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Abstract

As a part of the Joint Center for Structural Genomics (JCSG) biological targets, the structures of soluble
domains of membrane proteins from Thermotoga maritima were pursued. Here, we report the crystal
structure of the soluble domain of TM1634, a putative membrane protein of 128 residues (15.1 kDa) and
unknown function. The soluble domain of TM1634 is an a-helical dimer that contains a single tetratrico
peptide repeat (TPR) motif in each monomer where each motif is similar to that found in Tom20. The
overall fold, however, is unique and a DALI search does not identify similar folds beyond the 38-residue
TPR motif. Two different putative ligand binding sites, in which PEG200 and Co2+ were located, were
identified using crystallography and NMR, respectively.

Keywords: TPR motif; Thermotoga maritima; Co2+ ligand; PEG binding site; membrane protein; protein
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One of the aims of the Joint Center for Structural
Genomics (JCSG, www.jcsg.org) is the complete protein
structural coverage of a simple model organism Thermo-
toga maritima (�1858 proteins) (Lesley et al. 2002;
DiDonato et al. 2004). At present, 272 T. maritima
protein structures (nonredundant) have been deposited
in the Protein Data Bank with 166 of these structures
determined by the JCSG. Approximately, 24% of the T.
maritima proteome is classified as membrane proteins,
with 169 putative single transmembrane a-helical pro-
teins comprising 9% of the entire T. maritima proteome.
This distribution is similar to other bacterial membrane

proteomes; however, included in this count are proteins
with signal peptides for secretion, localization to the peri-
plasm, and lipid modification. Of the 169 putative single
transmembrane a-helix proteins, approximately 130 (7%
of the proteome) are predicted to localize to the inner
membrane.

Forty-nine of these proteins were recloned without the
N-terminal hydrophobic sequences and expressed and
purified as soluble proteins. Seven of these proteins
now have structures deposited in the Protein Data Bank.
TM1410 (pdb id 2aam) and TM1622 (pdb id 1vr8) (Xu
et al. 2006) are putative lipoproteins (Madan Babu and
Sankaran 2002). TM1223 (pdb id 1vr5) is a periplasmic
protein (Nanavati et al. 2006), and TM0189 (pdb id 2etv),
TM0957 (pdb id 2f4i), TM0961 (pdb id 2etd), and TM1553
(pdb id 1vrm) (Han et al. 2006) are proteins that contain a
putative, single, N-terminal, transmembrane a-helix.

Here, we report the crystal structure of the soluble
domain of TM1634, a putative membrane protein of 128
residues (15.1 kDa) and unknown function. The topology
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of TM1634 is also unknown; however, the positive-inside
rule suggests that the acidic soluble domain (calculated
pI � 5.6) is located in the periplasm (von Heijne 1986,
1989). Sequence comparison identifies only one other
homolog that is found in Thermotoga petrophila. A
sequence alignment shows they are 98% identical (Fig.
1). A single tetratrico peptide repeat (TPR) motif was
predicted for residues 75–108 by PROSITE (Hulo et al.
2006) and is colored red in Figure 1. The consensus
sequence of a TPR motif is W4G8Y11G15Y17A20Y24A27

P32; however, no position is invariant. The TPR structural
motif is found throughout prokaryotic and eukaryotic
proteomes. TPR motifs mediate protein–protein interac-
tions and the assembly of multi-protein complexes. TPR
containing proteins are involved in biological processes,
such as cell cycle regulation, transcriptional control,
mitochondrial and peroxisomal protein transport, neuro-
genesis, and protein folding (D’Andrea and Regan 2003).
The TPR motif adopts a helix (A)–turn–helix (B) arrange-
ment and consists of three to 16 tandem repeats. The
repeats pack in a parallel arrangement where helix A
interacts with helix B and the proceeding A helix (A9). As
a result, a right-handed superhelix is formed with an inner
concave surface predominantly formed by the A helices
and a convex surface formed by residues from both the A
and B helices (D’Andrea and Regan 2003). To date, the
only available protein structure with just a single TPR
motif is the soluble domain of the mitochondrial protein
Tom20 (Abe et al. 2000).

The crystal structure of the soluble domain of TM1634
reveals a dimer that contains a single TPR motif in each
monomer where each motif is similar to that found in
Tom20. The overall fold is unique and a DALI search
does not identify similar folds beyond the 38-residue TPR
motif (less than 1/3 of the entire fold) (Holm and Sander

1995). Two different putative ligand binding sites,
PEG200 and Co2+, were identified using crystallography
and NMR, respectively.

Results

Crystal structure of D26TM1634

The structure of the soluble domain of TM1634
(D26TM1634) was determined in three crystal forms
(Table 1). D26TM1634 is a dimer in all crystal forms
(Fig. 2). Each monomer is composed of five a-helices that
fold into two domains. The N-terminal domain (residues
27–61) contains the first two a-helices and the C-terminal
domain is a bundle of three a-helices, which contains the
TPR motif (a3 and a4; residues 70–104) (Figs. 1, 2A).
The dimer interface is highly hydrophobic (Fig. 2B) and
primarily formed by a1 with 2340 Å2 of buried surface
area. The a1 sequence contains a leucine heptad and
forms a coiled-coil structure.

The crystallographic dimer is asymmetric: The orien-
tation of the C-terminal domain with respect to the N-
terminal domain is different for each monomer. The
superposition of the N-terminal domain of the two con-
formers and the resulting position of the C-terminal
domains are shown in Figure 3. The two distances shown
in Figure 3B,C emphasize the difference between con-
formers a and b in the asymmetric dimer. A salt bridge
is present in conformer b between Lys100 and Asp49
(2.8 Å), as well as a hydrogen bond between the hydroxyl
of Tyr45 and the backbone amide of Lys74 (3.1 Å) that
are absent in conformer a (9.5 Å and 6.1 Å, respectively).
A domain motion analysis using the progam DynDom
(Hayward and Berendsen 1998) identifies residues Leu70,
Leu71, Lys72, Glu73, as the hinge region (Fig. 3A). The
observed difference between the open and closed con-
formers (a and b, respectively) results from a 64° rotation
of the C-terminal domain around the hinge. The asym-
metric dimer is observed in both native crystal forms with
a 3.3 Å pairwise RMSD for the Ca of 103 equivalent
residues.

Oligomerization of D26TM1634 in solution

Although the gel-filtration chromatogram (Fig. 4A) sug-
gests the protein is trimeric in solution, the analytic
ultracentrifugation and chemical cross-linking data are
consistent with a dimer in solution (Fig. 4B and C, re-
spectively). Trace amounts of trimer are observed in the
analytical ultracentrifugation and cross-linking (120 min
time point) experiments. The aberrant behavior during
gel-filtration chromatography can be explained by the
nonglobular shape of the protein dimer as observed in the
crystal. The soluble domain dimer is also consistent with

Figure 1. Sequence alignment of TM1634 and Tpet1157. The sequences

of TM1634 and Tpet1157 of T. petrophila were aligned using BLAST. The

hydrophobic N-terminal sequence is colored gray, the secondary structure

is schematically drawn for a-helices, and the TPR consensus sequence is

indicated underneath the protein sequences with the conserved residues

with TM1634 and Tpet1157 indicated with stars. The two residues that are

different between the two sequences are colored blue. Residues implicated

in Co2+ binding are colored magenta.
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the oligomeric state of the full-length protein in several
detergents (Columbus et al. 2006).

PEG binding site

Crystal form II showed additional density that was not
part of the protein. Based on the components in the
crystal condition and the shape of the electron density,
PEG200 was modeled into the density (Figs. 2A, 5).
PEG200 only binds to molecule B of the dimer between
the N- and C-terminal domains. Residues from a1 to a3
contribute to the binding site. Specifically, Lys74 forms a
bifurcated hydrogen bond to two oxygen atoms of the
PEG200 (2.9 and 3.2 Å) and Phe97, Tyr45, and Leu78
are within van der Waals distance to the PEG200 carbon
atoms (Fig. 5). The PEG molecule does not seem to be
responsible for the observed asymmetry in the dimers

since crystal form I also contains an asymmetric dimer
but lacks the additional ligand electron density. It is
possible that the precipitant in the crystallization con-
ditions for crystal form I, PEG400, is too large to occupy
the binding site observed in crystal form II.

Ligand binding in solution

In order to investigate the binding of ligands in solution,
the backbone atoms of D26TM1634 were assigned by
NMR. Three potential ligands were investigated, PEG200,
glycyl-glycyl-glycine, and CoCl2. PEG200 was chosen
based on the electron density in the crystal structure.
Glycyl-glycyl-glycine was chosen to investigate if the
observed PEG200 molecule was occupying a potential pep-
tide binding site. CoCl2 was chosen because, when the
thrombin-treated protein was loaded onto a Co2+-chelating

Table 1. Data collection and refinement statistics

TM1634 (Se) SAD TM1634 (I) TM1634 (II)

Crystallization conditions

Buffer 30% PEG 400, 0.2 M

Li2SO4, 0.1 M sodium

cacodylate, pH 6.5

30% PEG 400, 0.2 M

Li2SO4, 0.1 M sodium

cacodylate, pH 6.5

50% PEG 200, 0.1 M

sodium citrate, pH 5.5

Temperature (°C) 20 4 20

Crystal parameters

Space group P212121 P21212 P21

Cell dimensions (Å) a ¼ 46.1 b ¼ 86.5 c ¼ 110.5 a ¼ 68.2 b ¼ 76.2 c ¼ 46.2 a ¼ 50.9 b ¼ 82.0 c ¼ 68.3

b ¼ 101.4°
Number of molecules/AU 4 2 4

Data collection Peak

Wavelength (Å) 0.97887 1.0000 1.0000

Resolution (Å) 50–2.7 50–1.65 50–1.8

Total reflections 79,862 104,892 163,714

Unique reflections 12,321 28,757 51,063

Rmerge
a,b 0.071 (0.248) 0.061 (0.409) 0.079 (0.568)

I/sIa 8.9 23.8 17.9

Completeness (%)a 96.6 (75.4) 96.6 (88.3) 99.2 (99.6)

Redundancy 6.5 (3.9) 3.6 (2.5) 3.2 (3.2)

Refinement

Resolution (Å) 50–1.65 50–1.8

Reflections used 27,259 48,429

Rwork/Rfree
c 0.20/0.23 0.24/0.28

No. of protein atoms 1726 3384

No. of water molecules 215 213

Average B value (Å2)d 27.7 34.2 (39.6)

Ramachandran Statisticse

Molecule A 96.0/4.0 96.9/3.1

Molecule B 96.0/4.0 95.9/4.1

Molecule C 96.9/3.1

Molecule D 97.9/2.1

RMSD bond lengths (Å) 0.011 0.011

RMSD bond angles (°) 1.4 1.3

a Numbers in parentheses are for outer shell.
b Rmerge ¼ +h+j j Ihj � Ih j=+h+j Ihj, where Ih is the weighted mean intensity of the symmetry-related reflections Ihj.
c Rwork and Rfree ¼ +hkl j Fobs – Fcalc j=+hkl Fobs for the working set and test set (5%) of reflections, where Fobs and Fcalc are the observed and calculated
structure factors, respectively.
d Number in parenthesis is for ligand.
e Percentage of residues in most favored/additionally allowed regions according to PROCHECK (Laskowski et al. 1993).

Structure of the soluble domain of TM1634
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column to remove the cleaved His-tag and uncleaved
protein, the flow-through containing cleaved D26TM1634
was an intense pink color that could not be removed by
dialysis. Ligand binding was assessed with native gel pro-
tein shifts and NMR chemical shift perturbation mapping.
PEG200 and glycyl-glycyl-glycine binding could not be
detected with either of these methods. A protein shift in
a native gel was only observed for Co2+ (Fig. 6A) and
localized chemical shift perturbations were observed in the
15N,1H-HSQC spectra (Fig. 6B).

The chemical shift perturbation is localized to a single
helical turn (Lys83–Glu87) in the C-terminal TPR do-
main. In addition to changes in chemical shift, the
paramagnetic Co2+ enhances the relaxation of the amide
proton and, therefore, broadens the line widths (in some
cases beyond detection). Histidine, aspartate, glutamate,
and cysteine are residues that are known to coordinate
cobalt in either an octahedral or tetrahedral geometry.
The two residues within this sequence that could coor-
dinate Co2+ are Asp84 and Glu87. These residues are a

single helical-turn away from each other and near the
dimer interface (Fig. 6C), which suggests that the Co2+

could be bound by these four residues; however, the
asymmetric dimer in the crystal is not in a configuration
that would facilitate such coordination.

It should be noted that the line widths are broad for a
protein with a molecular weight of 25 kDa; however,
there is no evidence for the asymmetric dimer in solution,
i.e., two sets of resonances are not observed for a subset
of cross-peaks. In addition, the 15N,1H-HSQC spectrum is
different from that reported for the full-length protein in
LDAO (Columbus et al. 2006). The latter spectrum can be

Figure 2. The crystal structure of the soluble domain of TM1634. (A) The

dimer is shown as a ribbon diagram with one monomer colored slate and

the other colored light blue. The FoFc electron density (red) corresponds

to the PEG200 molecule in one of the monomers and is contoured at 3 s.

The five a-helices are labeled a1–a5. (B) The a1 dimer interface is shown

with the backbone rendered as a cartoon and the interfacial residues

rendered as sticks with transparent spheres. The side chains are colored by

atom (C, gray; N, blue; and O, red).

Figure 3. The D26TM1634 asymmetric dimer. (A) A superposition of

a-helices 1 and 2 from monomer a onto the equivalent residues from

monomer b results in an RMSD of 0.55 Å and highlights the different

conformations of the C-terminal domains (a3, a4, and a5) in each

monomer. The hinge region (residues 70–73) is colored red. (B) A salt

bridge between K100 and D49 is shown in conformer b (2.8 Å) that is not

present in conformer a (9.5 Å). (C) A hydrogen bond between the hydroxyl

of Y46 and the backbone amide of K74 (3.1 Å) is observed in conformer b

but is not present in conformer a (6.1 Å). Residues in panels B and C are

labeled and distances (Å) are shown as dashed lines.
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obtained by adding LDAO to the soluble domain (data not
shown) implying that the detergent alters the conformation
of the soluble region in the protein–detergent complex.

Discussion

Ligand binding to D26TM1634

The crystal structure implies that there is a ‘‘closed’’ state
of D26TM1634 to which a PEG200 molecule can bind.
PEG molecules have mimicked ligand binding in several
crystal structures, such as a putative odorant binding site
of the odorant binding protein AgamOBP1 (Wogulis et al.
2006) and the cephalosporin binding site of the putative
methyltransferase CmcI (Oster et al. 2006). However, the

binding site in D26TM1634 could not be confirmed in
solution using PEG200 or glycyl-glycyl-glycine.

Co-crystallization experiments with D26TM1634 and
CoCl2 were not successful. For some crystal forms,
analysis of X-ray data sets from native crystals soaked
with CoCl2 did not reveal a defined cobalt binding site. In
other instances, the crystals dissolved with the addition of
CoCl2. These results suggest that the protein in the crystal
is not in a conformation suitable for cobalt binding with-
out disruption of the lattice. A binding site could be
mapped with solution NMR and specificity demonstrated
with native gel protein shifts (Fig. 6). Several T. maritima
proteins have been shown to bind Co2+: alkaline phos-
phatase (TM0156) (Wojciechowski et al. 2002), cytosolic
a-mannosidase (TM1851), and the N-terminal regulatory
domain of CorA (TM0561) (Eshaghi et al. 2006). It is
also likely that a class II xylose isomerase (TM1667)
(Epting et al. 2005) and a methionine aminopeptidase
(TM1478) (Spraggon et al. 2004) bind Co2+, although the
metal was not observed in the crystal structures.

T. maritima needs to import Co2+ from the environ-
ment, but only a few components for cobalt transport have
been annotated (TM1663 and TM1868); however, a
periplasmic binding domain for the transporter has still
not been identified. In addition, uptake of Co2+ needs to
be tightly regulated to avoid toxic effects. Thus, the
possible role for a Co2+ binding membrane protein, such
as TM1634, awaits further functional characterization.

Oligomeric state of D26TM1634

D26TM1634 is a dimer in solution as well as in the
crystal. However, the asymmetrical dimer observed in the
crystal is not in agreement with the solution NMR data. A
single set of resonances is observed in the 15N,1H-HSQC

Figure 4. D26TM1634 is a dimer in solution. (A) Gel-filtration chromato-

gram of D26TM1634 and molecular weight standards ovalbumin and

chymotrypsinogen. (B) Sedimentation velocity c(s) distribution of

D26TM1634 displaying a single monodisperse peak corresponding to a

dimer. (C) Denaturing SDS-PAGE gel of D26TM1634 after incubation

with EDC (0, 40, 60, and 120 min; lanes 1–4, respectively). TM1816 (a

monomer in solution) was used as a control for collisional complex for-

mation (Columbus et al. 2005). The arrow indicates dimeric D26TM1634.

The unmarked lane between TM1816 lanes 3 and 4 contains the molecular

weight markers (from top to bottom: 62, 49, 38, 28, 17, 14, and 6 kDa).

Figure 5. PEG200 binding site in the D26TM1634 crystal structure. D49,

Y45, K74, S77, L78, F97, and K100 form the PEG200 binding site in the

crystal. The 2FoFc electron density for the PEG200 is contoured at 1 s and

the PEG200 molecule rendered as sticks. The protein backbone is rendered

as a cartoon. The side chains are rendered as sticks with transparent

spheres, labeled, and colored by atom (C, gray; N, blue; and O, red).

Distances (Å) between atoms are indicated by dashed lines and labeled.

Structure of the soluble domain of TM1634
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spectrum, which is consistent with a symmetrical dimer
in solution. In addition, the Co2+ chemical shift mapping
and structural analysis implies the solution dimer is sym-
metrical. Therefore, the asymmetry observed in the crys-
tal structure may be due to crystal packing forces.

The TPR motif in the structure of D26TM1634

TM1634 contains a single TPR motif in each monomer
and shares considerable structural similarity with the
second TPR motif of the peroxin PEX5 (Kumar et al.
2001). Superposition of the structures is shown in Figure
7A. The structures share one and a half TPR motifs (55
residues) with a pairwise RMSD of 2.7 Å. It is interesting
that this motif was found to chelate Mg2+, not at a dimer
interface, but with a symmetry-related molecule (Kumar
et al. 2001). Only the D26TM1634 monomers individu-
ally share the structural homology. The TPR motif
tandem repeat requires the B helices to interact as well
as the A helices (Fig. 7A). The D26TM1634 dimer has the
B helices on the opposite sides of the A helices; therefore,
the B helix of a TPR motif of one monomer does not
interact with the B helix of the other.

The TPR motif in TM1634 is most similar to the only
other structure with a single TPR motif, Tom20 (Abe
et al. 2000; Saitoh et al. 2007). Tom20 is also a membrane
protein containing a single transmembrane a-helix and a
structural alignment of the D26TM1634 C-terminal do-
main results in a pairwise RMSD of 3.0 Å for 57 residues

(Fig. 7B). Tom20 is a mitochondrial protein that recog-
nizes the signal peptide for proteins being imported into
the mitochondria. Using the structural similarity of the
proteins, the signal peptide binding site of Tom20 was
mapped onto TM1634 (Fig. 7C,D; Abe et al. 2000) where
the structurally equivalent region is at the dimer interface
and likely does not bind a signal peptide.

Model of the full-length TM1634 membrane protein

TM1634 is an integral membrane protein with each
monomer containing a single transmembrane a-helix. A
model of the full-length dimeric protein is depicted in
Figure 8. The N-terminal helices were extended by
including the 26 residues which were removed to obtain
the structure. It is likely that only the three charged
residues (Lys2, Arg3, and Asp4) at the N terminus extend
from the membrane opposite of the soluble domain, and
topology experiments in the bacterial membrane need
to be performed to determine if the soluble domain is
cytoplasmic or periplasmic.

Materials and Methods

Preparation of D26TM1634

Cloning and expression of D26TM1634

Primers were designed to amplify the soluble domain (resi-
dues 27–128) of TM1634 from the clone of the full-length gene

Figure 6. D26TM1634 binds Co2+ in solution. (A) A native gel of D26TM1634 incubated with different ions. (B) Two-dimensional
15N,1H-HSQC spectra of 15N-labeled D26TM1634. The red spectrum is without Co2+ and the black spectrum is with 600 mM CoCl2 added.

The panels on the right correspond to the boxes drawn on the entire spectrum and the peaks are labeled with the residue assignment, and an

additional spectrum recorded with 300 mM CoCl2 is shown in orange. (C) The D26TM1634 crystal structure with the region in which

chemical shifts were observed in the presence of Co2+. E87 and D84 are rendered as sticks. (D) A 90° rotation of the protein in panel C.
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(Lesley et al. 2002). Using standard molecular biology tech-
niques, the amplified soluble domain was ligated into the pET28b
vector between the NdeI and BamHI restriction sites. This
vector encodes a Thrombin cleavable N-terminal His6-tag
(MGSSHHHHHHSSGLVPRGSHM). The final protein construct
after Thrombin digestion has four additional N-terminal resi-
dues (GSHM) before N27 of TM1634. For expression, the
D26TM1634-containing plasmid was transformed into a
BL21(DE3) Escherichia coli strain. Cell cultures were grown
at 37°C to an OD600 � 0.8 and protein expression was induced
with 1 mM isopropyl-b-thio-D-galactoside. Unlabeled samples
were grown in Luria–Bertani medium. For uniformly labeled
D26TM1634, cells were grown in M9 minimal media supple-
mented with 15NH4Cl (1 g/L) and/or [13C]-D-glucose (4 g/L) for
obtaining 15N- or 15N/13C-labeled D26TM1634.

Purification of D26TM1634

The cells were harvested 3 h after induction by centrifugation
at 5000g for 15 min. Bacteria were resuspended in lysis buffer
(50 mM Tris, pH 8.0, 100 mM NaCl, 1 Complete protease
inhibitor pellet [Roche]) and lysed using a microfluidizer. Cell
debris was removed by centrifugation at 15,000g for 30 min.
The supernatant was applied to a column containing cobalt
chelating resin (GE Healthcare) previously equilibrated with

lysis buffer. The resin was washed with 10 column volumes of
wash buffer (25 mM sodium phosphate, pH 7.8, 100 mM NaCl,
25 mM imidazole) and the protein was eluted with five column
volumes of elution buffer (wash buffer with 600 mM imidazole).
The eluate was concentrated (MWCO ¼ 10 kDa) to 10 mL and
dialyzed against 2 3 4 L of Thrombin cleavage buffer (50 mM
Tris, pH 8.0, 100 mM NaCl, and 10 mM CaCl2). Thrombin (10–
20 mg) was added and the cleavage reaction was allowed to
proceed at room temperature for 2 d. The extent of cleavage
was monitored using SDS-PAGE denaturing gels. The Thrombin
was then removed using a p-aminobenzamidine–agarose resin
(Sigma-Aldrich). Initially, a second Co2+ chelating column was
used to remove the cleaved His-tag and any uncleaved protein;
however, the cleaved protein in the flow-through was an intense
pink color that could not be removed, even after extensive
dialysis. Therefore, for crystallization, NMR, and biochemical
studies, the second cobalt chelating column was eliminated.

X-ray crystallography

Crystallization and data collection

D26TM1634 was dialyzed into crystallization buffer (20 mM
Tris, pH 7.8, and 150 mM NaCl) and concentrated to 33 mg/mL.
Crystals were grown by nanodrop vapor diffusion using the pre-
cipitants shown in Table 1. Crystals were flash-frozen to 100 K
and native diffraction data were collected at Beamline 5.0.1,
Advanced Light Source, Berkeley, CA. Single wavelength anom-
alous dispersion (SAD) data from a single selenomethionine-
substituted crystal were collected at the selenium K-edge (peak)
at Beamline 5.0.2, Advanced Light Source, Berkeley, CA. All
data were processed with the HKL2000 package (Otwinowski
and Minor 1997).

Phasing, model building, and refinement

The scaled intensity SAD data were input into SOLVE
(Terwilliger and Berendzen 1999) and the positions of 12 sele-
nium atoms in the asymmetric unit were located. Phases were
calculated to 3.1 Å resolution by SOLVE with a figure of merit
of 0.33 and the phases refined with RESOLVE (Terwilliger and
Berendzen 1999). The Ca atom trace for the four molecules in
the asymmetric unit was manually built with COOT (Emsley

Figure 7. Structural similarity to the TPR motif. (A) The structural

alignment of D26TM1634 (slate blue) and the third TPR motif of the

peroxin pex5 from Trypanosoma brucei (pdb id: 1HXI, orange); the A

and B helices of the aligned TPR motif are labeled, and the helices of

the tandem repeat are labeled A9 and B9. (B) Structural alignment of

D26TM1634 and the soluble domain of the mitochondrial import receptor

subunit Tom20 from Rattus norvegicus (pdb id: 2V1T); D26TM1634 is

colored slate blue and Tom20 is colored green. In both panels, the TPR

helices are labeled A and B and correspond to those in Figure 1. (C)

Tom20 is rendered as a cartoon with a semitransparent surface. The signal

peptide-binding region is colored yellow. (D) D26TM1634 is rendered as a

cartoon with a semitransparent surface and the corresponding region to the

Tom20 peptide-binding region is colored yellow.

Figure 8. Structural model of the full-length TM1634. The lipid bilayer is

indicated by the gray box and marks the region of the protein modeled by

extending the N-terminal helices in the crystal structure.
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and Cowtan 2004). A molecular replacement solution for the
1.65 Å native data set I was subsequently found with the pro-
gram Phaser (Storoni et al. 2004) using a monomer as the search
model. The two monomers in the asymmetric unit were refined
to 1.65 Å resolution using Refmac5 within the CCP4 program
suite (Collaborative Computational Project, Number 4 1994).
An additional native data set II was collected, solved by molec-
ular replacement, and refined as described above for the native
data set I. The final model contains residues 27–128 in each
molecule with 96% of the main chain torsion angles of the non-
glycine residues in the most favored regions of the Ramachan-
dran plot and the remaining 4% in the additionally allowed
regions as evaluated by PROCHECK (Laskowski et al. 1993).
All data collection and refinement statistics are shown in Table 1.
Protein graphics were prepared using PyMOL (DeLano Scien-
tific). The atomic coordinates and structure factors (codes 2VKJ
and 2VKO, respectively) have been deposited in the Protein Data
Bank, Research Collaboratory for Structural Bioinformatics,
Rutgers University, New Brunswick, NJ (http://www.rcsb.org/).

Characterizing the oligomerization state in solution

For solution studies, D26TM1634 was dialyzed into phosphate
buffer (20 mM phosphate, pH 6.2, and 150 mM NaCl) and
concentrated to 2 mM.

AUC

Analytical ultracentrifugation was performed on a Beckman
XL-I equipped with an AnTi50 eight-hole rotor. Interference
and absorbance optics were used with cells constructed from
sapphire windows and 1.2 mm charcoal-filled Epon center-
pieces. Samples for velocity experiments were equilibrated at
20°C for at least 1 h prior to initiation of runs at 50,000 rpm for
4 h. Scans were fit using the c(s) analysis method with the
programs SedFit or SedPhat (Schuck 2000).

Gel filtration

A HiLoad Superdex 75 FPLC column (GE Healthcare) was
equilibrated with 20 mM phosphate buffer (pH 6.2) and 150 mM
NaCl. A 0.5-mL sample of 1.5 mM D26TM1634 was injected onto
the column and the elution profile was recorded. The procedure
was repeated with a set of molecular weight standards (BioRad).

Chemical cross-linking

D26TM1634 was reacted with the hydrophilic cross-linker
Ethyl-3-[3-dimethylaminopropyl]carbodiimide Hydrochloride
(EDC). Protocols from Pierce were followed using the following
reaction conditions: 50 mM HEPES (pH 8.0), 150 mM NaCl,
2.5 mM EDC, and ;10 mM protein. A 20-mL sample was removed
from the reaction at 0, 40, 60, and 120 min and mixed with SDS
loading buffer to stop the cross-linking reaction. The reaction
products were evaluated with SDS-PAGE denaturing gels and the
oligomeric state was estimated based on the migration of the
reacted protein compared to unreacted protein. TM1816, a
monomeric protein, was used as a control.

Ligand binding

Co2+, PEG, and glycyl-glycyl-glycine NMR titrations

All NMR data were recorded at 303 K on a Bruker Avance600
spectrometer. For the sequence-specific resonance assignments

of the polypeptide backbone atoms, the following experiments
were recorded: 2D 15N,1H-HSQC, 3D HNCACB, 3D HNCA,
and 3D CBCA(CO)NH (Bax and Grzesiek 1993). All assign-
ments were done interactively using the program XEASY
(Bartels et al. 1995). The backbone resonance assignments
were obtained for all residues except Ala42, Glu100, and
Lys101. A 2D 15N,1H-HSQC spectrum was recorded for 300
mM 15N-labeled D26TM1634 with 50 mM, 100 mM, 300 mM,
600 mM, 3.4 mM, and 15 mM CoCl2, 50 mM, 100 mM, 300 mM,
600 mM, 3.4 mM, and 15 mM PEG200, and 50 mM, 100 mM,
300 mM, and 600 mM glycyl-glycly-glycine using a BACS120
autosampler.

Native gel assay of metal binding and selectivity

D26TM1634 was incubated with 10-fold molar excess of
divalent salts for 10 min at room temperature. The complexes
were monitored on a Coomassie-stained native 4%–20% gra-
dient gel, which was run for 3 h. Gel migration was compared to
the protein without divalent salt.
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