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Roosild, et al., NMR structure of Mistic, a membrane-integrating protein for membrane

protein expression.

Materials and Methods

Cloning and Mutagenesis

Mistic is encoded for by an open-reading-frame (ORF) that comprises the first half of the
YugO gene, which in GenBank is erroneously annotated to contain Mistic and a downstream,
over-lapping, putative potassium channel as a single ORF (in house sequencing result; also
S1). Mistic was cloned by PCR from B. subtilis into octa-histidine-tag modified pET-28a
(Novagen). Mistic was subcloned along with the promoter and affinity tag into pET-15b
(Novagen) or Gateway® destination (Invitrogen) vectors for expression studies on eukaryotic
IM proteins. Eukaryotic target genes were cloned by PCR and fused downstream of Mistic
with a separation linker of 5-35 amino acids. The full length genes of cargo proteins (6 Kv
channels, 9 GPCRs, 7 TGF-f receptors) were used, except that signal sequences were
omitted and for Kv channels, flexible N-terminal ‘ball & chain’ motifs were also omitted. In
structural disruption studies of Mistic, the N-terminal T1 domain of aKv1.1 was deleted from
the expression construct to minimize proteolytic degradation artifacts. Mistic topology
studies were conducted with a fusion to a bacterial 6TM potassium channel from
Pseudomonas aeruginosa (KvPae) to provide an internal control for the experiment. All

mutagenesis was conducted using Quickchange (Stratagene).



Protein Expression and Thiol-Modification

Freshly transformed colonies were cultured in TB and induced with 0.1 mM isopropyl-$3-D-
thiogalactopyranoside (IPTG) at an O.D. of 1.0. Growth was continued overnight at 10-18
°C. Cells were harvested and resuspended in 50 mM Tris pH 8.0, 300 mM KCIL, 10%
glycerol, 10 mM imidazole with 1 mg/ml lysozyme. Cells were disrupted by sonication on
ice and membranes were pelleted by high speed centrifugation. Membranes were solubilized
by sonication in the above buffer with the addition of 20 mM LDAO. Insoluble material was
removed by high speed centrifugation and the desired protein was purified from the resulting
supernatant using Ni-NTA affinity chromatography (Qiagen). Further purification, when
necessary, was conducted by FPLC gel filtration (Pharmacia) in 50 mM Tris pH 8.0, 300 mM
KCl1 with 3 mM LDAO using either S200 Superdex (Mistic) or Superose-6 (eukaryotic IM
proteins) (Pharmacia). Preparation of right-side-out (RSO) vesicles (S52), paramagnetic
labeling with MTSL (S3), and Mistic biotinylation with MPB (54), were done in accordance
with established protocols. Unbound MTSL was removed by extensive dialysis of samples
after label incorporation. Subsequent to MPB labeling, vesicles were solubilized by
sonication in 20 mM LDAO and His-tagged proteins were purified using Ni-NTA resin.
Streptavidin conjugated horseradish peroxidase was used to illuminate labeled products using

standard ECL protocols (Amersham).

Static Light Scattering

Static light scattering analysis was conducted on the eluent from a GFC-1300 analytical
HPLC column (Supelco), monitored with a three-angle scattering detector (Wyatt Minidawn)

and a photodiode array UV absorbance detector at 280 nm (Waters). The data was fitted



with integral multimers of Mistic with the protein-detergent complex (PDC) extinction
coefficient corrected for the relative percentage of non-absorbing LDAO. Only a monomeric
model yielded a relatively equal mass ratio of protein to detergent, as observed for other
typical PDCs, with the number of detergent molecules in the PDC (49) similar to the

aggregation number for LDAO micelles (76).

NMR

Stable-isotope labeled protein was expressed utilizing established protocols (S5). This
procedure allows straightforward adaptation of protein-specific expression protocols that use
rich media and provides a several fold reduction in isotope costs. Using this method, the
incorporation of "N and *C is about 85% and deuteration level is ~70%. A series of ["°N,
'H]-TROSY experiments of "°N, “H-labeled Mistic in presence of the detergents lyso-
myristoyl-phosphotidyl-glycerol (LMPG) and LDAO were measured allowing a qualitative
comparison of the extent of peak overlap and the '"N/'H linewidths of cross peaks. The
results suggested that structure determination could be best facilitated in a solution of 10 mM
BisTris(HCI) pH 5.4, 95% H,0/5% D-0, in presence of ~50 mM LDAO with a protein
concentration of 2 mM. All NMR spectra were recorded at 37° C on Bruker 700 MHz
spectrometer equipped with four radio-frequency channels and a triple resonance cryo-probe
with a shielded z-gradient coil. 'H, "*C and '°N backbone resonances were assigned using
the TROSY-based (S6) triple resonance experiments HNCA (S7) and HNCA®*?CO (S8),
and 3D "N-resolved TROSY-['H, 'H]-NOESY with a mixing time of 200 ms. Partial side
chain assignment was achieved with 3D H(CC-TOCSY-CO)-NH and 3D PN-resolved

TROSY-['H, '"H]-NOESY experiments. Aromatic side chain assignments were obtained from



3D BC¥ome resolved ['H, 'H]-NOESY and a high-resolution [*C, "H]-HMQC using the C-
C splitting for spin system identification. Distance constraints for the calculation of the 3D
structure were derived from 3D °C or "N-resolved ['H, 'H]-NOESY spectra recorded with a
mixing time of 200 ms. Angle restraints were derived from the deviation of the *C*
chemical shifts from ‘random coil’ chemical shifts (S9) and from intraresidue and sequential
NOEs. All experiments were optimized for sensitivity and set up in a water flip-back
manner to enhance the longitudinal relaxation (§/0). The TROSY-HNCA formed the base
for the sequential backbone assignment as the most sensitive triple resonance experiment that
connects sequential residues through the *C* chemical shifts. Ambiguities were resolved
with the TROSY-HNCA“%*CO, which has a two-fold increased resolution along the *C
frequency and contains correlations via the chemical shifts of both *C* and '*C’, advantages
that compensate for a lower overall sensitivity as compared with the TROSY-HNCA. The
TROSY-based "N-resolved ['H, "H]-NOESY was also used to resolve ambiguities in the
assignment process by the collection of sequential amide-amide NOEs. Hence, the backbone
assignment was established through three independent correlations: the >C* chemical shifts,
the °C” chemical shifts and the 'Hy-'Hy NOEs. Paramagnetic perturbation analysis was
conducted in strict accordance with the protocols of Battiste & Wagner. In brief, 2D ["°N,
'H]-TROSY spectra of otherwise identical samples were collected for all five spin-label
modified samples, as well as unlabeled wildtype Mistic. All spectra were calibrated against
the unlabeled spectra using 10-12 peaks displaying the least relative signal decrease, to
compensate for any global effects from variations in protein concentration or due to free spin
labels retained within the samples. Individual peaks were measured by peak area integration

and compared to both the unperturbed spectra and corresponding reference spectra measured



after quenching the nitroxide label with ascorbic acid, followed by additional reference
measurement after removal of the quenched nitroxide label with reducing agents. Due to
spectral crowding roughly 80% of the peaks for any given sample could be definitively
assigned and measured. Residues were assigned to four qualitative categories, roughly
equivalent to (1) completely quenched, (2) mostly quenched, (3) partially quenched, and (4)
unaffected by the probe. These groupings were translated into three classes of upper limit
distance restraints (< 19 A, <15 A, <11 A) and three classes of lower limit distance
restraints (> 20 A, > 16 A, > 12 A) based on the research of Battiste & Wagner with slight
further calibration as structure refinement progressed. Hydrophobicity-selective
paramagnetic perturbation was conducted utilizing Gd*'DOTA-Amp and 16-doxyl-stearic
acid (S11). Relaxtion [N, '"H]-NOESY data was also measured and analyzed. Spectra
were analyzed utilizing CARA with XEASY, *C* chemical shift deviations were measured
with MAPPER (S12), and restraint models were built and assessed with CYANA (513). The
small residual constraint violations in the 10 refined conformers and the good coincidence of
experimental NOEs show that the input data represent a self-consistent set and that the
restraints are well satisfied in the calculated conformers. The deviations from ideal geometry
are minimal, and similar energy values were obtained for all 10 conformers (Table S1). The
quality of the structure is also reflected by the small (~1.0 A) backbone RMSD values
relative to the mean coordinates for residues 13-52, 67-102. Structural figures were made

using either MOLSCRIPT (§74) or MOLMOL (S15).



Figure Legends

Fig. S1. Multi-angle static light scattering analysis of Mistic in 3 mM LDAO suggests a

monomeric protein (13.4 kDa protein complexed with an 11.4 kDa micelle).

Fig. S2. Results of a control experiment for Mistic topology analysis using the thiol-reactive,
membrane-impermeable biotinylation probe, MTSL. After membrane integrity is

compromised by toluene all of the cysteines readily react with MTSL.

Fig. S3. The 2D [N, 'H]-TROSY spectrum of Mistic is shown with all peaks identified by
residue number. The right panel is an enlargement of the region indicated by the grey box in

the left panel.

Fig. S4. The collected upper limit long-range restraints derived from spin-label perturbation

experiments are shown mapped to the structure of Mistic, colored by residue.

Fig. SS. Surface representation of Mistic indicating TROSY perturbations by a
hydrophobically partitioning probe (gold) and a hydrophilically partitioning probe (blue).

Residues that exhibited at least a 40% drop in 'Hy peak area are colored.

Fig. S6. A working model for Mistic’s chaperone function. Mistic is produced in the
cytoplasm as a soluble, hydrophilic polypeptide (the protein may be arrested in this state in

the case of the M75A mutant). It subsequently undergoes a conformational change, folding



into a stable helical bundle that autonomously integrates into the membrane. Downstream
cargo proteins are then positioned for facilitated, spontaneous folding and membrane

integration, possibly in a co-translational manner.

Table S1. Summary of NMR restraints and structure statistics for Mistic.

Table S2. Summary of eukaryotic expression test results. Green represents successful
expression at a yield exceeding ~1 mg / liter culture. Yellow depicts low level or poor
quality expression, often due to proteolytic degradation of the desired protein. Red indicates
cases where full-length protein expression could not be observed. Proteins are of human

origin, unless otherwise noted.
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