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Abstract: An understanding of the folding states of a-helical membrane proteins in detergent
systems is important for functional and structural studies of these proteins. Here, we present a
rapid and simple method for identification of the folding topology and assembly of transmembrane
helices using paramagnetic perturbation in nuclear magnetic resonance spectroscopy. By
monitoring the perturbation of signals from glycine residues located at specific sites, the folding
topology and the assembly of transmembrane helices of membrane proteins were easily identified
without time-consuming backbone assignment. This method is validated with Mistic (membrane-
integrating sequence for translation of integral membrane protein constructs) of known structure
as a reference protein. The folding topologies of two bacterial histidine kinase membrane proteins
(SC03062 and YbdK) were investigated by this method in dodecyl phosphocholine (DPC) micelles.
Combing with analytical ultracentrifugation, we identified that the transmembrane domain of YbdK
is present as a parallel dimer in DPC micelle. In contrast, the interaction of transmembrane domain
of SCO3062 is not maintained in DPC micelle due to disruption of native structure of the
periplasmic domain by DPC micelle.

Keywords: folding topology; helical membrane protein; histidine kinase; NMR spectroscopy;
paramagnetic relaxation enhancement

Introduction
Integral membrane proteins (IMPs) play critically important roles in many cellular functions, such as inter-

cellular communication, energy transduction, ion regulation, and transport. Despite the pressing need for
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knowledge of the 3D structures of IMPs,! the study
of the structural biology of membrane proteins
remains underdeveloped due to the difficulty of
obtaining stable samples under suitable conditions.

Recent advances in the application of nuclear
magnetic resonance (NMR) techniques have allowed
remarkable progress in determining the solution
structure of membrane proteins in various detergent
systems.2 However, some detergents can alter the
folding state of helical membrane proteins, resulting
in destabilization or inactivation.®* Therefore, before
initiating the 3D structural determination of helical
membrane protein, the folding state of the protein
and the assembly of its transmembrane helices
should be well characterized in the presence of
detergent. Knowledge of the assembly of the trans-
membrane helices is often important to understand
a variety of biological systems, for example, the
dimerization of transmembrane domains upon acti-
vation or the binding to a ligand molecule.®

However, until now there has been no simple
method that can verify the folding topology and as-
sembly of helical membrane proteins in detergent so-
lution. For soluble proteins or p-barrel membrane
proteins, simple 2D 'H-'®N correlation NMR can
provide a useful tool for identification of the folding
state and for screening of suitable buffer conditions.
However, NMR spectra of helical membrane proteins
typically are not well-dispersed, leading to low spec-
tral resolution. It is therefore very difficult to deter-
mine the folding state of helical membrane proteins
using typical 2D NMR spectra.

From this perspective, bacterial histidine kinase
(HK), an enzyme that plays an important role in
signal transduction in bacteria and that typically
contains two transmembrane helices, may provide a
useful model for the development of a method to
identify the folding state. Although HKs are impor-
tant for bacterial metabolism and for antibiotic
resistance in pathogenic bacteria,® the signal trans-
duction mechanisms via transmembrane helices are
not clearly understood.

The recent development of paramagnetic relaxa-
tion enhancement (PRE) techniques using site-
directed spin-labeling provides a useful tool for
the detection of protein—protein interactions and the
characterization of protein dynamics and for the
structural determination of membrane proteins in
solution NMR.” ! By simple attachment of a probe
molecule via a disulfide bond to a specific cysteine
residue, this method provides information about
long-range distances within the membrane protein.
Thus, to obtain well-folded targets of HKs with
proper helical assembly, screening with PRE method
is applicable. However, costly and time-consuming
backbone assignment is required for structural study
using the general PRE method and NMR. Monitor-
ing of specific glycine signals in heteronuclear single
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quantum coherence (HSQC) spectra combined with
use of the PRE technique enabled us to identify the
assembly of the transmembrane helices of HK with-
out backbone assignment. In addition, we also iden-
tified the dimeric interaction of HK using a mixture
of unlabeled and !°N-labeled proteins attached to
the PRE probe. This approach allows an understand-
ing of the folding topology of helical membrane pro-
teins by solution NMR. We suggest that this method
can be used as a fast screening method to select
sample conditions for well-folded helical membrane
proteins in a variety of solubilizing systems.

Results

Considering that 'H-'°N correlation signals from the
backbone amides of glycine residues appear in a dis-
tinct region in 2D HSQC or transverse relaxation-
optimized spectroscopy (TROSY) spectra, the NMR
signal from a specific glycine residue can be easily
assigned by introducing a site-directed mutation. In
many cases, glycine residues located in the loop
region can be mutated without generating major
changes in the overall structure. In additional, the
signal intensities of glycine residues in this region
are relatively high due to their flexibility. These
advantages led us to design an experiment for the
identification of the folding state via the detection of
reductions in glycine signal intensity by paramag-
netic perturbation. To identify the folding topology of
transmembrane domain, we assume that two differ-
ent models present in detergent micelles (Fig. 1). If
the interaction between two transmembrane helices
is strong enough in detergent micelles, two trans-
membrane helices would be located in the range 25
A (the model A in Fig. 1). On the other hand, if the
interaction is not stable in detergent micelles, each
transmembrane helix may be separated and sur-
rounded by different micelles, respectively (the
model B in Fig. 1). Under the assumptions of these
models, we designed PRE method with specific gly-
cine residue as shown in Figure 1. In the case of
model A, the signal intensity of glycine residue on
HSQC spectrum should be reduced by paramagnetic
perturbation, but it should not be affected in the
case of model B, resulting that the folding state of
two transmembrane helices can be identified as
model A or B.

As a reference experiment and to validate this
method, we tested the topology of Mistic (membrane-
integrating sequence for translation of IMP con-
structs).!?> This sequence has four helices and its
structure in a detergent micelle is already known.
To introduce a unique cysteine at the loop between
helices 3 and 4 for MTSL (1-oxyl-2,2,5,5-tetra-
methyl-A3-pyrroline-3-methyl)methanethiosulfonate)
attachment, we constructed a double mutant of
Mistic (Cys3Gly and Lys86Cys). To assign the
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Figure 1. Schematic models representing the design of an
experiment to identify the potential folding states of protein
domains in the presence of detergent micelles (pink circles,
detergent micelles; yellow circles, distance range
detectable by PRE). (A) Detergents form a micelle on the
transmembrane domain without affecting the folding state;
(B) Detergents disrupt the overall folding states of extra-
membrane and transmembrane domains. G (in blue circles)
and P (in yellow circles) represent glycine residues and the
paramagnetic probe, respectively.

glycine residues at positions 22, 47, and 107, we
prepared the mutants Gly22Ala, Gly47Ala, and
Gly107Ala. The *H-'°N correlation signals of the gly-
cine residues were in good agreement with those
obtained in a previous report (Supporting Informa-
tion Fig. S1).22 The signal intensity of the cross peak
of the Gly22 residue was decreased significantly by
the paramagnetic perturbation, whereas the signals
from the other two glycines (Gly47 and Gly107)
were unaffected (Fig. 2). After the addition of DTT
(dithiothreitol), the signal intensity of Gly22 was
restored. This result indicates that the first loop
(between helices 1 and 2) is close to the third
loop (between helices 3 and 4), whereas the second
loop (between helices 2 and 3) is far from the
third loop [Fig. 2(E)]. The ratio of signal intensity
(peak height) of Gly22 between paramagantic and
diamagnetic species (Ipara/lgia) Was <0.85 (0.19/0.26)
that represent ~14-23 A away from the spin-label
nitroxide on Cys86 residue according to the method
by Battiste et al.!! In fact, the distance between the
nitrogen of Gly22 backbone and the nitrogen of
Lys86 side chain is ~15 A in Mistic protein (PDB:
1YGM). Therefore, the topology of the Mistic protein
could be identified as shown in Figure 2(E); this
topology corresponds to the expectation based on the
structure of the Mistic protein.

To test this method on membrane proteins of
unknown structure, we prepared transmembrane
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domains from two HKs: YbdK from Bacillus subtilis
(YbdK-TM) and SCO3062 from Streptomyces coeli-
color  (SCO3062-TM; Supporting Information
Fig. S2). The proteins were cloned into the Vitreos-
cilla hemoglobin (VHb) fusion vector,'® expressed in
the BL21 (DE3) host strain at 18°C overnight, and
purified in the presence of dodecyl phosphocholine
(DPC) micelles. To attach the MTSL at a specific
position, a cysteine residue was introduced at the C-
terminus of each protein. Mutation of a residue in
the C-terminal region did not affect the overall spec-
trum, indicating that the folding of the target pro-
teins was unchanged. DPC micelles yielded NMR
spectra of higher quality than those prepared using
other detergents that we tested in this study for
both proteins (data not shown).

YbdK is a 320-residue HK found in the Gram-
positive bacterium Bacillus subtilis that has an
intramembrane-sensing HK (IM-HK) domain archi-
tecture.'* Because IM-HK lacks an extracytoplas-
mic-sensing domain, it was proposed that YbdK
senses its stimulus either directly inside or at the
surface of the cytoplasmic membrane. Thus, the
method by which IM-HK senses external stimuli in
the transmembrane helices is of interest. The
H-1%N correlation peaks of Gly5 and Gly7 of YbdK-
TM were assigned based on the YbdK-TM (Gly7Ala)
mutant (Supporting Information Fig. S3). The signal
intensities of the Gly5 and Gly7 residues were sig-
nificantly decreased after paramagnetic spin-label-
ing at the C-terminal of the YbdK-TM (Ser73Cys)
mutant [Fig. 3(C)]. The signal was recovered after
the addition of DTT [Fig. 3(D)], confirming that the
reduction in signal intensity was due to paramag-
netic relaxation. This result indicates that the two
transmembrane helices interact with each other.
Therefore, if the target protein for analysis is mono-
mer in deterget micelle, the folding topology of tar-
get protein can be modeled as Figure 3(E). However,
this result can not distinguish oligomeric state of
the protein. In general, bacterial HKs are known to
act as dimers for autophosphorylation in the cyto-
plasmic dimerization and histidine phosphotransfer
(DHp) domain.®*1® Thus, it is of interest to deter-
mine whether the intramembrane-sensing domain of
YbdK-TM forms a dimer or not.

Although intermolecular interaction studies of
proteins using PRE are generally used only after
backbone assignment,® here we designed a simple
experiment to detect the interprotomer interaction
of YbdK-TM using paramagnetic perturbation. We
monitored the cross peaks of two glycines (Gly5 and
Gly7) of ®N-labeled YbdK-TM in the presence of a
threefold molar excess of spin-labeled YbdK-TM
(Ser73Cys) with nitrogen at natural abundance. As
shown in Figure 4(C), the cross peak from the Gly5
residue of 1°N-labeled YbdK-TM disappeared com-
pletely on addition of spin-labeled YbdK-TM
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Figure 2. Analysis of the folding topology of Mistic. (A) The 2D "H-">N TROSY spectrum of Mistic (Cys3Gly and Lys86Cys) at
37°C in 20 mM Bis-tris pH 6.0, ~30 mM LDAO, and 2 mM DTT. (B) The 'H-"°N correlation peaks of Gly22, Gly47, and Gly107
of the protein before spin-labeling. (C) The 'H-'N correlation peaks of the glycine residues of the spin-labeled protein.

(D) The same sample as in (A), after incubation with 20 mM DTT for 1 h at 37°C. (E) Schematic representation of the folding
topology of Mistic. The peak intensities of Gly22 were measured relative to a reference peak that was not affected by
paramagnetic perturbation (at 8.26 and 123.05 ppm for the 'Hy and "°N chemical shifts, respectively). The resulting values

were: B, 0.33; C, 0.19; and D, 0.26.

(Ser73Cys), and the signal intensity of the Gly7 resi-
due decreased markedly. This result indicates that
the two glycine residues at the N-terminus of YbdK-
TM are located close to the C-terminus of YbdK-TM
(Ser73Cys) and demonstrates the existence of an
interaction between the two protomers because ana-
Iytical ultarcentrifugation (AUC) analysis for YbdK-
TM showed that the molecular weight of YbdK-TM
in DPC micelle solution was estimated to 15.3 kDa,
which correspond to a dimer size.'® Semiquantita-
tively, the intermolecular distance between the nitro-
gen of Gly5 of ®N-labeled YbdK-TM and the spin-
label nitroxide on YbdK-TM (Ser73Cys) should be
less than 14 A because the cross peak from the Gly5
residue of '°N-labeled YbdK-TM completely
quenched,!* whereas the Gly7 residue of °N-labeled
YbdK-TM is ~14-23 A away from the spin-label
nitroxide on YbdK-TM (Ser73Cys) because the ratio
of signal intensity of Gly7 between paramgantic and
diamagnetic species is 0.42 (1.14/2.74). Threfore, the
topology of YbdK-TM in DPC micelles can be mod-
eled as shown in Figure 4(E). Although it is not
likely that the extended protomers could reassemble
in an antiparallel geometry due to the presence of
the detergent, antiparallel arrangement of two
extended protomers might give a similar PRE effect
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using our protocol (Supporting Information Fig. S4).
We could exclude this possibility based on the addi-
tional glycine mutation near the C-terminus (Fig. 5).
From the result of Figure 4(C), the possibility of
model D (parallel, extended dimer) in Supporting In-
formation Figure S4 was eliminated because the sig-
nal of Gly5 residue was completely quenched. From
the result of Figure 5, the possibility of model E
(antiparallel, extended dimer) in Supporting Infor-
mation Figure S4 is also excluded because the signal
intensity of Gly71 residue of °N-labeled YbdK-TM
(Ser71Gly) was reduced by spin-labeling on C-termi-
nus of nonlabeled YbdK-TM (Ser73Cys), meaning
that the C-terminus of two protomers are parallel
arrangement as shown in Figure 5(E). The Gly71
residue of '°N-labeled YbdK-TM (Ser71Gly) is
located within 25 A range from the spin-label nitro-
xide on nonlabeled YbdK-TM (Ser73Cys) because
the ratio of signal intensity of Gly71 between para-
mgantic and diamagnetic species is 0.47 (1.43/3.02).
For analysis of SCO3062-TM (a putative HK), which
has a periplasmic sensor domain and two trans-
membrane helices, a SC03062-TM (Ser2Gly and
Argl146Cys) mutant was prepared to introduce a cys-
teine residue at the C-terminus such that the Gly2
residue position could be assigned by comparing the
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Figure 3. Analysis of the folding topology of YbdK-TM. (A) The 2D "H-">N HSQC spectrum of YbdK-TM(Ser73Cys) at 40°C in
20 mM sodium acetate pH 4.8, ~70 mM DPC, and 2 mM DTT. (B) The "H-"°N correlation peaks of Gly5 and Gly7 before
spin-labeling. (C) The "H-"°N correlation peaks of the glycine residues of the spin-labeled protein. (D) The same sample as for
(C) but after incubation with 20 mM DTT for 2 h at room temperature. (E) A possible model of the folding topology of YbdK-
TM, if YbdK-TM is monomer in DPC micelles. The 5G and 7G (in the blue circles) and P (in the yellow circle) represent
residues Gly5 and Gly7, and the paramagnetic probe at Cys73 position, respectively. The peak intensities of Gly7 were
measured relative to a reference peak that was not affected by paramagnetic perturbation (at 8.11 and 112.74 ppm for the
1HN and "°N chemical shifts, respectively). The resulting values were as follows: B, 3.20; C, 0.32; and D, 2.54.

NMR spectra of the mutant and wild-type (Support-
ing Information Fig. S5). Monitoring of the ‘H-°N
correlation peak of Gly2 showed that the signal in-
tensity of Gly2 at the N-terminus was not affected
by the introduction of the MTSL paramagnetic probe
at the C-terminus [Fig. 6(C)]. This result indicates
that the N-terminus of helix 1 is located far from
the C-terminus of helix 2, beyond the 25 A range
that can be detected using this method. Therefore,
the topology of SCO3062-TM in the presence of DPC
micelles was assumed to be that shown in Figure
6(E). In the case of SCO3062-TM, it is likely that
the presence of DPC micelles affects the global fold
of the periplasmic domain. In fact, the 2D 'H-°N
HSQC spectrum of the periplasmic domain of
SC03062 was well-dispersed and homogeneous in
the absence of the DPC micelles, whereas in the
presence of DPC micelles it appeared very similar to
that of SCO3062-TM (Supporting Information Fig.
S6). Therefore, we conclude that the assembly of the
transmembrane helices of SCO3062 is disturbed by
misfolding of the periplasmic domain when DPC
micelles are present.

Discussion

In conclusion, we successfully identified the folding
topology and the assembly of o-helical membrane
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proteins in detergent micelles by monitoring the
NMR signals of glycine residues with paramagnetic
perturbation but without backbone assignment.
Using Mistic protein as a reference experiment, we
could validate that the folding topology of four heli-
ces protein could be analyzed by this method in de-
tergent micelles. In addition, we were able to ana-
lyze the folding topologies of the transmembrane
helices of bacterial HKs rapidly. By monitoring the
glycine signals (Gly5, Gly7, and Gly71) of YbdK-TM
on HSQC spectra, we demonstrated the parallel
dimer assembly of YbdK-TM combining with AUC.
We excluded the possibility of extended dimer forma-
tion of YbdK-TM as model D and E in Supporting
Information Figure S4 by the glycine mutation posi-
tioned at 71 of C-terminus. In contrast, no interac-
tion between two transmembrane helices of
SC03062-TM was observed because the folding state
of periplasmic domain of SCO3062 was disrupted by
DPC micelle. Based on our results, 3D structural
determination and functional studies of YbdK-TM in
DPC micelles can be initiated, although SC03062
requires further investigation due to its instability.
In the case of two a-helical transmebrane proteins, if
the target protein is present as monomer, the folding
topology of the target protein directly can be identi-
fied as Figure 3(E) by this method. However, in
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Figure 4. Analysis of the interprotomer interactions of YbdK-TM. (A) The 2D "H-"*N HSQC spectrum of 0.4 mM YbdK-TM at
40°C in 20 mM sodium acetate pH 4.8 and ~70 mM DPC. (B) The 'H-'N correlation peaks of Gly5 and Gly7. (C) The 'H-'°N
correlation peaks of the glycine residues of the protein (0.4 mM) in the presence of 1.2 mM spin-labeled YbdK-TM (Ser73Cys)
with nitrogen at natural abundance. (D) The same sample as for (C) but after incubation with 20 mM DTT for 2 h at 37°C. (E)
Model of dimer topology of YbdK-TM in DPC micelle. The 5G and 7G (in the green circles), and P (in the yellow circle)
represent residues Gly5 and Gly7, and the paramagnetic probe at Cys73 position, respectively. The peak intensities of Gly7
were measured relative to a reference peak that was not affected by paramagnetic perturbation (at 8.11 and 112.82 ppm for
the "Hy and 'SN chemical shifts, respectively). The resulting values were as follows: B, 3.74; C, 1.14; and D, 2.74.

cases of oligomeric proteins, this method is only use-
ful for dimeric assembly and topology of the proteins
combining with AUC. If protein is dimer like YbdK-
TM, calculation of the intramolecular distance
between two helices by PRE method is not simple
because PRE affects both intramolecular and inter-
molecular distances. Although more accurate dis-
tance calculation for structure refinement by PRE
method can be obtained from total correlation time
of dimagnetic protein and paramagnetic

enhancements (R2°P) of spin labeled protein,
we suppose that this semiquantitative method is suf-
ficient for fast screening of the folding topology and
the dimeric assembly of a-helical membrane proteins
in detergent micelles before structural determina-
tion. We believe that this method provides fast pre-
liminary results to begin 3D structure determination
and functional study of a-helical membrane protein
in detergent micelle.

rate
9,11,12

Materials and Methods

The Mistic gene (1-110) from B. subtilis was cloned
into the pET-28a (Novagen) vector containing a hex-
ahistidine tag at the N-terminus.'? The above vector
was transformed into Escherichia coli strain BL21
(DE3). The cells were grown in M9 minimal medium
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enriched with ®NH,C] as the sole nitrogen source
(99% 5N; Cambridge Isotope Laboratories) at 18°C.
Protein expression was induced with 0.2 mM isopro-
pyl-B-p-thiogalactopyranoside (IPTG) at an ODgyg of
1.0. The cells were grown overnight. The cells were
harvested, resuspended in 20 mM Tris pH 7.9, 200
mM NaCl, 10% glycerol, 20 mM imidazole, 5 mM f-
mercaptoethanol, and lysed using a cell disruptor
(Cabinet Cell Disrupter, Constant Systems) at 5°C
and 25 kpsi (pounds-per-square-inch). Inclusion
bodies and other cell debris were pelleted at 10,000
g for 20 min. The membranes were pelleted by cen-
trifugation at 200,000 g for 2 h. The membranes
were solubilized in 20 mM Tris pH 7.9, 200 mM
NaCl, 10% (v/v) glycerol, 5 mM b-mercaptoetha-
nol, 20 mM n-lauryl-N,N-dimethylamine-N-oxide
(LDAO), and 20 mM imidazole using a homogenizer
and mild agitation for 60 min at 4°C. Following cen-
trifugation at 200,000 g for 1 h at 4°C, the superna-
tant was incubated for 2 h under gentle stirring
with 10 mL of Ni-NTA resin (Qiagen) equilibrated
with the above buffer (but with the added inclusion
of 3 mM LDAO). The resin with the bound protein
was then packed into a gravity-flow column and
washed with five bed volumes of the same buffer
containing 30 mM imidazole. The Mistic protein was

Folding Topology of Helical Membrane Protein in Detergent
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Figure 5. Analysis of the dimer topology of YbdK-TM. (A) The 2D "H-"*N HSQC spectrum of 0.4 mM YbdK-TM (S71G) at
40°C in 20 mM sodium acetate pH 4.8, and ~70 mM DPC. (B) The "H-"°N correlation peaks of Gly5, Gly7, and Gly71. (C) The
TH-®N correlation peaks of the glycine residues of the protein (0.4 mM) in the presence of 1.2 mM spin-labeled YbdK-TM
(Ser73Cys) with nitrogen at natural abundance. (D) The same sample as (C) but after incubation with 20 mM DTT for 2 h at
37°C. (E) A model of the parallel dimer of YbdK-TM. 5G, 7G and 71G (in green circles), and P (in the yellow circle) represent
the Gly5, Gly7, and Gly71, and the paramagnetic probe at Cys73 position, respectively. The peak intensities of Gly71 were
measured relative to a reference peak that was not affected by paramagnetic perturbation (at 8.10 and 113.0 ppm for the

1HN and "°N chemical shifts, respectively). The resulting values were as follows: B, 2.92; C, 1.43; and D, 3.02.

eluted by the addition of 500 mM imidazole. Final
purification was performed by size exclusion chroma-
tography on a prep-grade Hil.oad 16/60 Superdex 75
column (GE Healthcare) in a buffer containing 20
mM Bis-tris pH 6.0 and 3 mM LDAO. The final
samples were concentrated at 4°C using an Amicon
concentrator (Millipore) with a 10 kDa molecular
weight cut-off membrane. Gly22Ala, Gly47Ala, and
Glyl07Ala mutants were prepared using a
QuikChange® Site-Directed Mutagenesis Kit (Stra-
tagene) for the glycine assignments at positions 22,
47, and 107. Single cysteine mutants of Mistic
(Cys3Gly and Lys86Cys) were prepared for the
attachment of MTSL and used to study the topology
of the protein. Following the removal of the histidine
tag by thrombin digestion and size exclusion chro-
matography, TROSY spectra were recorded at 37°C
in a solution containing 20 mM Bis-tris pH 6.0,
~30 mM LDAO, and 0.3 mM Mistic. For the
mutants that were used to assign the glycines, we
recorded TROSY spectra under the same conditions
but without cleavage of the histidine tag. All NMR
experiments for the Mistic proteins were performed
using a Bruker DRX900 spectrometer equipped with
a cryogenic, triple resonance probe.

The YbdK-TM (Leu2-Ser65) construct was
cloned into a VHb fusion vector (pPosKdJ) with an
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additional sequence (GlySerHisMetGlySerGlySerLeu)
at the N-terminus.® This allowed thrombin cleavage
to allow removal of the hemoglobin fusion protein.
After transformation of the plasmid into Escherichia
coli strain BL21(DE3), the protein was expressed and
purified according to the protocol described previ-
ously.!® Briefly, the protein was expressed at 18°C by
adding 0.4 mM IPTG at an ODggg of 0.6 and growing
the cells overnight. Following the extraction of YbdK-
TM from the membrane fraction of the cells using 14
mM DPC, the protein was purified using Ni-NTA resin
containing 2 mM DPC. Further purification steps were
conducted in the presence of 2 mM DPC. To assign
Gly7 at the N-terminal and to introduce MTSL at the
C-terminal, we prepared YbdK-TM (Gly7Ala) and
YbdK-TM (Ser73Cys) mutants (the numbering used is
from the additional sequence). HSQC spectra were
recorded at 40°C in a solution containing 20 mM so-
dium acetate pH 4.8, ~70 mM DPC, and 0.4 mM pro-
tein, using a Bruker 500 MHz spectrometer equipped
with a triple resonance cryoprobe.

The gene encoding SC0O3062-TM (Met1-GIn147)
with a thrombin site at the N-terminus was cloned
into the C-terminal region of the pPosKdJ vector. The
protein was expressed and purified as previously
described.}” The SCO3062-TM (Arg2Gly) mutant
that was constructed for glycine assignment was
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Figure 6. Analysis of the folding topology of SCO3062-TM. (A) The 2D 'H-"°N TROSY spectrum of 0.4 mM SCO3062-TM in
20 mM sodium acetate pH 4.0, ~70 mM DPC, and 2 mM DTT. (B) The "H-"°N correlation peaks of Gly2 before spin-labeling.
(C) The "H-"°N correlation peaks of the glycine residue of the spin-labeled protein. (D) The same sample as for (C) but after
incubation with 20 mM DTT for 2 h at room temperature. (E) A model of the folding topology of SCO3062-TM in DPC
micelles. 2G (in the blue circles) and P (in the yellow circles) represent Gly2 and the paramagnetic probe at Cys146 position,
respectively. The peak intensities of Gly2 were measured relative to a reference peak that was not affected by paramagnetic
perturbation (at 8.35 and 111.40 ppm for the 'Hy and "®N chemical shifts, respectively). The resulting values were as follows:

B, 0.66; C, 0.66; and D, 0.64.

prepared using the Stratagene mutagenesis kit; the
R146 residue at the C-terminal of the mutant was
replaced with cysteine for investigation of the topol-
ogy of SCO3062-TM. TROSY spectra were acquired
at 40°C in a buffer containing 20 mM sodium ace-
tate pH 4.0, ~70 mM DPC, and 0.4 mM protein
using the 900 MHz NMR spectrometer. To prepare
the periplasmic domain of SCO3062, we transformed
the recombinant pPosKdJ expression vector SCO3062
(Glu28-124Arg) into Escherichia coli  strain
BL21(DE3). The cells were grown in M9 minimal
medium containing *NH,CI at 37°C until the ODggq
reached ~0.6. The hemoglobin-fused periplasmic do-
main of SCO3062 was expressed by adding 0.5 mM
IPTG at 18°C; the cells were harvested after over-
night growth and lysed by sonication in 50 mM Tris
pH 7.9, and 20% glycerol. Following centrifugation
at 10,000 g for 20 min, the supernatant was loaded
onto a HisTrap column (GE Healthcare) equilibrated
with 50 mM Tris pH 7.5, 500 mM NaCl, and 10 mM
imidazole. After washing of the column with five
column volumes of the previous buffer in which the
imidazole concentration had been increased to
20 mM, and the protein was eluted with the same
buffer containing 200 mM imidazole. The hemoglo-
bin fusion protein was cleaved by thrombin digestion
and the periplasmic domain of SCO3062 was puri-
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fied using a prep-grade HiLoad 16/60 Superdex 75
column (GE Healthcare) equilibrated with 20 mM
HEPES pH 7.0, and 50 mM NaCl. HSQC spectra of
the protein were recorded at 40°C on the 500 MHz
spectrometer.

During purification for the proteins, 2 mM DPC
for YbdK-TM and SC0O3062-TM and 3 mM LDAO
for Mistic, which are higher than CMC (critical mi-
celle concentration) of DPC and LDAO, respectively,
were required to stabilize the proteins during purifi-
cation steps. For the Mistic protein, we observed
homogeneous HSQC spectra at ~30 mM LDAO with
0.3 mM Mistic.

From the previous reports, we optimized
DPC concentration for YbdK-TM and SCO3062-TM
and estimated that ~80 and ~71 DPC molecules
bound on YbdK-TM and SC03062-TM, respectively.
The homogeneous HSQC spectra for the proteins
were obtained at the ratio of concentration of
protein:DPC = 1:~100-300. Therefore, we used
~70 mM DPC for both proteins (0.4 mM) in this
report.

Paramagnetic spin-labeling with MTSL was
achieved in accordance with established protocols
with minor modifications.” MTSL (1 mM, from a 200
mM MTSL stock in acetonitrile) was added to pro-
tein solutions containing 25 mM HEPES pH 7.0,
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150 mM NaCl, and detergent (3 mM LDAO for
Mistic, and 2 mM DPC for YbdK-TM and SCO3062-
TM) and incubated at room temperature overnight.
Excess MTSL was removed by passage through a
PD-10 desalting column. After attachment of MTSL,
no remarkable change of the chemical shifts of spe-
cific glycine residues was observed. To remove
MTSL for diamagnetic protein, 20 mM DTT added
and incubated at 37°C or room temperature until no
signal recovery is observed any more.
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