearby NMR spins. Chemical shift changes are

easily detected on nuclei possessing a large chemical shift

dispersion, such as 13C or 19F (Al-Abdul-Wahid et al.

2006), while PREs are better observed on nuclei with high

gyromagnetic ratios, such as 1H (Al-Abdul-Wahid et al.

2009) or 19F. Induced paramagnetic shifts and PREs turn

out to be surprisingly simple to interpret; in both cases, the

magnitude of the effect scales linearly with local O2 con-

centration, while variations in the O2 diffusion rate do not

significantly influence NMR-observed paramagnetic

effects (Al-Abdul-Wahid et al. 2006). In contrast, site-

directed spin labelling EPR experiments rely on the O2

solubility-diffusion product, and may require multiple

samples to fully characterize positioning and topology

(Altenbach et al. 1994).

In general, the observed PRE from dissolved O2 may be

expressed as (Al-Abdul-Wahid et al. 2006):

PREi ¼ j

Z
qiðzÞ � ½O2ðzÞ�dz ð1Þ

where qi(z) is the immersion depth distribution function for

residue i, and j is a global scaling factor, in units of Hz

(mol/L)-1. For the rigid amide protons of structured alpha

helices, we assume that the widths of the qi(z) are narrow

and we consider each amide proton to have an average

immersion depth zi. In this case, the PRE is simplified to:

PREi ¼ j� ½O2ðziÞ� ð2Þ

As a consequence of the inherent disorder in the acyl

chains of micelle-bound detergent molecules (Marrink and

Berendsen 1996), oxygen is entropically driven to partition

into the hydrophobic core of micelles (Al-Abdul-Wahid

et al. 2011). The O2 concentration gradient across a lipid

bilayer may be approximated using a Boltzmann sigmoid;

the same equation may be used to model the O2

concentration gradient through the centre of a micelle

(Marsh 2001):

½O2ðzÞ� ¼ O2½ �water� O2½ �max
� �

� 1

1þ e
z�z0

kð Þ
� 1

1þ e
zþz0

kð Þ

 !
þ O2½ �water ð3Þ

where z is the distance from the micelle centre. In the

Boltzmann sigmoid model, oxygen concentrations range

from a minimum, [O2]water, in bulk water ( zj j[ 28 Å) to a

maximum, [O2]max, in the hydrophobic micelle center

(z = 0 Å). z0 designates an immersion depth where the

oxygen gradient is greatest, while k characterizes the

effective width of the distribution function. At a partial

pressure of 30 bar, the [O2] gradient spans a factor of 7–10

from the bulk water interface to the centre of a lipid bilayer

(Al-Abdul-Wahid et al. 2006, 2011). We exploit this gra-

dient of [O2(z)] to measure the immersion depth profile of a

membrane peptide, by measuring PREs on all resolvable

amide protons in one experiment.

Ni21 as a paramagnetic reporter of water exposure

Prior studies have employed hydrophilic paramagnetic

additives, typically metal chelates, to probe membrane

peptide topology (Su et al. 2008; Madl et al. 2009; Zangger

et al. 2009; Respondek et al. 2007) and amphiphile

immersion depth (Al-Abdul-Wahid et al. 2009). The con-

centration of hydrophilic additives scales with local [H2O].

In contrast with O2, water and ionic molecules are virtually
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excluded from the micelle interior. Hydrophilic additives

are therefore excellent reporters of water exposure, but

poor at discriminating differences in the immersion depth

of sites inside the hydrophobic region of micelles or

bilayers. In this study, we employ nickel (II) acetylaceto-

nate as a reporter of water exposure, and thus expect large

Ni-PREs for water-exposed residues, while Ni-PREs of

close to zero are expected for residues associated with the

interior of transmembrane helices. A further advantage of

measuring Ni-PREs in conjunction with O2-PREs is the

facile identification of tightly packed regions of the protein.

Tightly packed regions would be expected to exclude both

Ni2? and O2, giving rise to low PREs from both com-

pounds. Residues exhibiting low Ni-PREs and low O2-

PREs should therefore be excluded from any determination

of immersion depth or topology, as the associated PRE

values do not reflect the relevant concentration gradient for

a bilayer/micelle.

PRE measurements and method

The paramagnetic rate enhancement is defined as:

PRE ¼ Rpara
1
� Rdia

1
ð4Þ

where R1
para is the spin–lattice relaxation rate in the pres-

ence of dissolved oxygen or Ni2?, and R1
dia is the relaxation

rate in the absence of paramagnetic additive. While PREs

may be measured directly on 1H nuclei, we choose to

instead measure relaxation rates of the so-called ‘‘HZNZ’’

state, a mixed quantum state of magnetization from both
1H and the directly bound 15N. Compared to direct mea-

surement on 1H nuclei (i.e. via HSQC), measurement of the

HZNZ state (Kay et al. 1992; Boyd et al. 1990) is preferable

due to the elimination of artifacts introduced by exchange

of amide protons with those from water, and easier sup-

pression of signals arising from H2O. Moreover, the lower

gyromagnetic ratio of the 15N nucleus results in stronger

PREs on the HZNZ state as compared to the NZ state

(Abragam 1961). In measuring proton relaxation rates in

macromolecules, one must be conscious of the effects of

spin diffusion (via proton-proton dipolar couplings), which

tend to average or ‘blur’ the observed R1 values across

adjacent protons. Teng et al. (2006) note that effects of spin

diffusion are strongest for protons embedded in the

hydrophobic core of a protein, where dipolar couplings are

more numerous, while surface protons are less affected.

They also recommend measuring R2 instead of R1, as the

shorter decay times used in the R2 measurement reduces

spin diffusion. As AFA-PLN does not have a hydrophobic

core, we treat all residues are surface residues, free of the

spin diffusion present in a typical hydrophobic core. In

membrane proteins, we must also consider the possibility

of spin diffusion arising from dipolar couplings between

detergent molecules and protein. Such couplings occur on

the same timescale as R1
dia. On the other hand, PREs are

dominated by the R1
para term; since this term is typically on

the same timescale as R1
dia, our measurements are effec-

tively in the timescale suggested by Teng et al. and spin

diffusion is curtailed. Thus, the lack of hydrophobic core in

AFA-PLN, combined with the shorter timescale of relax-

ation rate measurements, limits spin diffusion sufficiently

to allow residue-by-residue resolution of local paramagnet

concentration.

Paramagnetic rate enhancements for alpha helices

As previously mentioned, the observed PRE for a given res-

idue, i, is proportional to the local oxygen concentration,

[O2](zi), where we approximate [O2](z) using the previously

described Boltzmann sigmoid (Teng et al. 2006). From the O2-

PREs, we extract the tilt angle with respect to the micelle/

bilayer normal, h, and average immersion depth, zavg, by

employing the parametric equations for an alpha helix to

generate an expression for zi that is a function of i, zavg, and h.

We first consider the simple case of a transmembrane alpha

helix parallel to the bilayer normal (h = 0�), in which the

‘‘rise’’ of the helix is 1.51 Å per residue (Pauling et al. 1951),

and the zi are described by the following:

ztransmembrane
i ¼ 1:51� i� iavg

� �
þ zavg ð5Þ

where iavg is simply the average residue number of the

helix being studied and need not correspond to the centre of

the bilayer (e.g. for a helix corresponding to residues 23

through 52 in the primary sequence, iavg = 37.5). For the

second obvious case, an amphipathic alpha helix

(h = 90�), the zi oscillate about zavg and are described by:

zamphipathic
i

¼ 1:5� cos
2p
3:6

i� u

� �
þ zavg ð6Þ

where the factor of 1.5 represents the inner ‘‘radius’’ of the

alpha helix (determined empirically from analysis of PDB

coordinates of alpha helices), the factor of 3.6 accounts for the

periodicity of the helix (Pauling et al. 1951), u is a phase value

ranging between zero and 2p, and here zavg is specifically non-

zero. By combining (5) and (6), we obtain the general equation

describing the zi for any un-curved alpha helix:

zi ¼ sin h 1:5� cos
2p
3:6

i� u

� �� �

þ cos h 1:51� i� imidð Þ½ � þ zavg ð7Þ

which is analogous to the equation obtained by Zangger

and co-workers for amphipathic helices (Respondek et al.
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2007). From this equation for zi and previously defined

equations for the PRE (2) and [O2(z)] (3), we derive the

following expression for the PRE:

PREi ¼ j� O2½ �water� O2½ �max
� ��

� 1

1þ e
zi�z0

kð Þ �
1

1þ e
ziþz0

kð Þ

 !
þ ½O2�water

#
ð8Þ

By substituting previously measured values for [O2]max,

[O2]water, z0, and k (Al-Abdul-Wahid et al. 2011), only four

adjustable parameters remain in (8): a global scaling factor

j, helix tilt angle h, average immersion depth zavg, and the

phase factor u. The values of these four parameters may

then be determined by a global non-linear least squares fit

of the observed PRE values to (8).

To illustrate the sensitivity of O2-PREs as a probe of

membrane protein topology, we have rotated and translated

the coordinates of an alpha helix (domain II from AFA-

PLN, PDB: 1N7L) to generate four alpha helices with

known tilt angles and average immersion depths. O2-PRE

values for each of these helices (Fig. 1, black circles) were

then predicted using the [O2(z)] of (3). We then fit each set

of PRE values to (8) (Fig. 1, red lines) to extract a tilt angle

and immersion depth. The resulting fits demonstrate that

O2-PREs easily discriminate small (*10�) differences in

the tilt angle of amphipathic helices (Fig. 1, panels c, d),

but may struggle in discriminating modest (*30�) differ-

ences in the tilt angle of transmembrane helices. We

now apply this technique to extract helical tilt angle

and immersion depth from the experimentally observed

O2-PREs of the amphipathic and transmembrane helices of

monomeric phospholamban.

Results and discussion

As a small membrane protein, AFA-PLN provides sharp,

well-resolved resonances (Fig. 2) and good (86%) assign-

ment of HZNZ spectra is achieved at moderate Larmor

frequencies (e.g. 600 MHz). R1 values are then extracted

from a fit of the peak intensities as a function of the

magnetization recovery time; the PRE is then calculated as

the difference in R1 in the presence and absence of the

relevant paramagnetic species. Figure 3 shows measured

peak intensities and the fitted relaxation decay curves for

S16 and L44. Paramagnetic broadening from 30 bar O2

increases line widths by an average of only *4 Hz and

does not affect assignment. O2-PREs (Fig. 4, upper panel)

span a factor of 6, from *3 Hz for residues in the loop

region and domain Ib to *14.5 Hz for residues near the

centre of domain II. In a separate experiment, Ni-PREs

(Fig. 4, lower panel) were determined to range from 0 to

19 Hz, although strong paramagnetic broadening results in

assignment of only 63% of amide backbone residues in the

presence of Ni2?. In some cases, residues expected to have

a high degree of water exposure (as determined via low O2-

PREs, and as suggested by other models of AFA-PLN),

such as N-terminal residues 2 and 3, water-exposed loop

residue 22, C-terminal residue 52, are completely broad-

ened away. In other cases (e.g. various residues in domain

Ia and II), moderate line broadening results in loss of

assignment due to peak overlap. In particular, the nega-

tively charged carboxylate anions of Glu-2, Glu-19, and the

A

B

C

D

Fig. 1 Four possible scenarios for an uncurved alpha helix in a

membrane protein, along with predicted amide proton O2-PRE values

(black circles) and corresponding fits to (8) (dashed red lines). The

PDB co-ordinates for residues 30–52 of AFA-PLN (PDB: 1N7L)

were rotated by 0�, 30�, 90�, and 80�, for scenarios a through d,

respectively, and then translated by 12.5 and 10.5 Å for scenarios

c and d. O2-PRE values were then predicted by inputting these

coordinates into (2). The tilt angle and average immersion depth were

then determined by a non-linear least squares fit of the predicted PRE

values to (8), as described in the text. The fitted tilt angles for

scenarios a through d, are 4.17�, 29.5�, 90.0�, and 79.4�, respectively,

while the fitted average immersion depths are 12.64 and 10.38 Å for

panels c and d. For each scenario, a cartoon on the left side provides a

pictorial representation of the alpha helix in a membrane, and is not

drawn to scale. Due to space considerations, only the first 16 residues

are graphed in panels c and d
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C-terminal Leu-52 may serve as electrostatic binding

partners for Ni2?. None of the residues in AFA-PLN

exhibit both low Ni-PRE and low O2-PRE values, sug-

gesting the absence of any tightly packed regions that may

confound the determination of helical tilt angles and

immersion depths.

In order to extract topological information from O2-

PREs, we must first select appropriate values for the non-

adjustable parameters in the Boltzmann sigmoid [O2(z)].

[O2]water is calculated to be 26.8 mM at an O2 partial

pressure of 30 bar and a temperature of 37�C (Weiss 1970).

We employ [O2]max = 161 mM, z0 = 11.73 Å, k = 1.26,

as determined in previous work on lipid bilayers

(Al-Abdul-Wahid et al. 2011). Although the above param-

eters are not specifically for a spherical micelle, we make the

assumption that the coating of DPC molecules around AFA-

PLN will conform to the hydrophobic regions of the protein,

and the resulting aggregate will not be spherical.

Domain Ia (residues 1–16)

Domain Ia exhibits moderate O2-PREs and Ni-PREs,

indicating contact with both the micelle and bulk water.

Fig. 2 Representative [1H, 15N] TROSY-enhanced HZNZ spectrum

of AFA-PLN in DPC micelles, at 37�C, in the presence of 30 bar

dissolved O2. The magnetization recovery delay was 4 ms

Fig. 3 Experimental peak intensities and fitted relaxation decay

curves for S16 (top panel) and L44 (bottom panel) in the absence of

paramagnetic compounds (black circles and line), in the presence of

30 bar O2 (blue diamonds and line), and in the presence of 1 mg/mL

Ni(acac)2 (green squares and line). Peak intensities have been

normalized to unity for the shortest delay time, and have been fitted to

exponential decay functions of the form LeK(-x)

Ia IIIb

0

5

10

15
O2-PRE

P
ar

am
ag

ne
tic

 R
at

e 
E

nh
an

ce
m

en
t (

H
z)

Residue Number
10 20 30 40 50

0

5

10

15

20
Ni2+-PRE

Fig. 4 Paramagnetic rate enhancements of backbone amide protons

of AFA-PLN in DPC micelles, arising from 30 bar dissolved O2 (blue
bars) and 1 mg/mL Ni(acac)2 (green bars). The secondary structure

of AFA-PLN is overlaid on top for reference
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Moreover, there is a clear oscillation in O2-PREs as a

function of residue number (Fig. 5, upper panel) suggesting

the helical axis is not parallel to the O2 concentration

gradient. Indeed, the alpha helix comprising domain Ia is

amphipathic (Fig. 6). Residues on the apolar face exhibit

an average O2-PRE of 6.5 Hz compared to an average of

3.6 Hz for those on the polar face, indicating the apolar

face is more buried in the micelle and therefore faces the

micelle centre. This is consistent with a previous Gd3?-

based paramagnetic study of wt-PLN that determined three

residues on the apolar face were oriented towards the

centre of the lipid bilayer (Traaseth et al. 2007), and a

recent model of AFA-PLN in which the apolar face is also

oriented towards the bilayer center (Shi et al. 2011). From a

non-linear least squares fit of the observed O2-PREs to (8)

(Fig. 5, upper panel), we report the tilt angle relative to the

bilayer normal as 87� ± 1�, and the average immersion

depth as 13.2 ± 0.3 Å. As previously discussed, the

Boltzmann sigmoid [O2] used in this fit is derived from a

DMPC-like bilayer; in such bilayers, 13.5 Å is the average

immersion depth of the carbonyl groups on the acyl chain

(Al-Abdul-Wahid et al. 2006). Previous measures of tilt

angle range from 92� to 93� from solid state NMR studies

of wt-PLN (Traaseth et al. 2007) and AFA-PLN (Traaseth

et al. 2006) to 102� from an NMR-based MD simulation of

AFA-PLN in DOPC bilayers (Traaseth et al. 2009). The

same MD simulation also reported an average immersion

depth of 16.2 ± 0.8 Å for the amphipathic helix in DOPC

bilayers; in these bilayers, the average immersion depth of

the carbonyl groups is 16.3 Å. We therefore conclude that

domain Ia adopts a tilt angle of 87� ± 1� in DPC micelles,

and that the helix favours the carbonyl region of lipid

bilayers. We also note there is no sinusoidal pattern to Ni-

PRE values; Ni2? does not provide the same spatial degree

Fig. 5 Paramagnetic rate enhancements arising from 30 bar dis-

solved O2 (black circles) for the amphipathic helix (top panel) and the

transmembrane helix (bottom panel) of AFA-PLN. Non-linear least

squares regressions of the PRE values to (8) are shown as red lines.

For the amphipathic helix, the average immersion depth is 13.2 Å

with a tilt angle of 87� ± 1�. For the transmembrane helix, residues

41 and 42 are in the centre of the micelle (i.e. zavg = 5.4 Å), and the

helix would be expected to adopt a tilt angle of 25� ± 4� in DMPC

bilayers

Fig. 6 Helical wheel representations of Helix I of AFA-PLN, with

PREs arising from 30 bar dissolved O2 shown as blue rays (top) and

PREs arising from 1 mg/mL Ni2? shown as green rays (bottom).

Boxes around the residue label indicate hydrophobic residues, while

the dotted line represents the theoretical division between the

hydrophobic and hydrophilic faces of the helix
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of resolution as O2. This is due in part to the loss of

assignment of 6 residues from paramagnetic line broad-

ening, and may also be a consequence of steric consider-

ations; the Ni2? complex ion cannot sample the protein

backbone as well as the smaller O2 molecule. In either

event, the practical utility of O2-PREs is unmatched.

Domains Ib (residues 23–30) and II (residues 31–52)

Low O2-PREs and high Ni-PREs suggest domain Ib is in

significant contact with the bulk water, in agreement with

recent models of AFA-PLN (Traaseth et al. 2009; Shi et al.

2011; Zamoon et al. 2008). Of particular interest is Glu-23,

which has the distinction of both the lowest O2-PRE and

highest measured Ni-PRE, suggesting a high degree of

water exposure; in fact an MD simulation of AFA-PLN

(Traaseth et al. 2009) suggests Glu-23 is the most water-

exposed residue in the protein. Domain II comprises a

transmembrane helix, and both O2-PRE and Ni-PRE values

reflect the polarity gradient of detergent micelles. Residues

41–44 exhibit the largest O2-PREs observed in AFA-PLN

and represent the putative centre of the transmembrane

helix, while low Ni-PREs (\1.9 Hz) for the region between

residues 31 and 51 confirms that Domain II is in a water-

free environment (i.e. the micelle interior). The ends of the

transmembrane region are marked by low O2-PREs for

residues 31 and 52 and moderate Ni-PREs (i.e.[3.5 Hz) at

residues 31, 51, and 52, suggesting moderate contact with

water for these residues. A fit of O2-PREs for the entire

helix (i.e. domains Ib and II) to (8) (Fig. 5, lower panel)

calculates the tilt angle relative to the bilayer normal as

25� ± 4�, and the average immersion depth as

5.4 ± 0.5 Å. The larger error in tilt angle, as compared to

domain Ia, is a result of the insensitivity of this fitting

method in determining the tilt angle of transmembrane

helices. However, the calculated tilt angle is sensible given

the length of the helix, and agrees with recent studies

reporting the tilt angle to be between 21� and 28�,

depending on the solubilising detergent (Traaseth et al.

2009; Arkin et al. 1995; Smith et al. 2001). Furthermore,

the calculated average immersion depth places residues 41

and 42 at the centre of the micelle, and is in excellent

agreement with a recent MD simulation of AFA-PLN in

DOPC bilayers (Traaseth et al. 2009), which reported an

average immersion depth of 5.5 ± 0.5 Å for the helix

comprising domains Ib and II.

Conclusions

We have demonstrated a minimally perturbing method of

measuring the tilt angle and immersion depth of the alpha

helices of membrane proteins, which utilizes the natural O2

solubility gradient present in micelles and bilayers. Com-

pared to other methods, our NMR-based technique is

advantageous in that the O2-PREs of all amide protons are

measured in a single experiment, obviating the need for

mutagenesis or multiple samples. Similarly, Ni-PREs pro-

vide a complementary assessment of water exposure,

which when combined with O2-PREs, distinguish immer-

sion depth from solvent exposure. The only requirements in

performing these measurements are that the protein be 15N-

labelled and the N–H spectrum be previously assigned (or

assignable from a 13C, 15N-labelled sample of the protein).

Knowledge of secondary structural elements is helpful but

not required, as O2-PREs readily identify transmembrane

and amphipathic helices. In AFA-PLN, O2-PREs span a

factor of 6 across the micelle and clearly identify the

transmembrane and amphipathic helices. A global non-

linear least squares fit of O2-PREs to an alpha helical

model reports the amphipathic helix adopts a tilt angle of

87� ± 1� with respect to the micelle normal, and would be

located near the carbonyl groups of a DMPC bilayer, while

the transmembrane helix is expected to adopt a tilt angle of

25� ± 4� in DMPC bilayers, with residues Phe-41 and

Leu-42 closest to the hydrophobic centre. At a partial O2

pressure of 30 bar, O2-PREs are readily observed for all

assignable residues, providing Angstrom-level resolution

of the immersion depth profile of AFA-PLN. In contrast,

Ni-PREs suffer from paramagnetic broadening for certain

water-exposed residues, and the near-zero solubility of

Ni2? in the hydrophobic region of the micelle results in a

lack of lack of depth-dependant information for residues

located therein. Furthermore, the smaller molecular radius

of O2 allows it to sample smaller void volumes in a pep-

tide/micelle complex, which a relatively bulky Ni2? com-

plex ion would not be able to access. The charge associated

with Ni2? may further confound measurements, as resi-

dence times of the Ni2? ion in the vicinity of negatively

charged residues or the micelle headgroups may result in

Ni-PREs that are not representative of local water expo-

sure. In such cases, the use of different chelating groups

around the central metal ion may reduce binding to charge

groups on the protein (Pintacuda and Otting 2002).

Although data from side-chain protons were not necessary

in determining the topology of AFA-PLN, in more com-

plex systems O2-PREs from side-chain surface protons

may be used to refine membrane protein topology. Finally,

experiments using dissolved O2 are straightforward to

implement at the partial pressures needed to obtain sensi-

tive spatial resolution; samples are easily recovered via

degassing, whereas the removal of hydrophilic additives

requires dialysis or similar purification techniques.

In this work, the O2 distribution in the micelle was

modeled using a Boltzmann sigmoid, with the relevant

parameters ([O2]max, z0, and k) obtained from a previous
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study of [O2] in lipid bilayers (Al-Abdul-Wahid et al.

2011). The validity of utilizing these parameters to study

AFA-PLN in detergent micelles may be assessed by

simultaneously varying [O2]max, z0, and k, to ±20% of their

original value and determining the change in the calculated

the tilt angles and immersion depths of the helices of AFA-

PLN. Across this range of [O2]max, z0, and k, the tilt angle

of the amphipathic helix spans less than ±0.7�, while the

average immersion depth varies by ±2.3 Å. Conversely,

for the transmembrane helix, the calculated tilt angle varies

by a considerable ±16�, while the average immersion

depth spans ±0.7 Å. In essence, measurements of the tilt

angle of amphipathic helices and the immersion depth of

transmembrane helices are robust, while systematic errors

in the calculated immersion depth of amphipathic helices

and the tilt angle of transmembrane helices may arise from

incorrect values of [O2]max, z0, or k.

Helical tilt angles and immersion depths obtained from

O2-PREs may aid in membrane protein structural deter-

mination. In particular, residual dipolar couplings (RDCs)

provide orientational information (Tjandra and Bax 1997),

which may be used for structure refinement (Clore et al.

1998; Tjandra et al. 2000). However, the RDC equation

contains 16-fold degeneracy (Hus et al. 2008), and while

this may be reduced to fourfold degeneracy under certain

circumstances (Jensen and Blackledge 2008), analysis of

RDCs remains complicated by these so-called ‘ghost ori-

entations’. Bertini and co-workers recently demonstrated

the use of paramagnetic-based restraints to eliminate ghost

orientations (Bertini et al. 2007), and a similar method was

recently applied to lift RDC degeneracy in an NMR-

derived structure of AFA-PLN (Shi et al. 2011). For alpha

helices, measurement of tilt angles via O2-PREs should

allow facile elimination of ghost orientations from the

analytical solutions of the RDC equation. Meanwhile,

average immersion depths extracted from O2-PREs may

aid in determining the overall positioning of the membrane

protein in the bilayer.

Materials and methods

Uniformly-labeled 15N AFA-PLN was prepared as previ-

ously described (Buck et al. 2003), to a final concentration

of *0.8 mM in a 300 mM DPC, 25 mM phosphate, pH 7

buffer for NMR analysis. Nickel acetylacetonate was used

as obtained from Sigma Chemicals (Mississauga, ON). All

NMR experiments were performed on a 600 MHz Varian

Inova spectrometer and either a triple resonance cold probe

or room temperature probe, at a sample temperature of

310 K. A previously described TROSY-enhanced HZNZ

experiment (Evanics et al. 2006) was used to measure R1

values, using a series of nine values ranging from 2 to

256 ms for the magnetization recovery delay. Typical

spectra were acquired with 16 scans and 128 increments,

spanning 2,000 Hz in the indirect dimension. PREs from

O2 and Ni2? were obtained by subtracting the HZNZ spin–

lattice relaxation rates in the absence of any paramagnetic

additive from the rate obtained under a partial O2 pressure

of 30 bar or with the addition of 1 mg/mL nickel acetyl-

acetonate. O2 measurements were performed in a 5 mm

sapphire NMR tube (Saphikon, NH). Samples were pre-

equilibrated at an O2 partial pressure of 30 bar for at least

2 days prior to measuring relaxation rates to ensure a

constant [O2] during the experiments. Spectra were pro-

cessed with the NMRPIPE processing suite (Delaglio et al.

1995). FID signals consisting of 1,802 complex points in

the direct dimension were zero filled to 4,096 points along

with squared-cosine apodization before Fourier transfor-

mation. In the indirect dimension, FID signals consisting of

256 points were linear predicted to 512 points, zero filled to

2,048 points and processed with squared-cosine apodiza-

tion before Fourier transformation. R1 values and errors

were obtained using NMRViewJ (Johnson and Blevins

1994); the signal-to-noise in each spectrum was used as the

standard deviation for the Monte Carlo procedure built into

NMRViewJ. Non-linear least squares fits of experimental

PRE values to (8) were performed using the ‘‘Nonlinear-

ModelFit’’ routine in Mathematica. This routine provides

an option to incorporate the experimental error in each

observed PRE in determining the best parameters to the fit;

reported errors for tilt angles and immersion depths are

therefore based on both the experimental error and the

fitting error.
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