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ABSTRACT: The three-dimensional backbone structure of a membrane protein with two transmembrane
helices in micelles was determined using solution NMR methods that rely on the measurement of backbone
1H-15N residual dipolar couplings (RDCs) from samples of two different constructs that align differently
in stressed polyacrylamide gels. Dipolar wave fitting to the1H-15N RDCs determines the helical boundaries
based on periodicity and was utilized in the generation of supplemental dihedral restraints for the helical
segments. The1H-15N RDCs and supplemental dihedral restraints enable the determination of the structure
of the helix-loop-helix core domain of the mercury transport membrane protein MerF with a backbone
RMSD of 0.58 Å. Moreover, the fold of this polypeptide demonstrates that the two vicinal pairs of cysteine
residues, shown to be involved in the transport of Hg(II) across the membrane, are exposed to the cytoplasm.
This finding differs from earlier structural and mechanistic models that were based primarily on the
somewhat atypical hydropathy plot for MerF and related transport proteins.

NMR spectroscopy is well suited for determining the
structures of helical membrane proteins; difficult to obtain
crystals are not necessary, and there is sufficient flexibility
in the experimental methods for studies of proteins in the
principal types of lipid assemblies (1). Solid-state NMR of
aligned bilayer samples (2-7) as well as solution NMR of
micelle samples (8-16) has been used to determine the three-
dimensional structures of membrane peptides, proteins, or
their domains with the equivalent of one transmembrane
helix. There have been NMR structural studies of helices
associated with the surfaces of micelles as well (17-19).
However, many of the solution NMR studies of larger
membrane proteins containing more than one transmembrane
helix in micelles have encountered spectroscopic complexi-
ties in the forms of missing, doubled, or broadened reso-
nances that are generally attributed to the variable effects of
internal dynamics of loop regions as well as the helices (20-
23). NMR studies of membrane proteins in mixed organic
solvents are problematic in terms of spectroscopy and
uncertainties about the effect of environment on the structures
(24-27), and indeed for subunit c of the F1F0 ATPase, the
most thoroughly studied example, SDS1 micelles have been
shown to provide more relevant structural insights than
solvents based on TFE or chloroform and methanol (28).
With the increasing interest in structure determination of
membrane proteins, a wide range of lipids have been
screened (29, 30) for their potential to form small, homo-

geneous protein-containing micelles; however, the best
characterized and most reliable choices for both maintaining
native, functional protein structures and obtaining well-
resolved solution NMR spectra remain SDS (31) and DPC
(32).

Although high-quality solution NMR data, including
resonance assignments, have been obtained for proteins with
two and three transmembrane helices in both SDS and DPC
micelles (20, 33, 34), there have been no three-dimensional
structures reported, largely because of the difficulties en-
countered in resolving and assigning a sufficient number of
“long-range” NOEs to determine their folds. Previously, we
have shown that dipolar waves (34-36), which describe the
periodic variation of the magnitudes of dipolar couplings in
the backbone of a protein as a function of residue number,
accurately identify the residues in helices, any deviations
(kinks or curvature) from ideality, and the relative orienta-
tions of helices in weakly aligned micelle samples of
membrane proteins (36, 37).

The results presented in this paper demonstrate that it is
possible to determine the three-dimensional backbone struc-
ture of a helical membrane protein by measuring residual
dipolar couplings for two different alignments of protein-
containing micelles. The 60-residue polypeptide correspond-
ing to the core of the mercury transport membrane protein,
MerF, contains two transmembrane helices and an interhe-
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lical loop, representative of the principal structural features
of helical membrane proteins identified in 20-30% of the
proteins encoded in a typical genome (38). Dipolar wave
analysis contributes to and complements the calculation of
the three-dimensional structure with RDCs as the principal
input for the program X-PLOR-NIH (39); some refinement
of the structure results from the inclusion of chemical shift
derived dihedral angle constraints.

Bacteria that survive in mercury-polluted sediment contain
a transmissible plasmid with an operon that encodes the
sequences of several proteins whose functions constitute a
mercury detoxification system that enzymatically transforms
Hg(II) to Hg(0) (40). Hg(II) is transported from the peri-
plasm, where it binds to the protein MerP (41, 42), across
the membrane into the cytoplasm by a mercury transport
membrane protein (43). Genes for three different mercury
transport membrane proteins have been identified in various
strains of mercury-resistant bacteria (44). MerF has 81
residues and two transmembrane helices and has 20%
sequence identity with the N-terminal two-thirds of MerT
(116 residues and three transmembrane helices); MerC has
143 residues and four transmembrane helices (45), and
similar levels of sequence similarities with MerF and MerT.
All of the proteins that handle Hg(II) contain one or more
pairs of cysteine residues. In MerF, both pairs of cysteine
residues are vicinal, and it has been hypothesized that they
participate in a conduit for Hg(II) from the pair of Cys
residues on MerP (42) to the pairs of Cys residues on the
homologous N-terminal metal binding domains of MerA
(48), the cytoplasmic enzyme that reduces Hg(II) to Hg(0)
(45). This model will require some modification in order to
accommodate the placement of the pairs of cysteine residues
based on the structural results described in this paper. One
pair of cysteines that is essential for function is located
immediately before the first transmembrane helix and a
second pair that affects function directly after the second
transmembrane helix (45-47). This places both pairs of
cysteine residues on the cytoplasmic side of the membrane,
which is markedly different than the earlier models based
on hydropathy plots (45).

With only 81 residues, two transmembrane helices, one
interhelical loop, and the essential biological function of
transporting Hg(II) across membranes, MerF is an attractive
target for structure determination. On the basis of results
obtained in our earlier studies (33, 34, 49), two protein
constructs were designed to address the principal sources of
experimental difficulties encountered in NMR experiments.
The wild-type sequence contains four cysteines and requires
large amounts of a reducing agent in the samples to prevent
aggregation and maintain the native structure; however, since
the reducing agent is oxidized over time, the spectral quality
degrades during signal averaging. Additionally, the spectral
overlap due to the narrow resonances from the mobile,
unstructured residues near the N- and C-termini is problem-
atic. A truncated 60-residue version of MerF, designated
MerFt, was cloned, expressed, and purified. This polypeptide
encompasses residues 13-72 of the full-length protein and
includes all of the residues in the two transmembrane helices
and interhelical loop and a few from the N- and C-terminal
regions. All four cysteine residues are replaced by isosteric
serines in this construct. As a result, samples of MerFt-
containing micelles are stable at significantly higher protein

concentrations and for longer periods of time than those
containing wild-type MerF. Similarly, MerFm, an 80-residue
construct containing the sequence of the full-length MerF,
except for the four Cys to Ser mutations and the N-terminal
Met residue, retains the favorable solubility and stability
properties of MerFt. Valuable spectroscopic and structural
comparisons can be made between these two constructs.
Moreover, the micelles containing the 60-residue MerFt and
the 80-residue MerFm polypeptides align differently in
stressed polyacrylamide gels. This is significant, since it
enables the measurement of backbone residual dipolar
couplings at two different alignments, which is essential for
resolving orientational ambiguities encountered in the analy-
sis of dipolar waves fit to the helical segments and the
constraints used for the calculation of the three-dimensional
structures (50, 51). Furthermore, spectroscopic comparisons
among the truncated polypeptide (MerFt) and the full-length
polypeptides (MerFm and wild-type MerF) demonstrate that
the three-dimensional structure of the 46 residues that
constitute the helix-loop-helix core domain is unaffected
by the presence of the terminal residues or cysteine substitu-
tions.

EXPERIMENTAL PROCEDURES

Materials. Enzymes were purchased from New England
Biolabs (www.neb.com) unless otherwise noted, and the
oligonucleotides were synthesized by Integrated DNA Tech-
nologies (www.idtdna.com). Plasmid DNA of pET-31(+)b
and bacterial strains NovaBlue and BL21(λDE3)pLysS were
purchased from Novagen (www.emdbiosciences.com). Bac-
terial strain C43(λDE3) was obtained from Avidis (www.a-
vidis.fr). [15N2]Ammonium sulfate,15N-labeled amino acids,
[13C6]glucose, and sodium dodecyl-d25 sulfate were obtained
from Cambridge Isotope Laboratories (www.isotope.com).

Cloning, Expression, and Purification of MerF Constructs.
The coding sequences of MerFt and MerFm were constructed
independent of the MerF parental cDNA to enable additional
genetic optimization, simultaneous insertion of the targeted
mutations, and incorporation of restriction sites for vector
preparation. The MerFt sequence was constructed from
mutual priming of long oligonucleotide fragments and the
MerFm sequence by overlap extension of the MerFt coding
sequence. Both sequences were restricted at engineered
AlwNI andXhoI restriction sites and inserted into the pET31-
(+)b vector, which contains a 125-residue N-terminal
ketosteroid isomerase (KSI) fusion for direction of protein
expression to inclusion bodies and a C-terminal 6× His tag
for affinity purification. Plasmids were transformed into
NovaBlue cells and verified by DNA sequencing on an
ABI3100 by the Center for AIDS Research Molecular
Biology Core at the University of California, San Diego.
Amino acid sequences of the protein constructs are given in
Table 1.

Verified plasmids were transformed for protein expression
into C43(λDE3) cells for uniform isotopic labeling and into
BL21(λDE3)pLysS for selective isotopic labeling. Expression
was carried out by inducing cells in M9 minimal medium
containing (15NH4)2SO4 for 7 h by theaddition of IPTG. Cells
were disrupted by sonication. The inclusion bodies were
isolated by centrifugation and then solubilized in 6 M
guanidine hydrochloride and purified using Ni2+ affinity
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chromatography. The polypeptides were cleaved from the
N-terminal KSI fusion and C-terminal His tag by CNBr in
70% formic acid and then purified by size-exclusion chro-
matography on a Sephacryl S-200 column (100 mM Na2-
HPO4, 4 mM SDS, 1 mM EDTA, 1 mM NaN3, pH ) 7.4).
In the case of wild-type MerF, the buffer also contained 20
mM DTT. Detergent was removed from the protein-contain-
ing fractions by exhaustive dialysis, and the precipitated
protein was pelleted by centrifugation and lyophilized prior
to further use.

NMR Sample Preparation.All NMR samples were pre-
pared by solubilizing the lyophilized protein in the SDS-
containing NMR buffer (90% H2O/10% D2O, 500 mM SDS-
d25, 10 mM sodium phosphate, 1 mM sodium azide, pH 6.0).
Samples of wild-type MerF also contained 40 mM DTT. The
protein-containing micelles were incubated at 40°C for 30
min with intermittent bath sonication and microcentrifuged
at 13000 rpm for 15 min to remove any undissolved protein
or other debris. Selectively15N-labeled samples were pre-
pared in the same manner. Hydrogen-deuterium fraction-
ation experiments (52) were performed by lyophilizing the
NMR sample, resolubilizing the protein-containing micelles
in the same volume with increasing ratios of2H2O to 1H2O,
and then incubating and bath sonicating the sample for 1 h
before putting it back into the NMR tube. Samples were
made with2H2O concentrations of 10%, 25%, 50%, 75%,
90%, 95%, and 99%, and the pH was adjusted for all samples
taking into account the uncorrected pH meter readings, 0.4
unit lower for 100%2H2O. Small “isotropic” bicelles (q )
0.25) were prepared using 1,2-dihexanoyl-sn-glycero-3-
phosphocholine (DHPC) and 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) with a total lipid content of 7.5%
(w/v) (53, 54). Protein dissolved in trifluoroethanol was
combined with DHPC in chloroform. The solvent was
removed, and the resulting film of protein and lipid was
redissolved in 90%1H2O/10%2H2O, 1 mM PO4 buffer, and
1 mM NaN3, pH 6.0, and bath sonicated. The resulting
micelle solution was added to DMPC and subjected to
repeated freeze-thaw cycles.

Protein-containing micelles were weakly aligned in stressed
polyacrylamide gels (55). Separate samples were aligned in
a 6% polyacrylamide gel using the method of compression
to induce alignment in the isotropic samples (56, 57) and in
a 5% polyacrylamide gel using the method of Bax and co-
workers (58). For the first method, a solution containing 30%
(w/v) acrylamide and 0.8% bisacrylamide was diluted with
deionized H2O and polymerized by addition of TEMED and
APS in a long glass tube with a 3.5 mm inner diameter.
Following polymerization, the gel was squeezed out of the
glass tube and washed in deionized water overnight to
remove any unpolymerized acrylamide and unreacted TEMED/
APS. The gel was then cut to 2.6 cm in length and dried
overnight at 42°C. The dried gel was then added to a solution
of protein-containing micelles in a Shigemi (www.geociti-

es.com/∼shigemi/) NMR tube with an inner diameter of 4.2
mm, and the plunger was set to restrict the expansion of the
length of the polyacrylamide gel to 1.8 cm. For the second
alignment method, the gel was cast with a 5 mmdiameter,
cut to 2 cm in length, and dried as described above. After
the solution of protein-containing micelles was soaked into
the gel overnight, the gel was squeezed into a standard 4.2
mm inner diameter NMR tube that was sealed with epoxy.
Induction of weak alignment in the samples was confirmed
in a light microscope by optical birefringence prior to
initiating NMR experiments.

NMR Spectroscopy.The NMR spectra shown in the figures
were obtained on a Bruker (www.bruker-biospin.com) DMX
600 MHz spectrometer using a triple-resonance1H/13C/15N
probe equipped with three-axis pulsed field gradients. The
fractionation and dynamics experiments were performed on
a Varian (www.varianinc.com) Inova 500 MHz spectrometer
using a double-resonance1H/15N probe equipped with az-axis
pulsed field gradient. All NMR experiments were performed
at 60°C using a 1.5 s recycle delay. The chemical shifts are
referenced to the1H2O resonance set to its expected position
of 4.3935 ppm at 60°C (59). The standard fHSQC
experiment was used for isotropic samples with 1024 points
in t2 and 256 in t1 (60). 1H-15N heteronuclear NOE
measurements were made using difference experiments with
and without 3.0 s of saturation of the1H resonances between
scans (61). Initial backbone resonance assignments were
made using a standard HNCA experiment with constant time
evolution for15N, and solvent suppression was accomplished
with a water flip-back pulse after the original1H-15N
magnetization transfer (62). However, due to the extensive
overlap among the CR resonances, which is typical of helical
membrane proteins in micelles, spectra from several selec-
tively 15N-labeled protein samples were necessary to resolve
assignment ambiguities. Two-dimensional HMQC-NOESY
experiments performed with a 150 ms mixing time were also
helpful in dealing with the resonance overlap encountered
in two-dimensional spectra of uniformly15N-labeled samples
(37, 63).

NMR data were processed using the NMRPipe software
package (64). Spectra were assigned, peak intensities mea-
sured, and peak volumes integrated using the program Sparky
(T. D. Goddard and D. G. Kneller, SPARKY 3, University
of California, San Francisco). With all of the1H, 15N, and
13CR backbone resonances assigned, the chemical shift index
was then used to verify the residues in the helical segments.

For the1H/2H fractionation experiments, the same sample
was used for all measurements in order to quantitatively
compare the peak intensities. Individual fractionation factors
(ø) were obtained for each residue by plotting the normalized
peak intensities as a function of mole fraction of1H2O and
fitting the expression

Table 1: Amino Acid Sequence of MerF Constructs

(yC)-1 ) ø(1 - X)/X + 1
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wherey is the peak intensity,C is a normalization constant
for the intensity of the peak with 10%2H2O, andX is the
mole fraction of1H/2H in the sample. The value ofø is
equivalent to the slope of the line describing this relationship
(52). Fractionation factors were fitted by linear regression
in MATLAB (www.mathworks.com).

Weak alignment of the sample was confirmed by the
observation of a splitting of the2H signal in the lock channel
of the NMR spectrometer, and the spectral quality was
monitored with two-dimensional spectra obtained using a
version of the1H-15N HSQC experiment modified for
suppression of the NH2 signals from the acrylamide (57).
Measurements of the1H-15N residual dipolar couplings were
made using a sensitivity-enhanced version of the IPAP
experiment (65). The contribution to the1H-15N splitting
from the isotropic scalar coupling was determined by
performing the same experiment on an isotropic micelle
sample and subtracting the value of the isotropicJ-coupling
obtained from that measured for the weakly aligned gel
sample.

Analysis of Dipolar Couplings.The analysis of the
experimentally measured RDCs was performed using custom
scripts in MATLAB. Helical regions were identified by
applying a sliding window fitting algorithm to the experi-
mental RDCs as described previously (36). For each window
of five residues, a simple sinusoid of periodicity 3.6 was
best fitted to the experimental data, and the RMSD between
that sinusoid and the experimental data was calculated. When
the RMSDs are plotted as a function of residue number, the
regions having low scores are identified as helices and are
fitted as single sinusoids. Helices have RMSDs below the
experimental error of∼1.5 Hz; higher scores are generally
interpreted as deviations from ideality such as kinks and
curvature (34, 36). Simple fitting of an expression relating
the orientation of the helix to the amplitude, average value,
and phase of the sinusoid is an initial step toward structure
determination and precisely determines the relative orienta-
tions of helices to within four degenerate solutions (36). Data
from at least two different alignments of the protein are
essential for resolving among the orientational ambiguities
and obtaining unique structural solutions (50, 51).

Two helical regions were identified on the basis of the
periodicity of their dipolar waves in both orientations of both
constructs. The first segment is from residues L27 to L39
and the second from residue A50 to residue R66 with both
regions having RMSD values of less than 1.3 Hz, slightly
lower than the experimental error. The inclusion of data from
one or more additional residues on either end of the helices
significantly reduces the quality of the fits. Also, the
preceding residue is a proline in both cases (P25, P49).
Values ofDa andR were determined by directly fitting the
expression describing the sinusoidal oscillations for1H-15N
couplings for helices to the experimental data, and the values
that optimized the fit to the data fromboth helices of the
same sample were selected. For the compressed gel sample
of MerFt the values ofDa andR were-9.15 Hz and 0.25,
respectively. Residual dipolar couplings measured from
MerFm gave similar results, but the protein was aligned
differently within the pores of the gel (Da ) -8.21 Hz;R )
0.14).

Three-dimensional protein structures were calculated from
the experimental data using a basic simulated annealing

protocol in the program X-PLOR-NIH (39). An extended
template with favorable covalent geometry was annealed
against dihedral angle restraints having a force constant of
300 kcal/K in the regions of the protein found to beR-helical
based on the periodicity of their dipolar waves. First, the
protein was subjected to 10 ps of dynamics at 3000 K. An
error bound of 1° was applied to dihedral angle restraints
during dynamics to promote formation of the helical second-
ary structural elements and maintained through slow cooling
to minimize helical distortion not present in the initial fitting.
To facilitate the transition to the termination of helices, the
first set and last set ofφ and ψ dihedrals were given an
error bound of 5°. The harmonic restraints for the1H-15N
residual dipolar couplings were introduced with the force
constant linearly increased from 0.01 to 7 kcal Hz-1 K-1 as
the temperature was lowered to 25 K in steps of 12.5 K over
120 ps with a fixed error bound of 1.05 Hz per coupling, as
described in the rdcpot module of X-PLOR-NIH (39). A
supplemental radius of gyration term (Rgyr), which reflects
the packing tendencies of secondary structure elements, is
frequently applied in order to improve the quality of
structures calculated for soluble proteins from NMR data
(66). Similarly, aRgyr potential was applied in the calculations
of the structure of the MerFt at a force constant of 50 kcal
mol-1 Å-2; additional optimization ofRgyr was performed
to improve convergence by varying the residues influenced
by this term and the applied radius as described below (67).
Data from multiple alignments were incorporated using a
separate pseudoatom for each alignment and weighting each
dataset equally. Supplemental dihedral angle restraints were
generated from15N and13C chemical shifts using the TALOS
program (68) and implemented with the dihedral angles
derived from the dipolar wave analysis at a reduced force
constant of 30 kcal/K and an increased error bound of 50°.
The inclusion of these restraints improved the convergence
of the structure calculations, especially for the nonhelical
residues. Side chain conformations were restrained using a
database potential of mean force to maintain realistic
geometries (69). The accepted structures have violations of
the RDC values that are less than 1.05 Hz and deviations of
the helical dihedral angles of less than 10° from those
determined by dipolar wave fitting. Optimization of theRgyr

term was performed by arraying both the residues directly
affected by this potential and then the magnitude of the radius
in order to minimize structural distortion away from the
experimental data.Rgyr values, between 8 and 30 Å, were
tested, and the statistical information on the population of
structures generated for each value is included in the
Supporting Information. Results from theRgyr optimization
were spatially profiled using the DEFINE STRUCTURE
program (70), which has previously been utilized in database
analysis of membrane proteins of known structure (71).
Parameters derived from the DEFINE STRUCTURE pro-
gram are based upon analysis of the CR distance matrix
generated from the Cartesian coordinates of the calculated
structures and are listed in the Supporting Information.

RESULTS

Two-dimensional1H-15N HSQC spectra of uniformly15N-
labeled polypeptides corresponding to three different con-
structs of MerF are shown in Figure 1. Sample optimization
involved the comparison of spectra obtained in several
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different micelle-forming lipids over a range of protein, lipid,
and salt concentrations, lipid to protein ratios, and temper-

atures. The best-resolved and most reproducible spectra were
obtained in SDS micelles at 60°C. These and other
experimental conditions are typical of those we have previ-
ously used in solution NMR studies of helical membrane
proteins in micelles (9, 17, 33, 37, 72). Under these
conditions, the wild-type protein binds mercury, and as
demonstrated by the NMR data all three constructs adopt a
unique folded structure with no evidence of internal mobility,
except for residues near the N- and C-termini. NMR spectra
of the truncated 60-residue MerFt (Figure 1A) and the full-
length 80-residue MerFm (Figure 1B) and MerF (Figure 1C)
polypeptides have many similar features. However, the
additional 20 resonances present in the spectra of the full-
length polypeptides overlap in the central region because they
are from mobile and unstructured residues near the N- and
C-termini and have similar1H chemical shift frequencies.
Significantly, nearly identical spectra were obtained from
all three proteins in2H2O solutions (Figure 1E-G) where
the observable resonances are from residues in the trans-
membrane helices. The quantitative comparisons of the1H
and 15N chemical shift frequencies for the resonances of
MerFt and MerFm in Figure 2C demonstrate that residues
26-66, which constitute the helix-loop-helix core domain
of MerF, are not substantially affected by the presence of
the residues at the N- and C-termini. There are significant
chemical shift differences only near the truncation sites that
form the N- and C-termini of MerFt.

In the context of membrane protein structure determina-
tion, another highly relevant comparison is between the
spectra of MerFm in micelles (Figure 1A) and in small
isotropic bicelles (Figure 1D). Although the1H resonance
line widths observed in the bicelle sample are noticeably
broader (20 vs 10 Hz), reflecting the slower overall reori-
entation of the protein when associated with bicelle-forming
lipids, there are striking similarities between the patterns of
resonances. This is especially true for the spectra obtained
in 2H2O solutions (Figure 1E vs Figure 1H). These data
indicate that the helix-loop-helix core domain of MerF has
similar properties in both micelle and bicelle samples. Solid-
state NMR results (73) on samples of the same polypeptides
in large aligned bicelles indicate that the core domain also
has similar properties in planar phospholipid bilayers.

Further evidence that residues 26-66 have similar proper-
ties in the truncated MerFt and full-length MerFm constructs
comes from comparisons of their dynamics. Relative reso-
nance intensities (peak heights) are readily measured sur-
rogates for line widths in HSQC spectra and reflect local
backbone dynamics, since large-amplitude backbone motions
that are rapid compared to the overall reorientation rate of
the protein reduce the line widths and increase the intensities
of the resonances. The plots of peak intensities as a function
of residue number are similar for the core helix-loop-helix
residues in both constructs (Figure 2D,E). Significantly, the
only resonances with substantially greater intensities (nar-
rower line widths) are from residues in the N- and C-terminal
regions of the polypeptides. The heteronuclear1H-15N NOE
measurements, which are highly reliable indicators of local
backbone motions in helical membrane proteins in micelles
(74), confirm that residues in the helices and the interhelical
loop have the same rotational correlation time and that
additional backbone motions are present only in residues near
the N- and C-termini (Figure 2H).

FIGURE 1: Two-dimensional1H/15N HSQC spectra of uniformly
15N-labeled samples of polypeptides with sequences derived from
MerF. (A) MerFt in micelles in H2O. (B) MerFm in micelles in
H2O. (C) Wild-type MerF in micelles in H2O. (D) MerFt in isotropic
bicelles in H2O. (E) MerFt in micelles in D2O. (F) MerFm in micelles
in D2O. (G) Wild-type MerF in micelles in2H2O. (H) MerFt in
isotropic bicelles in2H2O. The micelle samples contained 500 mM
SDS, the bicelle sample contained 7.5% DHPC/DMPC (q ) 0.25),
and the protein concentrations were 0.7 mM. The temperature for
micelle samples was 60°C; the temperature for bicelle samples
was 42°C (td1 ) 1024,td2 ) 256,d1 ) 1.5 s).
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Deuterium/hydrogen fractionation is an effective method
for monitoring hydrogen exchange at amide sites in mem-
brane proteins (52), because it can provide valid comparisons
over the wide range of exchange rates encountered for
residues in transmembrane helices and exposed loops, turns,
and terminal regions. The fractionation values determined
for MerFt and MerFm are plotted as a function of residue
number in panels F and G of Figure 2, respectively. The
residues in the two helical segments are readily identified
in these plots because they undergo negligible hydrogen
exchange under these conditions; in contrast, the loop and
terminal regions undergo substantial exchange.

Not only do the1H-15N backbone RDCs provide a robust
index of secondary structure and topology, but they are also
the source of orientation constraints as input for calculations

of three-dimensional structures. The regular secondary
structure of the protein is mapped onto the spectroscopic
measurements through the dipolar waves. The signature
periodicity of 3.6 of the sine waves fit to the data identifies
the residues in aR-helix and provides a fine delineation of
the boundaries of the helix based on periodicity. In contrast,
a traditional hydropathy plot (Figure 2A) provides only a
coarse prediction of the transmembrane helices because the
helical boundaries are strongly influenced by the choice of
threshold and the size of the window (75). Moreover, the
shape of the plot for the first transmembrane helix is distorted
for MerF. In contrast, dipolar wave fitting to the experimental
RDCs (Figure 2I,J) identifies the boundaries of the helical
segments within one residue. Additionally, the dipolar waves
show that both of the helices in MerF are straight and nearly
ideal, and their magnitudes and average values can be used
to determine the relative alignment of the helices (34-36).

Through fitting of a sinusoid to the measured residual
dipolar couplings as a function of residue number, the
orientations of the structural elements can be parametrized.
Importantly, rather than a trace of infinite possible orienta-
tions for a single dipolar coupling, the degeneracy of an
ensemble of couplings for each individual structural element
is reduced to four orientations. Thus, for a polypeptide with
two helices, there is an expected 16-fold degeneracy for the
absolute orientations. By focusing on the relative orientations
of the structural elements, the 16 degenerate solutions are
reduced to four nonsuperimposable orientations of the two
helices as shown in Figure 3A-D. A further reduction in
the number of orientations consistent with the experimental
data can be achieved by comparing the results obtained from
samples where the proteins have different alignments. This
was accomplished by comparing the RDCs for the residues
in the core domains of MerFt and MerFm. Since the
resonances from these residues have the same isotropic
chemical shifts (Figure 2C), dynamics (Figure 2D,E), and
secondary structure (Figures 2F,G and 2I,J) in both con-
structs, the differences in the measured residual dipolar
couplings reflect only variations in the alignments of the
proteins in the samples. The angles between the helices noted
in Figure 3 are all consistent with the experimental data. The
models of helices shown in Figure 3D,H are the only pair
that is the same within experimental error, are compatible
with both helices passing through the bilayer, are consistent
with the selective broadening of resonances preceding the
first helix by paramagnetic reagents (76-78) covalently
linked to Cys 71 after the second helix, and are in agreement
with the results of solid-state NMR experiments on bicelle
samples (73) and the protein structure calculated (Figures
3I and 4) using X-PLOR-NIH. This demonstrates the
consistency of the analysis of the data and the unique
determination of helix topology.

The structure calculations of the helix-loop-helix core
domain (residues 27-66) based on the RDCs converge to
an ensemble of structures with a backbone RMSD of 1.56
Å. To facilitate the formation of the protein fold, a radius of
gyration potential was applied to the helical segments across
a wide range of values and was optimized in order to
minimize the tendency to distort geometry and violate
experimental constraints. Included in the Supporting Infor-
mation is a summary of theRgyr array and statistics of the
observed populations. The inclusion of the TALOS-derived

FIGURE 2: (A) Kyte-Doolittle hydropathy plot of MerF. (B) CR
chemical shift index of MerFt. (C) Comparison of the chemical
shifts of the two constructs reveals that the only differences are at
the N- and C-termini, with the most significant ones being at the
N-terminus for residues 13-26. (D, E) Peak intensities compared
for these constructs show that the differences at the N-terminus
are related to the change in dynamics from one construct to the
other. (F, G) Hydrogen/deuterium fractionation factors identify the
two R-helical regions of the protein that are resistant to exchange
with the solvent in MerFt and MerFm, respectively. (H) The values
of the1H/15N NOEs show that the N- and C-termini of the protein
are dynamic relative to the helices while the interhelical loop is
not. (I, J) Values of the1H-15N RDCs for both MerFt and MerFm
show the characteristicR-helical periodicity between residues 27
and 39 and between residues 50 and 66, with nonzero values in
the interhelical loop.
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dihedral constraints in the calculations does not significantly
alter the average structure of the protein; however, they do
effect a reduction of the backbone RMSD of the ensemble
to 0.58 Å. In the final structure calculations, 15 out of 100
possible structures were accepted, and the ensemble of
structures has an RMSD of less than 1.05 Hz to the
experimental RDCs. The ensemble of accepted structures is
shown as a variable radius spline in Figure 4A.

DISCUSSION

Many soluble, globular proteins have large amounts of
helical secondary structure; for example, hemoglobin is about
70%R-helix. Thus, the most distinctive feature of a helical
membrane protein is the requirement of lipids for it to adopt
a stable, functional conformation. The lipid composition of
biological membranes is diverse, and many natural and
synthetic lipids are available from commercial suppliers. For
structural studies of membrane proteins, the most significant
types of lipid assemblies are micelles, small isotropic bicelles,
large magnetically aligned bicelles, and bilayers (1). Large
bicelles and bilayers are the most attractive systems for
structure determination because the proteins reside in a
planar, liquid-crystalline, phospholipid environment with
chemical and topological properties essentially identical to

those found in biological membranes; however, they can only
be studied by solid-state NMR spectroscopy (1, 73). Micelles
and small bicelles are complementary experimental systems
that reorient rapidly enough to be studied by solution NMR
spectroscopy. The genuine differences found in the structures
and dynamics of membrane proteins in various lipid as-
semblies (34) enable the effects of lipids on protein structure
and function to be examined. As a practical matter, difficul-
ties resulting from aggregation or solubility are often
encountered in the preparation of samples of membrane
proteins, and flexibility in the choices of lipids and conditions
is needed to overcome these problems. The experimental
NMR spectra in Figure 1 demonstrate that lipid and polypep-
tide components can be selected and manipulated as part of
the sample optimization process to yield well-resolved HSQC
spectra. The ranges of1H and 15N isotropic chemical shift
frequencies and the line widths and shapes reflect the
properties of native, folded proteins. The chemical shift
frequencies observed in HSQC spectra are highly sensitive
to local structure, and even small conformational changes
can result in substantial variations of the chemical shifts.
Therefore, the spectra in Figure 1 demonstrate that the helix-
loop-helix core domain of MerF has the same structure in
truncated and full-length constructs and in micelles and small
bicelles.

The results summarized in Figure 2 provide a more
detailed view of the structure and dynamics of MerF in
micelles. By itself, the hydropathy plot in Figure 2A is
somewhat ambiguous, since it can be viewed as being
consistent with MerF having two or possibly three trans-
membrane helices, as well as a substantial range of lengths
for the first transmembrane helix, and this contributed to
differences among earlier models of the protein (34, 45, 49).
Both the CR chemical shift index (79) and, more definitively,
the dipolar wave fits to the1H-15N RDCs support the
definition of the twoR-helical segments of MerF containing
residues 27-39 and 50-66. Further support for the N-
terminal boundaries of the helices comes from the presence
of proline residues at positions 26 and 49. The fractionation

FIGURE 3: Four-fold orientational degeneracy arising from dipolar
wave fitting of residual dipolar couplings for MerFt (left column)
and MerFm (right column). (I) Structure of MerFt.

FIGURE 4: (A) Spline representation of an ensemble of structures
calculated using the NMR data (residues 24-69). Structure of the
helix-loop-helix core of MerF in micelles. The family of the
structure has an RMSD of 0.58. (B) Space-filling surface displaying
the hydrophobicity based upon the whole-residue partitioning
coefficients for the structure in (A) transitioning from black
(negative coefficient, hydrophobic) to white (positive coefficient,
hydrophilic).
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factors indicate that residues in these two regions of the
protein are highly resistant to hydrogen exchange with
solvent water; indeed, as shown in Figure 1, amide reso-
nances from these residues remain in samples that have been
exposed to high levels of2H2O for many weeks, which
provides strong qualitative support for the locations and
lengths of the helices. The dipolar waves for both the
truncated (Figure 2I) and full-length (Figure 2J) polypeptides
show the 3.6 residues per turn periodicity characteristic of
anR-helix for these same residues. Other fitting parameters
indicate that both helices are straight and nearly ideal (36).

Both the resonance intensities (line widths) and1H-15N
heteronuclear NOEs show that there are local backbone
motions at the C-terminus of the truncated protein (Figures
2D and H) and both the N- and C-termini of the full-length
protein (Figure 2E) in micelles. Significantly, none of the
residues in the helix-loop-helix core domain of MerF
shows evidence of internal motions in micelles. Therefore,
residues 40-49 that form the interhelical loop adopt a single
stable conformation on the time scales of the solution NMR
experiments. This conclusion is reinforced by the large
magnitudes and irregular variation in the amplitudes of the
RDCs for these residues (Figure 2I,J), especially when
compared to the near-zero RDCs observed for the residues
near the termini of the proteins in the same samples.

Approximately 10 residues at the N-terminus and 6
residues at the C-terminus of the truncated MerFt are
unstructured and flexible, as indicated by their relative
intensities (line widths),1H/2H fractionation factors,1H-
15N heteronuclear NOEs, and the observation of near-zero
values for their RDCs. The corresponding residues show little
additional evidence of structure in the full-length MerFm

polypeptide. However, these N- and C-terminal residues
adopt unique rigid conformations in bilayer environments,
since solid-state NMR spectra of these proteins show little
or no evidence of isotropic resonance intensity indicative of
internal motions (73). The dynamics of residues in terminal
and loop regions is emerging as one of the largest areas of
differences between membrane proteins in micelle and
bilayer environments (34); it is a principal reason why the
demonstration that the residues in the interhelical loop and
the helices do not display evidence of internal dynamics and
adopt unique structures by the data in Figure 2 is crucial for
the structure determination of MerFt in micelles.

The whole-residue hydrophobicity based upon partitioning
constants (80) is displayed on the surface of an accepted
protein structure in Figure 4B. The gray scale gradient
reflects the variation from hydrophobic (black) to hydrophilic
side chains (white). The impact of the relatively large
hydrophobic core on the protein structure is evident, both
from the prevalence of hydrophobic residues in the helical
segments and from their exclusion from the terminal seg-
ments. Additional views of the structure are contained in
the Supporting Information.

The structure determined for the central helix-loop-helix
domain of MerF demonstrates that converged structures can
be calculated with remarkably high structural precision from
sparse NMR data, in this example, principally two sets of
1H-15N residual dipolar couplings from samples with
nondegenerate alignments. Two additional terms were ap-
plied in the calculations to facilitate the convergence to a
final family of protein structures. The predictions derived

from chemical shift analysis made by the TALOS program
have been shown to be reliable in many cases; however, the
finite database being searched in the prediction as well as
the composition of the databases (typically small, soluble
proteins) raises concerns about the application of TALOS
predictions to a membrane protein. Therefore, the TALOS-
derived dihedrals were applied with a significantly smaller
force constant than the dipolar wave-derived dihedrals to the
helical segments (30 vs 300 kcal deg-1 K-1) and without
being evaluated in the acceptance criteria of the structures.
In the accepted protein structures, the dihedrals display
significant variance from the initial TALOS predictions. The
second term applied to aid in the convergence of the MerF
structures was a radius of gyration potential. DEFINE
STRUCTURE analysis of theRgyr optimization failed to
associate the helices for the second population of acceptable
structures atRgyr ) 15.5 Å, and the closest helical contact
(based upon the CR distance matrix) for theRgyr ) 15.5 Å
population was∼20 Å. The ensemble of structures generated
with this Rgyr, while satisfying the experimental restraints
within the acceptance criteria, exhibited a general lack of
convergence with respect to relative helical tilts and phases
and gave the largest deviation from the relative helical tilts
compared to the dipolar wave analysis of the helical
segments. The results of the first population atRgyr ) 9.43
Å gave an axial helical separation of 7.1( 1.1 Å. The
analysis of structures calculated atRgyr ) 9.5 Å also gave a
mean axial distribution of 7.1 Å as did other members of
this subpopulation ofRgyr values that yielded accepted
structures, which suggests that the calculation is relatively
insensitive to minor variation in theRgyr term. Previous
analyses of the crystal structures of membrane proteins have
determined two major distributions of axial separation, one
centered at 7.3 Å and another at 10.8 Å (71). Thus, the
structure of MerFt determined by NMR has an axial
separation between helices that is consistent with previously
determined structures of membrane proteins.

On the basis of the periodicity of theR-helix, MerFt has
two helical segments, encompassing residues 27-39 (13
residues) and residues 50-66 (17 residues), in micelles. Both
helical segments of MerF have proline residues, which are
associated with helix distortions (81), at their N-terminal
ends. Since prolines are imino acids, they do not have a
backbone amide site for the measurement of1H-15N dipolar
couplings. However, in situations where a proline is located
in the middle of a helix, dipolar waves corresponding to
distinct helical segments can be fit to residues on both sides,
generally exhibiting differences in the observed phasing or
amplitude of the dipolar oscillations that are characteristic
of a kink (36). Attempts to extend the dipolar wave fittings
beyond the proline residues in both helices of MerFt, in
particular at T24, V26, and L48, found evidence of substan-
tial distortions. Although some evidence of periodicity could
be found in the segment before helix 1, residues G14-F23
have dynamic properties, fractionation factors, and near-zero
residual dipolar couplings that are inconsistent with the
presence of a stable helix. A short stretch of residues before
helix 2, Y45-L47 or V46-L48, also displays some evidence
of periodicity; however, such small stretches are generally
artifacts resulting from overparametrization, and we do not
consider them to be part of the helix as defined by fits to
dipolar waves.
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The program DEFINE STRUCTURE generally finds
somewhat longer transmembrane helices. The discrepancies
between the helical lengths predicted by dipolar wave fitting
and DEFINE STRUCTURE arise from the high sensitivity
of the wave fits to deviations in the periodicity of helices
(36). Helices with between 13 and 36 residues are found in
the other membrane proteins with their structures determined
(82), and the average length of helices that appear to span
the hydrophobic portion of bilayers is 17.3 residues (83).
The analysis of the MerFt structure with DEFINE STRUC-
TURE assigns lengths of 16 residues, spanning 26.94 Å, and
18 residues, spanning 27.42 Å, to the two helices. The
distances are based upon the CR matrix. Using either the
more conservative values determined by fitting dipolar waves
to the RDCs (13 residues and 17 residues) or those from a
structural analysis (16 residues and 18 residues), the lengths
of the helices of MerFt are typical of those found in the
structures of other membrane proteins. The structure in
Figure 4 and the model in Figure 5 show the two helices
spanning the bilayer. Solid-state NMR spectra of MerFt in
aligned bicelles demonstrate that the two helices have similar
tilt angles in bilayers of dimyristoylphosphatidylcholine (73).

The selective reintroduction of the cysteine residues, the
determination of the structures of more members of this
family, and the extension of structural studies to the side
chains should provide an opportunity to describe the
structural basis for the transport function of MerF and its
role in the detoxification of mercury by bacteria. Little is
known about the oligomeric state of these proteinsin ViVo
or in Vitro, and as this information becomes available, it too
will influence the understanding of the structural biology of
the helical segments and their roles in the transport of
mercury across the membrane.

Genetic studies on a related protein, MerT, have shown
that the two pairs of vicinal cysteine residues play key roles
in the transport process (84). The first set of vicinal cysteines
has been shown to be essential for functionality; the residues
corresponding to this first cysteine pair some evidence of
minor truncation effects between the two constructs tested,
as indicated by differences in chemical shifts, RDCs, and
dynamic properties for these residues in MerFt and MerFm.
The second set of vicinal cysteines appears to be located in
a region of the protein that undergoes additional backbone
motions, which may have functional significance. The
structure of MerF in micelles determined by NMR spectros-
copy shows that both pairs of cysteine residues are located
on the cytoplasmic side of the membrane. The structural
model shown in Figure 5 is distinctly different than that
derived principally from the hydrophobicity plot that located
the first pair near the periplasm with only the second pair

exposed to the cytoplasm (45). Thus, the structure of the
helix-loop-helix core domain of MerF illustrated in Figure
4 not only demonstrates that NMR can be used to determine
the three-dimensional structures of polytopic membrane
proteins but also sets the stage for studying the structural
biology of heavy metal transport across membranes.
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SUPPORTING INFORMATION AVAILABLE

An example spectrum with assignments is given in Figure
S1. Correlation plots of1H-15N RDC measurements for
degenerate alignments of MerFt in compressed and stretched
polyacrylamide gels and nondegenerate alignments of MerFt

and MerFm are given in Figure S2. Correlation plots of
experimental1H-15N RDC values to back-calculated1H-
15N RDC values from each of the proposed models for MerFt

and MerFm are shown in Figure S3. Additional views of the
hydrophobicity surface given in Figure 4C are included in
Figure S4 in color scale to illustrate the interface between
the helices and indicate the sites of charged residues. Figure
S5 gives alternative representations of the determined
structures, including the conventional overlay of the full
ensemble of structures. Tables contain the experimental data
of residue-specific1H, 15N, and13CR chemical shift assign-
ments (Table 1) and1H-15N RDC (Table 2) and additional
information on the structure calculation including general
model statistics (Table 3), values of the derived dihedrals
from the dipolar wave fitting and TALOS prediction (Tables
4 and 5, respectively), experimental and simulated RDCs
(Table 6), radius of gyration convergence statistics (Table
7), and DEFINE STRUCTURE model analysis (Table 8).
This material is available free of charge via the Internet at
http://pubs.acs.org.
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