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NMR Structure of Mistic, a
Membrane-Integrating Protein

for Membrane Protein Expression
Tarmo P. Roosild, Jason Greenwald, Mark Vega,

Samantha Castronovo, Roland Riek,* Senyon Choe*

Although structure determination of soluble proteins has become routine, our
understanding of membrane proteins has been limited by experimental
bottlenecks in obtaining both sufficient yields of protein and ordered crystals.
Mistic is an unusual Bacillus subtilis integral membrane protein that folds
autonomously into the membrane, bypassing the cellular translocon ma-
chinery. Using paramagnetic probes, we determined by nuclear magnetic
resonance (NMR) spectroscopy that the protein forms a helical bundle with a
surprisingly polar lipid-facing surface. Additional experiments suggest that
Mistic can be used for high-level production of other membrane proteins in
their native conformations, including many eukaryotic proteins that have
previously been intractable to bacterial expression.

Integral membrane (IM) proteins, constituting

nearly 30% of eukaryotic genomes, play cen-

tral roles in cellular transport processes, inter-

cellular signaling, and growth regulation.

However, of the more than 28,000 high-

resolution protein structures known, only some

25 unique families of IM proteins are rep-

resented. This disparity is accounted for by two

bottlenecks in membrane protein structural

analysis: high-yield protein production and crys-

tallization. Recombinant expression of IM pro-

teins in Escherichia coli, the primary protein

source for biophysical studies, has met with

limited success (1). Two complications likely

account for this difficulty. First, IM proteins

must be trafficked to the membrane, requiring

targeting signals that may not be recognized by

the bacterial host. Second, high-level expression

of membrane proteins that can use E. coli trans-

locon machinery will competitively exclude pro-

duction of other vital host membrane proteins,

leading to toxicity. Most successful attempts at

expression of IM proteins in bacteria have

used low-copy-number plasmids with weak

promoters to produce low levels of protein,

compensated by large culture volumes (2).
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Fig. 4. (A) Scanning electron microscopy of
bacteria demonstrating the abundance of
TTSS secretions (arrowed) on the cell
surface; scale bars and strains are shown.
(B) Number of visible secretions per bacteri-
um (error bars show SD). (C) Immunogold
labeling of IpaB at the bacterial surface, and
(D) secretion of IpaB and IpaC into culture
supernatants detected by Coommassie are
not affected by LPS glucosylation; secretion
was induced by the addition of Congo Red
(þ). (E) Negative-staining electron micros-
copy showed that the number of TTSS
emerging from the bacterial outer membrane was not altered in the
strain lacking the gtr operon. (F) The interaction between LPS and TTSS.
Hyperinvasive strains that have truncated LPS molecules are susceptible
to being killed by the innate immune response in vivo. Bacteria

expressing unglucosylated LPS are compromised for invasion and
therefore attenuated. Glucosylation of the O antigen halves the length
of the LPS molecule, which allows efficient function of the TTSS while it
retains resistance to antimicrobial factors in vivo.
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Alternatively, one can target IM proteins to

inclusion bodies (3), but this requires subse-

quent renaturation of the desired protein

from these insoluble deposits, a process with

limited success rates.

The established procedure of using fusion

partner proteins to aid production of recom-

binant proteins has also had limited utility

in the production of eukaryotic IM proteins

(4), because the fusion proteins currently avail-

able do not target the construct to the mem-

brane or facilitate membrane insertion. An

ideal fusion partner for IM protein produc-

tion would autonomously traffic its cargo to

the membrane, bypassing the translocon and

associated toxicity issues while retaining the

characteristics of other successful fusion part-

ner proteins, including relatively small size, in

vivo folding, and high stability. Several

proteins (particularly bacterial toxins) and

some synthetic peptides (5) have many of

these characteristics, which suggests that an

ideal fusion partner specialized for recom-

binant IM protein production in E. coli is likely

to exist.

Crystallization is another obstacle in the

determination of IM protein structures, because

such proteins must be solubilized in detergent

micelles that are inherently resistant to forming

ordered crystal lattices. Nuclear magnetic reso-

nance (NMR) spectroscopy offers an alterna-

tive method for determining atomic resolution

structures of proteins (6, 7). To date, however,

protocols for NMR structure determination of

IM proteins have been established only for

very small, structurally simplistic IM proteins

(8, 9) and for outer membrane bacterial porins

(10–12), whose b-barrel fold allows collection

of ample interstrand long-range backbone-

backbone nuclear Overhauser effects (NOEs)

that are sufficient to determine the fold of the

protein. The development of new techniques

to specifically address the inherent char-

acteristics of a-helical IM proteins is neces-

sary to bring the powerful tools of NMR to

bear on this class of molecules.

We have isolated a 110–amino acid (13 kD)

B. subtilis protein called Mistic (an acronym

for Bmembrane-integrating sequence for

translation of IM protein constructs[). Mistic

associates tightly with the bacterial mem-

brane when expressed recombinantly in E. coli

(Fig. 1A) (13). Surprisingly, however, Mistic

is highly hydrophilic, lacking a recognizable

signal sequence. Detergent-solubilized Mistic

binds tightly to micelles and aggregates rap-

idly when stripped of surfactant. Mistic solu-

bilized in lauryl dimethylamine oxide (LDAO)

was found to be monomeric by static light

scattering analysis in combination with de-

tection of ultraviolet absorption (fig. S1), form-

ing a protein-detergent complex (PDC) of

È25 kD containing È50 molecules of LDAO

(relative molecular mass 0 229.4) per mole-

cule of Mistic.

The in vivo topology of this protein in

E. coli was analyzed by evaluating the ac-

cessibility of an array of monocysteine mutants

to the membrane-impermeable thiol biotinylat-

ing reagent 3-(N-maleimido-propinyl) biocytin

(MPB) (14). In addition to the single naturally

occurring cysteine (residue 3), cysteine muta-

tions were introduced individually at the C

terminus (residue 110) and in predicted loop

regions at positions 30, 58, and 88 (Fig. 2A),

with the naturally occurring cysteine mutated

to valine. This experiment revealed a well-

exposed periplasmic C terminus (Fig. 1B) (fig.

S2). The lack of reactivity of the other loca-

tions indicates that they are either intracellu-

lar or membrane-embedded in Mistic_s native

conformation.

NMR de novo structure determination be-

gan with sequential backbone assignment,

including the use of transverse relaxation op-

timized spectroscopy (TROSY)–HNCA (15, 16),

TROSY-HNCAcodedCO (17), and TROSY-

based 15N-resolved E1H,1H^–nuclear Overhauser

effect spectroscopy (NOESY) (mixing time

200 ms) of a 2H, 15N, and 13C-labeled sample

(fig. S3). The 13Ca chemical shift deviation

from Brandom coil[ values, the observed NOE

pattern, and slow 1H
N

exchange with solvent

strongly indicate the presence of four helices

comprising residues 8 to 22, 32 to 55, 67 to 81,

and 89 to 102 (Fig. 2A). Although intraresidue,

sequential, and medium-range NOEs and angle

restraints enabled the assignment of secondary

structure, without long-range restraints the fold

of the protein could not be determined. We

thus used the monocysteine mutant library

described in the topology assay (see above) to

incorporate site-directed spin labels within

Mistic that produce distance-dependent line-

broadening perturbations in the NMR spectra

(18) that could be translated into distances for

structure determination (19). E15N,1H^-TROSY

experiments were measured on Mistic samples

modified with the thiol-reactive nitroxide label

(1-oxyl-2,2,5,5-tetramethyl-D3-pyrroline-3-

methyl) methanethiosulfonate (MTSL) (Fig.

2B). The signal changes observed for the

five spin-labeled samples were transformed into

197 long-range upper-distance and 290 lower-

distance restraints (fig. S4).

Initial structure calculation was performed

with CYANA (20) using the collected NOE

data, chemical shift–derived angle restraints, and

restraints derived from spin labeling. In addition,

a-helical hydrogen bond restraints were imple-

mented for residues that show all of the three

following properties: slow HN exchange, a heli-

cal 13C chemical shift, and helical backbone

NOEs (Fig. 2A). In an iterative process, the

derived scaffold was used to collect long-range

and medium-range NOEs and to refine cali-

bration of the spin-label restraints. In the end,

29 long-range NOEs between methyl or aromat-

ic protons and amide protons were identified.

Because these distances are intrinsically large in

a helical bundle and concomitantly result in

weak NOEs, the use of a cryoprobe and long

mixing times of 200 ms were essential.

The final structure calculation was performed

with 573 NOE distance restraints, 346 angle

restraints from chemical shifts and NOEs, and

478 distance restraints from the spin-label ex-

periments (table S1). A total of 100 conformers

were initially generated by CYANA; in Fig. 2C,

the bundle of 10 conformers with the lowest

target function is used to represent the three-

dimensional NMR structure. The resulting struc-

ture is a four-helix bundle (Fig. 3A). Although

all helices except a2 are slightly shorter (È14

amino acids) than expected for a bilayer-

traversing helix, this is likely due to partial

unraveling of the ends of the helices in the de-

tergent micelle environment, especially at the N

and C termini (a1 and a4). Helix a2 has a kink,

Fig. 1. Mistic characterization. (A) SDS–polyacrylamide gel electrophoresis (PAGE) results for Ni–
nitrilotriacetic acid (NTA) elutions from fractionation of a culture recombinantly expressing
octahistidine-tagged Mistic. Mistic is found abundantly only in the bacterial membrane. (B) Topology
analysis of Mistic as assessed by biotinylation of monocysteine variations of Mistic by the membrane-
impermeable, thiol-reactive probe MPB. Only Glu110 at the C terminus is well exposed periplasmi-
cally. Cys3 at the N terminus of the protein and the centrally located Ser58, both also putatively on
the extracellular side of the membrane, are nonreactive with MPB in right-side-out (RSO) membrane
vesicle preparations, consistent with these side chains being embedded in the membrane. In support
of this hypothesis, Cys3 mutation to Ser is functionally disruptive, whereas mutation to hydrophobic
Val, Leu, or Ile is well tolerated. Mistic constructs were expressed as a fusion to a bacterial potassium
channel (KvPae) and subsequently separated by cleavage with thrombin. The channel, identical in all
constructs, serves as an internal control for calibrating expression, extraction, biotinylation, and
detection efficiency among the samples.
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centrally positioned and putatively within the

membrane. Most surprising, Mistic retains an

unexpectedly hydrophilic surface for an IM pro-

tein even though it is assembled internally with

a typical hydrophobic core (Fig. 3, B and C).

Given the membrane-traversing topology

demonstrated by the MPB labeling experi-

ment (Fig. 1B), this unusual surface property

is very intriguing. To confirm the orientation

of Mistic with respect to the membrane, we

measured and assigned NOEs between Mistic

and its solubilizing LDAO detergent micelle.

When sites with NOE signals are mapped to

the surface of the Mistic structure, a concentric

ring of detergent interactions around the

helical bundle is observed, as expected for a

membrane-integrated protein (Fig. 4, A to C).

Additionally, we perturbed Mistic spectra with

paramagnetic probes that selectively partition

to hydrophilic or hydrophobic environments

(fig. S5) (21). The results from this study are

also consistent with Mistic being embedded

within the LDAO micelle.

We hypothesized that Mistic might be

exploited to target another protein to the bac-

terial membrane, when fused to Mistic_s C ter-

minus, such that it too could readily fold into its

native, lipid bilayer–inserted conformation. We

tested the Mistic-assisted expression of three

topologically and structurally distinct classes of

eukaryotic IM proteins: voltage-gated Kþ chan-

Fig. 2. Secondary struc-
ture and long-range in-
teractions of Mistic. (A)
Primary sequence of Mis-
tic displaying location of
monocysteine probing
residues (orange), struc-
tural disruption mutants
(green), and cloning ar-
tifact residues (gray)
with secondary structur-
al boundaries above the
sequence. (First line) 1HN
protection from solvent
exchange indicative for
hydrogen bond forma-
tion (stars). The solvent
protection is determined
by the absence of a cross-
peak between the chemi-
cal shifts of 1HN and
water in the 15N-resolved
TROSY-[1H,1H]-NOESY
spectrum. (Second and
third lines) NOEs observed
in the 15N-resolved
TROSY-[1H,1H]-NOESY.
Thin, medium, and thick
bars represent weak (4.5
to 5.5 Å), medium (3 to
4.5 Å), and strong (G 3 Å)
sequential NOEs [dNN(i,
i þ 1)]. The medium-range
NOEs [dNN(i, i þ 2)] are
shown by lines starting
and ending at the po-
sitions of the residues
related by the NOE.
(Fourth and fifth lines)
Deviation of the 13Ca

chemical shifts from corresponding ‘‘random coil’’ chemical shifts in
0 mM Kþ (blue) and 100 mM Kþ (green), as independently assigned. Values
larger than 1.5 ppm are indicative of an a-helical secondary structure;
values smaller than –1.5 ppm are indicative of b-sheet secondary
structure. (B) The 2D [15N,1H]-TROSY spectrum of Mistic is shown
along with parts of the 2D [15N,1H]-TROSY spectra in the presence of
paramagnetic spin labels at positions Cys3, Thr30Cys, Ser58Cys,
Asn88Cys, and Glu110Cys. Comparison of peaks’ heights between
perturbed spectra and multiple reference spectra was used to obtain
long-range distance restraints. (C) Superposition of 10 conformers

representing the final NMR structure. The bundle is obtained by super-
imposing the backbone Ca carbons of residues 13 to 62 and 67 to 102.
The bundle is colored by 15N{1H}NOE data by the following color code:
black, 1 to 0.8; navy, 0.8 to 0.6; blue, 0.6 to 0.4; red, 0.4 to 0.2.
15N{1H}NOE as well as T1 (15N) and T2 (15N) relaxation data indicate
that the dynamics of the structure is generally reflected in the variance
of the conformers. In particular, the loop connecting a2 and a3, as well
as the C terminus of Mistic, are more mobile. The T1/T2 ratio of 15N was
used to estimate the effective global rotational correlation time at 11 ns.
This value corresponds to a spherical molecule of È22 kD.

Fig. 3. Mistic structure. (A) Ribbon diagram of the lowest energy conformer highlighting the four
a-helix bundle. (B) Surface representation of Mistic, oriented as in (A), mapping electrostatic
potential. Color code is blue for positive charges, red for negative charges, and white for neutral
surface. (C) Electrostatic potential of Mistic, viewed from the opposite face from that shown in (B).
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nels, receptor serine kinases of the trans-

forming growth factor–b (TGF-b) superfam-

ily, and G protein–coupled receptors (GPCRs)

(Fig. 5A). Although expression success varied

according to induction conditions, proteolytic

susceptibility of the target gene, and the

length of the amino acid linker from Mistic

to the fusion protein, in most cases (15 of 22

tested constructs, table S2) the desired product

could be isolated from the membrane frac-

tion of recombinant bacteria at yields ex-

ceeding 1 mg per liter of culture (Fig. 5B).

The Aplysia potassium channel, aKv1.1, was

extracted and purified in LDAO to verify

that the expressed proteins resemble their

native conformations; size exclusion chroma-

tography (Fig. 5C) showed that it retains a

tetrameric assembly. Additionally, several

TGF-b receptors were found to retain native

ligand-binding affinity and specificity (22).

Taken in combination with the fact that all of

these proteins partition to the membrane frac-

tion of cell extracts, we conclude that there

exists a high propensity for this system to pro-

duce IM proteins fully folded in their native

conformations.

To validate Mistic_s direct role in assisting

in the production of these recombinant IM pro-

teins, we introduced mutations at three poten-

tially structurally disruptive sites within the core

of the protein (Figs. 2A and 6A). Expression

tests of these Mistic variants, alone and fused to

aKv1.1, indicate that the integrity of Mistic_s
structure is essential to its ability to chaper-

one cargo proteins to the bacterial lipid bi-

layer (Fig. 6B). The single mutation of a core

methionine (Met75) to alanine, in particular,

sufficiently destabilized Mistic_s structure

such that it partitioned between the mem-

brane and the cytoplasm. This same mutant

yielded no protein expression when fused to

aKv1.1, confirming that Mistic_s structure and

resulting membrane affinity are critical for its

ability to facilitate the production of target IM

proteins.

Given the highly acidic surface of Mistic

(Fig. 3, B and C), it is still conceivable that the

conformation of Mistic in the cell membrane

differs from the structure observed in the Mistic-

detergent complex. Recently, charged transmem-

brane helices have been shown to play dynamic

roles within the lipid bilayer in ion channels and

transporters (23, 24). Conformational flexibil-

ity, such as rotation of the four helices about

their helical axes or even partial unraveling of

the helical bundle, may allow Mistic to adapt

Fig. 4. Mistic-detergent interactions. (A) Surface representation of Mistic
indicating observed NOE interactions between detergent molecules and
the protein. Observed interactions are coded blue between the head
methyl (CH3) groups of LDAO and backbone amides (1HN) of the protein,
yellow between the hydrophobic CH3 end of LDAO and 1HN, and green
between the LDAO chain (CH2) and 1HN. NOEs were never observed from
the same residue to both the head-group methyl and the aliphatic chain tail
methyl of LDAO for the same residue. (B) A selection of intermolecular
NOEs between LDAO and residues 37 to 43 and 58 to 67 of Mistic; [15N,1H]

strips from the 15N-resolved TROSY [1H,1H]-NOESY are shown. The
detergent-protein NOEs are marked by a bar colored as in (A), pointing
to the appropriate portion of the chemical structure of LDAO. (C) For the
differentiation between intramolecular and intermolecular NOEs, a second
NOESY experiment was measured without decoupling on 13C during 1H
evolution, yielding doublets for protein-protein NOEs but single peaks for
detergent-protein NOEs. Arg43 for this measurement is shown in
comparison with Arg43 in (B), showing the presence of a protein-protein
NOE at 0.8 ppm and the presence of a detergent-protein NOE at 1.2 ppm.

Fig. 5. Mistic-assisted eukaryotic IM protein expression. (A) Topological depictions of the three
protein classes studied in this report: GPCRs, TGF-b family receptors, and voltage-gated Kþ channels
(Kv). (B) SDS-PAGE results for various eukaryotic IM proteins. Lane pairs reveal expression of the
desired protein from LDAO-solubilized membrane fractions after purification by Ni-NTA affinity
chromatography. The Mistic-fused protein is shown on the left (open arrow); the final product after
removal of Mistic by thrombin digestion is on the right (solid arrow). Protein identities were verified
for select samples [including retinoic acid–induced protein 3 (RAI3), bone morphogenetic protein
receptor type II (BMPR II), and aKv1.1] by N-terminal Edman degradation sequencing of at least 14
residues of the target protein after separation from Mistic. The additional bands in the sample of
aKv1.1 before digestion (bracket) were determined to be truncated products containing fragments
of the N-terminal T1 domain of this channel. The region between T1 and the membrane-spanning
domains of this channel is known to be flexible and proteolytically susceptible. (C) Gel filtration
profile of thrombin-digested aKv1.1 run in 3 mM LDAO on a Superose-6 column. aKv1.1 elutes as a
detergent solubilized tetramer subsequent to Mistic removal. (Inset) Baseline separation between
aKv1.1 (lane 1) and Mistic (lane 2) allows two-step purification of aKv1.1 to near-homogeneity.

R E P O R T S

25 FEBRUARY 2005 VOL 307 SCIENCE www.sciencemag.org1320

 o
n 

Ju
ne

 2
3,

 2
00

9 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org


to the lipid environment in a fashion analogous

to the mechanisms of membrane integration

for the chloride channel CLIC1 (25) or diph-

theria toxin (26), both of which exist alternately

in soluble and membrane-integrated forms. Mo-

lecular interplay between lipid composition and

membrane insertion of IM protein structures is

another intriguing possibility (27). Although

complete understanding of the integration

dynamics of Mistic requires further study, all

available data suggest that it must autono-

mously associate with the bacterial membrane

and that this property alone accounts for its

high efficiency in chaperoning the production

and integration of downstream cargo proteins

(fig. S6). Taken together with the NMR tech-

niques and protocols developed and used for

Mistic structure determination, Mistic_s unique

ability to assist in the production of IM proteins

opens new avenues around traditional obstacles

in the study of IM proteins, particularly those

of eukaryotic origin.
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Cryptococcus neoformans is a basidiomycetous yeast ubiquitous in the
environment, a model for fungal pathogenesis, and an opportunistic human
pathogen of global importance. We have sequenced its È20-megabase
genome, which contains È6500 intron-rich gene structures and encodes a
transcriptome abundant in alternatively spliced and antisense messages. The
genome is rich in transposons, many of which cluster at candidate centro-
meric regions. The presence of these transposons may drive karyotype
instability and phenotypic variation. C. neoformans encodes unique genes
that may contribute to its unusual virulence properties, and comparison of
two phenotypically distinct strains reveals variation in gene content in
addition to sequence polymorphisms between the genomes.

With an increased immunocompromised

population as a result of AIDS and wide-

spread immunosuppressive therapy, Crypto-

coccus neoformans has emerged as a major

pathogenic microbe in patients with impaired

immunity (1). C. neoformans elaborates two

Fig. 6. Mutational dis-
ruption of Mistic’s struc-
ture and function. (A)
Residues forming the
core of Mistic, with
those mutated in struc-
tural disruption studies
highlighted with arrows.
(B) Mistic mutated sin-
gly at three core resi-
dues displays varying
structural stability and
functionality. Mutation
of Trp13 to Ala (W13A)
reduces the overall yield
of fused aKv1.1 by a
factor of 2 to 3. More important, mutation of Met75 to Ala (M75A) destabilizes the structure of
Mistic sufficiently such that, when expressed by itself, it partitions substantially into the cytoplasm
(fourth lane from left), in stark contrast to wild-type Mistic or any of the other mutants analyzed.
This results in a functionally disabled protein; thus, when M75A is fused to aKv1.1, there is no
detectable yield of this protein (rightmost lane).
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