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Abstract

'g-titration’ refers to the systematic comparison of signal intensities in solution NMR spectra of
uniformly 1°N labeled membrane proteins solubilized in micelles and isotropic bicelles as a
function of the molar ratios (q) of the long-chain lipids (typically DMPC) to short-chain lipids
(typically DHPC). In general, as g increases, the protein resonances = broaden and
correspondingly have reduced intensities due to the overall slowing of protein reorientation. Since
the protein backbone signals do not broaden uniformly, the differences in line widths (and
intensities) enable the narrower (more intense) signals associated with mobile residues to be
differentiated from the broader (less intense) signals associated with “structured” residues. For
membrane proteins with between one and seven trans-membrane helices in isotropic bicelles, we
have been able to find a value of q between 0.1 and 1.0 where only signals from mobile residues
are observed in the spectra. The signals from the structured residues are broadened so much that
they cannot be observed under standard solution NMR conditions. This g value corresponds to the
ratio of DMPC: DHPC where the signals from the structured residues are “titrated out” of the
spectrum. This g value is unique for each protein in magnetically aligned bilayers (q > 2.5) no
signals are observed in solution NMR spectra of membrane proteins because they are
“immobilized” by their interactions with the phospholipid bilayers on the relevant NMR timescale
(~10° Hz). No signals are observed from proteins in liposomes (only long-chain lipids) either. We
show that it is feasible to obtain complementary solution NMR and solid-state NMR spectra of the
same membrane protein, where signals from the mobile residues are present in solution NMR
spectra, and signals from the structured residues are present in the solid-state NMR spectra. With
assigned backbone amide resonances, these data are sufficient to describe major features of the
secondary structure and basic topology of the protein. Even in the absence of assignments, this
information can be used to help establish optimal experimental conditions.
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Introduction

Proteins exhibit a wide range of dynamics, including global reorientation, local backbone
fluctuations, and side chain motions of various types. Often the motions are correlated with
specific structural features of the protein, and this is certainly the case for helical membrane
proteins, which typically have mobile residues near their N- and C- termini, and sometimes
associated with surface amphipathic helices. NMR spectroscopy is adept at describing the
dynamics of proteins because both relatively slow motions (> 10° Hz), which average static
powder patterns, and fast motions (108 — 109 Hz), which have strong affects on relaxation
rates, can be detected and characterized experimentally. A thorough description of the
amplitudes, directions, and frequencies of motions requires the analysis of many
experimental measurements obtained at multiple field strengths. However, our
understanding of the fundamental principles of nuclear spin relaxation is well established
(1), and qualitative conclusions can be derived from the simplest measurements; for example
the spin-spin relaxation time, T, which can be determined from the resonance line width,
and indirectly through its effect on the intensity of signals. A major benefit of using
uniformly 1°N labeled protein samples is that each backbone amide nitrogen has a single
covalently bonded 1H, therefore the motional averaging of powder patterns and the
induction of nuclear spin relaxation result from fluctuations of the same heteronuclear
dipole-dipole interaction. This enables complementary results to be obtained from solution
NMR of micelle/isotropic bicelle samples and from solid-state NMR of bilayer samples (2).

The situation is further simplified by the assumption that individual signal intensities, which
can be readily measured in two-dimensional spectra, are determined principally by their line
widths since the area for each backbone amide signal is the same. Consequently, the
combined effects of local backbone and global reorientation amplitudes and rates are the
principal determinants of signal intensities in solution NMR spectra of uniformly 15N
labeled proteins. For soluble, globular proteins, the global isotropic reorientation rate is
determined primarily by the size of the protein, and is effectively measured by the
backbone *H-15N or 1H-13Ca relaxation times (3); most backbone sites are structured and
have the same rotational correlation time as the protein itself. Larger globular proteins
reorient more slowly than smaller monomeric proteins at the same temperature;
consequently, the signals of larger proteins have broader line widths and lower signal
intensities in the spectra (1). The situation is more complex for helical membrane proteins;
their global reorientation rate is affected by not only the number of residues in the
polypeptide chain, but also the overall shape of the protein, i.e. whether is it “I1”, “L”, or “H”
shaped, or compactly folded. Moreover, the global reorientation also depends on the
properties of the solubilizing detergent molecules and their assemblies (4).

The ‘g-titration” experiment relies on the measurement of relative signal intensities in two-
dimensional 1H/15N heteronuclear single quantum correlation (HSQC) spectra of
uniformly 1°N labeled membrane proteins solubilized in isotropic bicelles over a range of g
values, typically between 0.1 and 1.0. When the global reorientation is slow at a relatively
high g value, the resonances from structured residues disappear into the baseline because of
the very limited capability of solution NMR experiments and spectrometers to detect the
rapidly decaying free induction decays associated with resonances with very broad line
widths. Local dynamics also affect signal intensities, and even quite large membrane
proteins typically yield spectra that have some narrow, intense signals from mobile residues
near the N- or C- termini (5).

Here we demonstrate that the measurement of signal intensities in solution NMR spectra of
membrane proteins that are solubilized in DHPC micelles and DMPC: DHPC isotropic
bicelles with ¢ values < 1.0 serves as an effective tool for the qualitative characterization of
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the structure, dynamics, and topology of helical membrane proteins in micelle and isotropic
bicelle environments (6). An important advantage of the “g-titration’ experiment is that it
can be applied at a very early stage of an investigation, yielding insights into a protein’s
properties long before its three-dimensional structure can be determined. With partial
resonance assignments, the major transitions between structured and mobile regions can be
identified, and as additional assignments are obtained, the structural resolution improves to
that of single residues. This is particularly valuable for helical membrane proteins, which
tend to have well defined transitions between secondary structure elements of helices, loops,
and terminal segments. Even without assignments, the “g-titration’ experiment provides
insights into the behavior of the membrane protein in a wide range of lipid preparations,
which is an extremely helpful initial step towards the optimization of sample conditions for
Solution NMR, Oriented Sample (OS) solid-state NMR, and Magic Angle Spinning (MAS)
solid-state NMR studies. This assumes that there are similarities between proteins in micelle
and isotropic bicelle environments and in bilayers.

Membrane proteins can be solubilized in micelles (7, 8), isotropic bicelles (9), and nanodiscs
(10-12) for solution NMR studies. However, careful optimization of the sample conditions
is essential in order to obtain well resolved two-dimensional 1H/X°N HSQC solution NMR
spectra that include signals from all of the backbone amide sites (13, 14). Most successful
applications of solution NMR have been performed on samples of relatively small
membrane proteins where the global reorientation rate of the solubilized polypeptide is
relatively rapid (15). In general, larger membrane proteins give weaker, less well resolved
spectra, regardless of the solubilization media; except for some narrow, intense signals a
from mobile residues in linker regions or near the N- and C- termini (16). There are a few
exceptional cases, in particular the sensory rhodopsins (17, 18), where a relatively large
helical membrane proteins does yield well-resolved solution NMR spectra.

In studies of membrane proteins from bacteria, viruses, and humans with between one and
seven trans-membrane helices, we have found that they behave in a consistent and
predictable manner with the full set of solubilization detergents/lipids (micelles, isotropic
bicelles, and nanodiscs) used to prepare samples for solution NMR experiments. Notably,
we have not studied proteins from archae, such as the sensory rhodopsins, which apparently
have unique physical properties. The line widths of backbone amide resonances increase and
the peak heights decrease in rough proportion to both the size of the polypeptide and the q of
the isotropic bicelles, the molar ratio of the ‘long’ chain lipid (typically DMPC) to the
‘short’ chain lipid (typically DHPC or a detergent such as CHAPSO or Triton X-100).
Smaller q values (0 — 0.5) are associated with faster global reorientation, and larger g values
(0.5 -1.0), are associated with slower global motion. We find that helical membrane
proteins embedded in nanodiscs give spectra with line widths and intensities roughly
equivalent to those obtained in isotropic bicelles with a g value of 0.5. As a result, a few
spectra in samples with a range of ¢ values enables a prediction of the feasibility of solution
NMR structural studies of individual membrane proteins in micelle, isotropic bicelle, and
nanodisc environments.

To illustrate the ‘g-titration” experiment in the simplest terms, simulated ‘spectra’
representative of those observed from a “typical” protein with two trans-membrane helices
(Figure 1A) are shown in Figure 1B for g values between 0 and 3.2. Each “dot’ represents a
single TH/Y5N correlation signal from a backbone amide site of the protein. These dots are
drawn with a range of sizes in order to explain the experiment. They are not calculated by a
sophisticated algorithm. The relative intensities of the observed signals vary within each
‘spectrum’. Notably, even in the ‘spectrum’ from the protein in micelles (q=0), which would
be expected to undergo the fastest and most isotropic global reorientation some signals are
more intense than others. This is shown clearly in Figure 1C where relative signal intensities
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are plotted as a function of residue number. In this example, signals from residues near the
N- and C- termini are more intense than those in the middle of the protein. The data in
Figure 1 were arbitrarily chosen to demonstrate the potential of the approach to differentiate
regional dynamics within the protein by comparison of spectra using samples with g values
of 0, 0.5, and 1.0. Notably, even for a small membrane proteins, many signals are broadened
or missing in isotropic bicelles of q=0.5 where there is evidence of bilayers surrounding the
proteins (19), and this is reflected in the corresponding intensity versus residue number plot
in Figure 1C. The *“spectrum” of the protein in g=1.0 isotropic bicelles contains only a
subset of the total number of resonances observed in the g=0 micelles; the signals from the
structured interior residues are “titrated out’, because they are too broad to be detected. In
contrast the residues with local backbone mobility have resonances that are narrow and
intense enough to be easily observed. All of the visible resonances in the Figure 1B g=1.0
spectrum are associated with residues near the N- and C- termini. When the q value is
greater than about 2.5, a magnetically alignable bilayer phase is formed. In this case, the
lipids in the bilayers immobilize the protein on the NMR timescales (20), and no reliable
backbone signals can be observed in solution NMR spectra of these samples (Figure 1B).

As q is increased from 0 to 1.0 in an experimental titration, the intensities of the signals from
structured residues, such as those in trans-membrane helices or stable inter-helical loops,
decrease much more dramatically than those associated with mobile backbone sites, such as
those near the N- and C- termini of the protein or in mobile, internal segments. In all of the
examples that we have examined, it has been possible to find a value of g where the signals
from the structured residues disappear completely into the baseline of the solution NMR
spectra due to severe line broadening while the narrow signals from mobile residues remain
observable with somewhat decreased intensity. This is illustrated in Figure 2 using
experimental data from MerFt; where the behaviors of a signal assigned to a mobile residue
(Leu 17) near the N-terminus and a signal assigned to a structured residue in a hydrophobic
trans membrane helix (Leu 57), respectively, are compared. At all g values the signal from
Leu 17 is narrower and more intense than that from Leu 57. However, the difference is most
dramatic at q values between about 0.3 and 0.5 where the signal from Leu 57 is broadened to
undetectable levels under normal high-resolution solution NMR experimental conditions.
The g value with the greatest intensity difference between mobile and structured residues
differs for each protein, but the trends are clear and it is feasible to find a q value where the
spectrum contains only signals from mobile residues and the signals from the structured
residues are “titrated out” of the spectrum because they are so broad. This provides a clear
picture of which residues are structured and which are mobile, the most basic goal of these
experiments.

In summary, the experimental spectra, and plots of signal intensities as a function of residue
number, segregate the signals observable in the starting g=0 or q=0.1 samples into two
classes: those that disappear (structured residues that are ‘titrated out’) at a certain q value,
and those that are still observable in the spectra at high but still isotropic q values (0.5 — 1.0).

The choice of detergents, lipids, or the various combinations used to solubilize membrane
proteins is one of the most important decisions at the start of solution NMR studies (21). The
development of solubilized membrane protein samples for structure determination has gone
through three distinct phases. The first was to find conditions that would yield high
resolution NMR spectra of trans-membrane helix containing proteins in detergent or lipid
environments without spectral artificats, such as misssing peaks or peak doublings (22). The
second was to find conditions that would allow the protein in micelles or isotropic bicelles to
be soaked into polyacrylamide gels that can be stressed for the measurement of residual
dipolar couplings (23-25). And the third, which remains a subject of much current research
is to find combinations of detergents, lipids, and proteins that preserve the native structure of
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the membrane protein of interest, while simultaneously fulfilling the first two criteria. The
issue of how much the micelles or isotropic bicelles perturb the structure of a membrane
protein is profound, and remains to be resolved. There may not be a general answer, and
each protein will need to be independently evaluated. Here we assume that the structures and
dynamics of our panel of membrane proteins are roughly similar in isotropic bicelles and in
bilayers. Nanodiscs have been proposed as a practical compromise where a protein
embedded in a bilayer environment reorients rapidly enough to yield high-resolution spectra.
While an attractive approach, we have found that for helical membrane proteins the spectra
in nanodiscs approximate those with q value of 0.5, which are generally broad and missing
most or all signals from the structured residues. We have not yet examined beta barrel
membrane proteins, and their greater spread of chemical shifts may make it easier to tolerate
the line broadening from the lipid environment, including in nanodiscs.

Results and Discussion

The first step in a ‘g-titration’ experiment is to prepare uniformly 1°N labeled protein by
expression in bacteria (26, 27). The protein is then isolated from the cell membranes or as
inclusion bodies, purified using one or more types of chromatography, and then refolded and
solubilized in aqueous solution containing DHPC. In the absence of long chain lipids, the
short-chain DHPC acts as a micelle-forming detergent, and provides a favorable
environment for the refolding and solubilization of helical membrane proteins. As with other
detergents, DHPC’s merit as a mimic of a membrane proteins’ native environment remains
an open question, especially since in many examples the spectra obtained from a membrane
protein solubilized in pure DHPC in aqueous solution (q=0) are improved by adding a small
amount of DMPC. In order to facilitate direct comparisons, we use g=0.1 bicelle spectra as
the baseline for the measurement of signal intensities. We define the most intense signal in
the spectrum of a protein in a g=0.1 isotropic bicelle as having a relative intensity of 1.0 for
all plots of signal intensities as a function of residue number.

In addition to solubilizing the hydrophobic membrane protein, DHPC has a second role in
the ‘g-titration” experiment. DHPC serves as the ‘short chain’ phospholipid required in
combination with a ‘long chain’ phospholipid, generally DMPC (9, 28, 29) for the formation
of bicelles. Bicelles have also been made using CHAPSO(30) and Triton-X 100(31) as the
‘short chain’ phospholipid, which have similar properties to the DHPC: DMPC bicelles used
here. As described above in the Introduction, the “g-titration’ experiment itself consists of
obtaining a series of two-dimensional HSQC spectra (32) of a uniformly 15N labeled
membrane protein (33) solubilized in DHPC micelles. The spectra are obtained on samples
containing increasing amounts of DMPC in order to form DMPC: DHPC isotropic bicelles
with g between 0.1 and 1.0. All other experimental conditions, such as temperature, pH, etc.,
remain constant. The intensities of all the resonances are measured, and normalized to the
most intense signal in the g=0.1 spectrum of the protein. The spectra in Figure 1B illustrate
how a plot of signal intensities as a function of residue number for several g values can be
used to obtain a visual map of the dynamics of individual residues within the context of the
protein sequence. Samples with g<1.5 are generally referred to as isotropic bicelles, and are
potentially suitable for solution NMR spectroscopy; however, for most proteins it is not
possible to obtain any reliable solution NMR signals in bicelles with g > 1.0. The long chain
lipids in bicelles with g>2.5 form a planar bilayer phase, which immobilizes the protein on
the relevant NMR timescales, and these samples also yield no reliable backbone signals in
solution NMR spectra (29). However, these samples are well suited for solid-state NMR
experiments (29, 34).

Experimental data for eight different domains, truncated constructs, and full-length
membrane proteins are compared in Figure 3. The second column from the right, which is
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labeled g = 3.2 contains no verifiable solution NMR signals from the backbone amide sites
of any of the proteins, which range in size from 46 to 350 residues. The rightmost column,
also labeled g=3.2, presents one-dimensional solid-state NMR spectra of the same proteins;
because these H decoupled 1°N signals were obtained by spin-lock cross-polarization, the
signals must arise from “immobile” residues with strong heteronuclear dipolar couplings.
The order parameter deduced from these spectra is ~0.85, which is typical for both the lipids
and proteins in magnetically aligned bilayers with q=3.2. Solid-state NMR spectra cannot be
obtained from any of the protein samples with g between 0 and 1.0, since the proteins are
reorienting relatively rapidly in aqueous solution, and average out the heteronuclear dipolar
coupling require for cross polarization and *H decoupling.

The properties of the “q titration’ experiment illustrated with simulated data in Figure 1 are
reiterated by the experimental data in Figure 3. In the left most column cartoon
representations of the various polypeptides are displayed. Black indicates that the residues
are structured and reorient with the same correlation time as the entire polypeptide-lipid
ensemble, and grey indicates the presence of local backbone motions, as determined from
the experimental data in Figure 3. The locations of the structured and mobile segments of
the protein are based on the plots of signal intensity as a function of residue number shown
in the second column from the left.

The top row of Figure 3A contains the experimental data from the 46-residue membrane-
bound form of Pf1 coat protein. This protein has a hydrophobic trans-membrane helix and
an N-terminal amphipathic helix. In the cartoon representation on the left, the amphipathic
N-terminal helix is shown on the surface of the membrane, although these data and previous
studies show that this helix is flicking on and off the surface due to segmental motions
centered at the “hinge’ between the two helices (19). This motion is essential for the
assembly of the protein subunits into virus particles, during which the protein undergoes a
substantial structural rearrangement at the membrane surface. The “L” shaped conformation
shown in the leftmost column, changes to the “I” shaped conformation found in the
structural form of the assembled virus particles. During assembly, the amphipathic surface
helix rotates about 90° to a position roughly parallel to the hydrophobic helix. In g = 1.0
bicelles, only a subset of signals are observable, with the rest ‘titrated out’. These signals are
mainly from residues in the mobile N-terminal amphipathic helix and a few from the N-
terminus; the signals from the trans-membrane helix are so broad under these conditions that
they are not detectable in solution NMR experiments. By contrast, only signals from the
structured trans membrane helix are present in the solid-state NMR spectrum obtain from
the sample with q = 3.2, as shown in the rightmost column. The effects of local dynamics
makes the solution NMR spectrum with g = 1.0 and the solid-state NMR spectrum with g =
3.2 fully complementary; the former contains signals from all the mobile residues (mainly
the mobile amphipathic helix), and the latter contains signals from all the structured residues
(mainly the hydrophobic trans membrane helix). Between these two spectra, signals from all
of the residues in the protein can be assigned and accounted for. The discrimination between
the two classes of resonances is based solely on local protein dynamics, which becomes
more obvious in the data obtained from samples with slower global reorientation rates, such
as isotropic bicelles with large q values.

Figure 3B and C contains experimental data obtained from two constructs of the membrane
protein Vpu from HIV-1; the data are aligned by the sequence of the full-length protein. The
81-residue protein has one trans membrane helix (35)and two amphipathic helices associated
with the cytoplasmic domain on the surface of the bilayer . The amphipathic surface helices
are separated by a small stretch of mobile residues. The data in Figure 3B are from an N-
terminal truncated construct of Vpu that contains only the residues from the cytoplasmic
domain. In Figure 3C the data are from the full-length protein; the spectra obtained from
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samples in g=0 micelles and g=0.1 isotropic bicelles include all of the signals from the trans
membrane helix in addition to those from the cytoplasmic domain. The signals from
residues in the trans membrane helix are significantly broader when the protein is associated
with g=0.5 isotropic bicelles. In contrast, the signals from residues in the maobile inter-
helical region between the two surface amphipathic helices, whether in the cytoplasmic
domain alone or the full-length protein, are readily observable in isotropic bicelles with
g=0.5 and g=1.0. This is remarkable; as shown in the plots of intensity as a function of
residue number (second from the left column), the intensities of these residues are barely
affected in samples with q=0.5 or g=1.0. In the smaller cytoplasmic domain polypeptide the
broadening of the signals from the helical residues is not as dramatic as for the full-length
protein in isotropic bicelles with the higher q values. Regardless of the balance between the
effects of changes in global reorientation rates and local backbone dynamics, the plot of
intensities as a function of residue number in Figure 3B shows that the polypeptide
corresponding to the cytoplasmic domain of Vpu has five distinct regions: a mobile N-
terminus, near the site of truncation; a mobile connecting region between the two
amphipathic helices; a mobile C-terminus; and two structured helices. The results for the
full-length protein (Figure 3C) indicate that the trans-membrane helix behaves as an
independent domain, and does not influence the cytoplasmic domain of the protein The
native full-length protein is unusual for a helical membrane protein in that it has mobile
residues neither at the N-terminus, nor at the bend between the trans membrane helix and the
first cytoplasmic amphipathic helix.

Both Vpu (Figure 3B and 3C) from HIV-1 and p7 (Figure 3D) from human Hepatitis C
Virus (HCV) are classified as viroporins, which are small membrane proteins with roles in
the production of new virus particles from infected cells. Although like other viroporins,
Vpu and p7 have functional similarities, including ion channel activities, they have quite
different architectures (36), as can be seen in the schematic representations in Figure 3C
(Vpu) and 3D (p7). p7 has mobile C- and N- terminal residues, and a small, structured inter-
helical loop that connects two hydrophobic trans-membrane helices. One of the most
interesting findings is that in the middle of the protein there is region that displays somewhat
higher signal intensities in the experimental spectra. This region is observable in the plot of
relative intensities as a function of residue number in Figure 3D. These residues are from a
segment of a trans-membrane helix that displays internal dynamics. Evidence for motions in
this internal helical segment comes not only from these data, but also from more detailed
studies performed on truncated constructs of p7 in micelles and isotropic bicelles, and on
full-length and truncated constructs in bilayers investigated by solid-state NMR
spectroscopy (37). However, the data in Figure 3D are sufficient to establish this finding.

Figure 3E, F, and G contain results obtained from constructs of mercury transport membrane
proteins from the bacterial mercury detoxification system (38). This is a family of proteins
of interest for their functions as heavy metal transporters and their range of structural
properties; in particular, there are members with two, three, and four trans-membrane
helices, and there are several different metal-binding motifs involving cysteine residues. The
full-length two TM protein MerF is shown in Figure 3F. This is a prototypical small
membrane protein with two hydrophobic trans-membrane helices separated by a ~10 residue
structured inter-helical loop. The plot of intensities as a function of residue number shows
that only N- and C- terminal residues are mobile. Even though this is a relatively small 81-
residue membrane protein many residues are broadened beyond detection in the g=0.5
isotropic bicelle sample. The mobile terminal residues of the full-length protein were
removed by preparation of a truncated construct, MerFt, whose data are shown in Figure 3E.
At the sites of truncation, there are a few mobile residues that clearly do not retain their
stable folding in the absence of adjacent residues; however the interior of the protein,
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including the two trans-membrane helices and the inter-helical loop appears to be essentially
the same.

MerE is a mercury transport protein with similarity to MerF, since it too has two TM

helices. The overall properties of MerE are described by the data in Figure 3G. The plot of
signal intensities as a function of residue number is consistent with the relatively long N-
terminal region that extends beyond the first TM helix having internal backbone mobility.
The central portion of the protein, consisting of two TM helices separated by an inter-helical
loop, appears to be fully structured, with evidence for only a few mobile residues near the C-
terminus.

The example in Figure 3H is a much larger membrane protein, the G-protein coupled
receptor CXCR1, with seven trans membrane helices and 350 residues. Even in isotropic
bicelles with a g=0.1, no signals from the residues in the helices and internal loops can be
observed. This demonstrates that these regions of the protein are structured and reorient with
a longer overall correlation time consistent with a large protein-lipid complex. Only signals
from the mobile residues near the N- and C- termini are present in the spectra, and many of
these are broadened beyond detection in the g=0.5 isotropic bicelle sample. In detailed
studies of the local and global dynamics of CXCR1, many different micelle, bicelle, and
nanodisc environments were prepared, and only signals from the terminal residues could be
observed in solution NMR spectra under all of the sample and experimental conditions
examined (16).

Conclusions

The “g-titration” experiment is effective because of the differential line broadening between
signals from residues with local backbone motions and those that are structured. The relative
line widths of individual signals can be deduced by examining their signal intensities, which
are readily measured even in relatively broad and marginally resolved spectra. For smaller
membrane proteins, the effect is enhanced as long-chain lipids are added to the sample,
which increases the g value and slows the global rotational correlation time. This is observed
most clearly in the plots of relative signal intensities as a function of residue number at each
q value. The differences between the signals from mobile and structured sites for membrane
proteins with one or two trans membrane helices are most dramatic at q values around 0.5. It
is possible to find a g value where the signals from the structured residues broaden beyond
detection (“titrated out”) whereas only relatively minor decreases in intensities are observed
for the signals associated with residues at the mobile sites near the N- and C- termini.
Typically, the g=1.0 spectrum contains only signals from mobile residues. By contrast, at
g=3.2 where magnetically aligned bilayers are formed, the signals from all backbone
residues disappear, including those undergoing local backbone motions.

The proteins examined with the data in Figure 3 range from 46 residues (Pf1 coat protein) to
350 residues (CXCR1) are consistent in having no authentic backbone resonances in
solution NMR spectra of g=3.2 samples. However, all of the proteins yield substantial
resonance intensity in solid-state NMR spectra with g=3.2. Although all of the samples are
uniformly labeled with 1°N, the solid-state NMR spectra have resonance frequencies and
fine structure consistent with their retaining folded structures while highly aligned along
with the bilayers by the magnetic field.

Based on the data in Figure 3 we found that helical membrane proteins behave predictably in
a wide range of lipid environments. The line widths from signals associated with structured
residues broaden as the sizes of the proteins and the g value of the isotropic bicelles
increase. By itself, the “g-titration’ experiment provides a reliable, qualitative description of
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the backbone dynamics and topology of a membrane protein. It also has a role in the
optimization of sample conditions for both solution NMR and solid-state NMR studies,
since the signals monitor folding and aggregation in addition to the details of the
polypeptide chain. We have found general agreement between those residues found to be
mobile by solution NMR in micelles, isotropic bicelles, and nanodiscs and those found to be
mobile by solid-state NMR in bilayers. However, these findings must be interpreted
cautiously because of the known effects of detergent on perturbing the structures of
membrane proteins.

The optimization of conditions for micelle, isotropic bicelle, or nanodisc samples for
solution NMR of membrane proteins is a mostly empirical process that began thirty years
ago (7, 13) and continues to be an active area of research (15, 39-41). Here we show how a
very simple experimental protocol based on the most fundamental principles of NMR
spectroscopy (1) can provide a first glimpse at the principal features of a membrane protein
and accelerate the sample optimization process. We routinely perform the ‘q titration’
experiment on every new polypeptide that is expressed in order to characterize its properties
and to find a starting point for the design of conditions and experiments that accelerates the
sample optimization process.

4. Experimental Methods

Plasmid DNAs were obtained from Novagen (EMD Biosciences,
www.emd-chemicals.com), C41 (DE3) bacterial strains were obtained from Lucigen
(www.lucigen.com), and other competent cells were from New England Biolabs
(www.neb.com). The 15N ammonium sulfate was obtained from Cambridge Isotope
Laboratories (www.isotope.com). Unlabeled DMPC and DHPC were purchased from
Avanti Polar Lipids (www.avantilipids.com) and Anatrace (Affymetrix,
www.affymetrix.com).

Uniformly 1°N labeled proteins were prepared by expression in bacteria grown in minimal
media containing 1°N ammonium sulfate as the sole nitrogen source (26). The proteins were
generally isolated as inclusion bodies with a fusion partner and purified using nickel
chelated chromatography to take advantage of the presence of added histidines tags. The
proteins were then subject to HPLC or FPLC for final purification. Following removal of
solvent, they were lyophilized and stored as powders (42, 43).

The g=0 micelle samples were prepared by dissolving ~2 mg of the purified protein powder
in 500 ul of 1H,0 with 100 mM perdeuterated DHPC and 10% (v/v) 2H,0, at pH 6.7. The
isotropic bicelle samples were prepared by successively adding DMPC to the original DHPC
(g=0) sample in the appropriate amounts for the various q values.

The magnetically aligned bilayer samples for solid-state NMR were prepared by solubilizing
1 mg — 6 mg of the purified protein in a solution containing DHPC, which was then added to
a dispersion of the long chain lipid, DMPC to achieve g=3.2. The samples had a lipid
concentration of 28% (w/v) and contained 300 mM DMPC in a volume of 180 pl of 1H,0 at
pH 6.7. For solid-state NMR experiments, a flat-bottomed NMR tube with 5 mm OD (New
Era Enterprises, www.newera-spectro.com) was filled with 160 pul of the sample solution.

The solution NMR experiments were performed at temperatures between 0°C — 50°C on a
Bruker Avance 600 MHz or a VVarian VNMRS 800 MHz spectrometers equipped

with TH/13C/15N triple-resonance cryogenic probes. A WATERGATE pulse sequence (44)
for water suppression was incorporated into the fast HSQC (32) experiment to acquire the
data for the experimental two-dimensional HSQC spectra shown in Figure 3. The NMR data
were processed and analyzed using NMRPipe/NMRDraw (45).
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The solid-state NMR experiments were performed between 40°C — 42°C on a Bruker

Avance 700 spectrometer equipped with a homebuilt (:H/25N) double-resonance probe with
a5 mm inner diameter solenoid coil. The one-dimensional 1°>N NMR spectra were obtained
by spin-lock cross-polarization (46) with a contact time of 1 ms, a recycle delay of 4s-6s,

an

d an acquisition time of 10 ms — 20 ms.
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Residue number

FIGURE 1.

Illustration of the g-titration experiment for a membrane protein with two trans membrane
helices using artificial data. A. Cartoon of a membrane protein with two trans membrane
helices with the structured helical and loop residues in black and the mobile residues near
the N- and C- termini in grey. B. Simulated two-dimensional tH/X°N HSQC solution NMR
spectra of the protein in a mixture of long-chain and short-chain lipids over the range of g
values shown at the top of each spectrum. C. Relative signal intensities measured from the
spectra in B plotted as a function of residue number.
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FIGURE 2.
Peak height vs. q ratio for the L57 and L17 amide resonances of the Mer Ft construct. Data

points are represented as Gaussians and centered about their respective g ratio. All
Gaussians are defined by peak heights and line width measured from experimental data with
the program SPARKY and normalized with respect to the point for L17 g=0.1. L17 is
located in the mobile N-terminus, gives rise to narrow, high intensity peaks at low q values,
and is observable over a large range of g values. L57 is centrally located in the second trans
membrane helix, and gives rise to relatively broad, low intensity peaks at low q values, and
is not observable at g>0.3.

J Magn Reson. Author manuscript; available in PMC 2013 January 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Son et al.

Page 16

q=0 g=01 qg=05 qg=10 g=32 q=3.2

o -
"N shift (ppm)
R
-
'
'.

8
2
K
=
8

154y -

g
2
i
. .
-

125

8
2
3
2
8
®
°
~
°
°
~
°
°

7.0 80 70 200 100 0

105

S o

i N
%‘E
£

N
8
2
3
=
8
o
®
°
o
®
- o
~
®
®
~
o
®
-
°
N
S
g
°

3
|

i

80 70 80 70 200 100 [

8
2
K
=
8
o
o
®
o
o

e
£

N
8
2
2
2
8

g 3 §
T
ot
S
b,
3
A
.
)
.
"

-
o 0
"

FIGURE 3.

Experimental demonstration of the g-titration experiment applied to eight different
constructs of membrane proteins that are shown as cartoon in the left most column. As in
Figure 1, black is associated with structured residues and gray with mobile residues The next
column show a plot of resonance intensity as a function of residue number for g=0.3 or
g=0.5. A. The membrane-bound form of Pfl coat protein. B. The cytoplasmic domain of the
Vpu from HIV-1. C. Full-length Vpu from HIV-1. D. p7 from HCV. E. - G. Mercury
transport membrane proteins from the bacterial mercury detoxification system. E. MerFt,
which is a N- and C- terminal truncated construct of MerF. F. Full-length MerF. G. MerE.
H. CXCR1. The two-dimensional [1°N, 1H]-HSQC NMR spectra were obtained from
samples with g values between 0 and 3.2, as indicated on the top of the columns, at 50°C
and 600 MHz, except for those from CXCR1, which were obtained at 800 MHz. There are
no authentic backbone signals observed in the solution NMR spectra of the g=3.2 samples.
The one-dimensional spectra in the rightmost column were acquired on samples of the
membrane proteins in magnetically aligned bilayers (q=3.2) using the solid-state NMR
methods of cross-polarization and high power 1H decoupling during acquisition of the 1°N
signals.
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