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A Thermoacidophile-Specific Protein Family, DUF3211, Functions as a
Fatty Acid Carrier with Novel Binding Mode
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STK_08120 is a member of the thermoacidophile-specific DUF3211 protein family from Sulfolobus tokodaii strain 7. Its molecu-
lar function remains obscure, and sequence similarities for obtaining functional remarks are not available. In this study, the
crystal structure of STK_08120 was determined at 1.79-A resolution to predict its probable function using structure similarity
searches. The structure adopts an o/ structure of a helix-grip fold, which is found in the START domain proteins with cavities
for hydrophobic substrates or ligands. The detailed structural features implied that fatty acids are the primary ligand candidates
for STK_08120, and binding assays revealed that the protein bound long-chain saturated fatty acids (>C,,) and their trans-un-
saturated types with an affinity equal to that for major fatty acid binding proteins in mammals and plants. Moreover, the struc-
ture of an STK_08120-myristic acid complex revealed a unique binding mode among fatty acid binding proteins. These results
suggest that the thermoacidophile-specific protein family DUF3211 functions as a fatty acid carrier with a novel binding mode.

hermoacidophiles are defined as organisms that can survive at

extremely low pH (optimal pH for growth: typically 0.7 to 3.0)
and at high temperatures (above 50°C). These organisms are
found exclusively in archaeal species, and complete genome se-
quences have been determined for several species in the past 2
decades (1-3). Comparative genome analyses among thermoaci-
dophilic archaea have been applied to better understand their ac-
idophilic survival strategies, which are based on the known or
annotated functions of the genes of interest. This approach has
shed light on the possible mechanisms underlying acid adapta-
tion, such as a maintenance system of genome structure and in-
tegrity (4), energy metabolism with unique respiratory chain
compositions (1, 5), and membrane transports for tolerating a
huge pH gradient across the membrane (6). Comparative genome
analyses have also identified various genes specific to thermoaci-
dophilic archaea and functionally unknown, and their functional
aspects could help us understand the mechanisms by which these
archaea adapt to acidic environments.

STK_08120 is a member of the thermoacidophile-specific do-
main unknown function 3211 (DUF3211) family of proteins en-
coded by the STK_08120 gene of Sulfolobus tokodaii strain 7 and
consists of 136 amino acid residues. According to a BLAST (7)
search, homologous sequences are specifically found in ther-
moacidophilic archaea such as Sulfolobus, Acidianus, and Metal-
losphaera. There are no structural and functional findings on the
DUF3211 family proteins and no sequence similarities that could
provide insight into their molecular function.

Structure-based function prediction for proteins is often supe-
rior to sequence-based approaches because the folding pattern is
retained even if the sequence similarity is not found (8). Proteins
with similar functions often have similar folds, and hence, the first
step toward structure-based function prediction is to find struc-
tural neighbors. There are now over 90,000 entries in the Protein
Data Bank (PDB) and several methods for structural alignment,
such as the DALI server (9). In fact, the functions of some targeted
proteins have been elucidated either by global structure similarity
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to well-characterized proteins (10, 11) or by the combination of
structural comparisons and biochemical experiments (12, 13).

In this report, we characterized the molecular function of
STK_08120 by a structural alignment approach coupled with bio-
chemical experiments. We found that STK_08120 bound to long-
chain saturated fatty acids (>C,,) and their trans-unsaturated
form with an affinity equal to that of major fatty acid binding
proteins (FABPs) in mammals and plants. A unique binding mode
is here proposed on the basis of the structure of the STK_08120
complex with myristic acid.

MATERIALS AND METHODS

Plasmid construction and protein expression. STK_08120 was overex-
pressed in Escherichia coli Rosetta (DE3) by using the pET system (Nova-
gen). The DNA sequence encoding full-length STK_08120 (STK_08120)
was amplified from the genome of Sulfolobus tokodaii strain 7 by using
PCR and was then inserted between the Ndel and BamHI sites of the
pET-28a vector (Novagen). The cells were transformed with the plasmid
and then cultured in lysogeny broth (LB) medium containing 20 mg li-
ter ' kanamycin and 34 mg liter ' chloramphenicol at 37°C. The protein
expression was induced by the addition of 1.0 mM isopropyl-B-p-thioga-
lactopyranoside (IPTG) at the mid-log phase. The selenomethionine (Se-
Met) derivative of STK_08120 was overexpressed in M9 medium contain-
ing 0.4% (wt/vol) glucose; 0.1 mg liter ' thiamine; 1 mM MgSO,; 4.2 mg
liter ! FeSO,; 20 mg liter ' kanamycin; 34 mg liter ' chloramphenicol;
50 mg liter ! of isoleucine, leucine, valine, and L-selenomethionine; and
100 mg liter ' of lysine and phenylalanine by using the methionine bio-
synthesis inhibition method (14).

Protein purification. The harvested cells were disrupted by sonication
in a buffer containing 20 mM Tris-HCI (pH 7.2), 0.5 M NaCl, 30 mM
imidazole, and 1 mM dithiothreitol (DTT). The supernatant after centrif-
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ugation was incubated at 80°C for 15 min and was then centrifuged once
more. The supernatant was applied onto a Ni-Sepharose column (GE
Healthcare). Hiss-tagged STK_08120 was trapped and purified on the
column. The fusion protein was then cleaved between the sequences of
His, tag and STK_08120 by thrombin protease to release only the un-
tagged STK_0812 from the column. The untagged protein was dialyzed
against 20 mM morpholineethanesulfonic acid (MES)-NaOH (pH 5.6)
and then applied onto a Mono-S cation-exchange column (GE Health-
care). The protein was eluted with a linear gradient of 0 to 200 mM NaCl
in the MES buffer. The protein solution was dialyzed against 10 mM
Tris-HCI (pH 7.0) and was concentrated to 32 mg ml ™' by using VivaSpin
(Sartorius AG). The protein concentration was estimated by the absor-
bance at 280 nm with an absorption coefficient of 7,450 M~' cm ™" (15).
The SeMet derivative was purified and concentrated using the method
mentioned above.

Crystallization. Crystals of STK_08120 and the SeMet derivative were
obtained under the reservoir solution containing 15% (wt/vol) polyeth-
ylene glycol (PEG) 4000, 20% (vol/vol) isopropanol, and 0.1 M MES-
NaOH (pH 6.6) at 20°C by the sitting-drop vapor diffusion method. In the
case of an STK_08120-myristic acid complex, the crystallization solution
was prepared by adding myristic acid at a final concentration of 2 mM to
protein solution (diluted to 20 mg ml™"). The STK_08120-myristic acid
crystals were grown at 20°C in sitting drops containing 1 .l of the protein
solution and an equal volume of the reservoir solution, which contained
22 to 25% (vol/vol) isopropanol, 0.2 M ammonium acetate, and 0.1 M
buffer (Tris-HCl or HEPES-NaOH, pH 7.5 to 8.5).

X-ray data collection and processing. Reservoir solution containing
40% (vol/vol) ethylene glycol was piled up on the drops with protein
crystals as a cryoprotectant. The crystals were picked up in a nylon loop
(Hampton Research) and mounted for flash-cooling with a liquid nitro-
gen stream. X-ray diffraction data were collected with synchrotron radi-
ation by using an ADSC Quantum-210 charge-coupled device (CCD)
detector system on the AR-NW12 beamline at the Photon Factory (Tsu-
kuba, Japan). For single-wavelength anomalous diffraction (SAD) data
for the SeMet derivative crystal, the peak wavelength (0.97924 A) was
determined from the selenium absorption spectrum. For the STK_08120-
myristic acid complex, the data were collected with synchrotron radiation
by using an ADSC Quantum-210 CCD detector system on the BL-17A
beamline at the Photon Factory. All diffraction data were indexed, inte-
grated, and scaled with the HKL2000 program suite (16).

Structure determination and refinement. The structure of STK_
08120 was determined by the single-wavelength anomalous dispersion
(SAD) method and the data set of the SeMet derivative crystal. Experi-
mental SAD phasing and density modification were performed using the
SHELXC/D/E program (17, 18). The initial model for the SeMet deriva-
tive was built and refined with the programs ARP/wWARP (19) and Ref-
mac5 (20) in the CCP4 program suite (21). The refined model was used to
determine the tertiary structure of STK_08120 by the molecular replace-
ment method of the CCP4 program MOLREP (22) and the X-ray diffrac-
tion data of the native crystal. The final model was rebuilt and refined
using the CCP4 programs XtalView (23) and Refmac5 (20). The tertiary
structure of the STK_08120-myristic acid complex was determined by the
molecular replacement method of MOLREP (22) and the coordinates of
STK_08120. A model was manually rebuilt using the COOT program (24)
and was refined using the Refmac5 program (20).

Bioinformatics analyses. Homologous proteins with STK_08120 were
searched using the BLAST (7) server at the NCBI. Distribution analysis of
START domain proteins was performed using the SUPERFAMILY database
(25). The signal peptide sequence was searched using the PRED-SIGNAL
server (26). The DALI (9) and Pocket-Finder (27) servers were used for struc-
ture similarity and ligand-binding pocket searches, respectively. Protein-li-
gand interactions were analyzed using the program LIGPLOT (28). Com-
puter graphic representations were prepared using the software PyMOL
(http://www.pymol.org/).
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Gel filtration analysis. Analytical gel filtration chromatography was
carried out using a Superdex 75 HR 10/30 (GE Healthcare) column in a
buffer containing 20 mM Tris-HCI (pH 8.0), 150 mM NaCl, and 1 mM
DTT. The standard protein mixture was supplied from the gel filtration
calibration kit (GE Healthcare).

Fatty acid binding assay. The fatty acid binding assay of STK_08120
was carried out using 2-p-toluidinylnaphthalene-6-sulfonate (TNS) as a
fluorescence probe. All fluorescence experiments were performed on a
Shimadzu RF-5300PC spectrofluorophotometer at 25°C as described pre-
viously (29) with some modifications. The excitation and emission wave-
lengths were set at 355 and 430 nm, respectively. Before the initial fluo-
rescence was recorded, 0.5 uM STK_08120 and 15 pM TNS were
incubated for 1 min in a measurement buffer containing 175 mM man-
nitol, 0.5 mM K,SO,, 0.5 mM CaCl,, and 5 mM MES (pH 7.0). Each fatty
acid was prepared at a concentration of 0.05 to 25 mM in dimethyl sul-
foxide (DMSO) and was then titrated by 12 successive 5-l injections into
the reaction solution. The equilibrated fluorescence per injection was re-
corded for 30 s. The binding affinity of STK_08120 may be somewhat
affected by the unfavorable interaction of TNS with the tested fatty acids.
To at least avoid the incorporation of TNS into the micelles of the fatty
acids, each fatty acid was used in the range of concentration lower than the
critical micelle concentration (CMC). Control injections of DMSO into
the reaction solution containing protein were performed to determine
background corrections. The data set of decreased fluorescence intensities
was analyzed as a single-site binding function by using GraphPad Prism 4
(GraphPad Software).

Protein structure accession numbers. Coordinates and structure fac-
tors have been deposited in the Protein Data Bank (PDB) with accession
codes 2EJX and 3W9K for STK_08120 and its complex with myristic acid,
respectively.

RESULTS

Structure determination and overall structure of STK_08120.
The crystal structure of STK_08120 was determined at 1.79-A
resolution by the single-wavelength anomalous dispersion
(SAD) phasing method by using the SeMet-substituted pro-
tein. The final model with 0.22/0.26 of R/Rg,.. contains a pro-
tein molecule (Lys3 to Ile136) and 102 water molecules in an
asymmetric unit. SFCHECK (30) analysis revealed that 97.7%
of all the residues were in the most favored region and that the
remaining residues were in the additionally allowed region of a
Ramachandran plot (31). The data collection and refinement
statistics are summarized in Table 1.

The tertiary structure of STK_08120 was comprised of three
a-helices and a seven-stranded (3-sheet with the following topol-
ogy: Bl-al-a2-B2-B3-B4-B5-B6-B7-a3 (Fig. 1A). The order of
the strands was 1-7-6-5-4-3-2, and all strands were in antiparallel
orientations. The B-sheet bends into an unclosed B-barrel and
surrounds «1- and a2-helices. These helices also form tight hy-
drophobic contacts with the C-terminal half (residues Leul16 to
Argl34) of the a3-helix (Fig. 1B). In addition, Argl34 on the
a3-helix forms a salt bridge with Asp23 on a loop connecting the
al- and a2-helices (L2). The contact region among the three he-
lices seems to be more rigid, with a lower average B factor of C,
atoms (23.9 A%) compared with the other regions (average B factor
of C, atoms, 28.8 A?). The C-terminal long a3-helix shows a
unique twisted-S-shaped feature caused by two kinks of approxi-
mately 40 and 75 degrees at the positions around Lys109 and
Ile123, respectively (Fig. 1A). Gel filtration experiments showed
that STK_08120 existed as a monomer in solution (Fig. 1C).

Structural similarity to START domain proteins. Based on
the BLAST search using the STK_08120 sequence, all the se-
quences with alignment scores of >40 are annotated as hypothet-
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TABLE 1 Crystal parameters, data collection statistics, and refinement statistics

Value for protein®:

STK_08120-myristic acid

Parameter or statistic STK_08120 SeMet derivative complex
Data collection
Space group P2,2,2 P2,2,2 P2,2,2
Lattice constants (A) a=549,b=704,c= 352 a=53.3,b=70.0,c=34.8 a=53.9,b=70.6,c=353
Wavelength (&) 1.00000 0.97924 1.00000
Resolution range (A) 50.0-1.79 (1.85-1.79) 50.0-2.00 (2.07-2.00) 50.0-1.80 (1.86-1.80)
No. of observed reflections 73,265 44,721 89,716
Data completeness (%) 97.8 (96.6) 96.8 (99.1) 99.9 (99.6)
Redundancy 5.5 (6.0) 5.2 (6.0) 6.9 (6.1)
Ry 0.072 (0.255) 0.062 (0.158) 0.073 (0.214)
<I>/<o(l)> 43.9 (10.8) 48.1 (23.8) 45.4 (8.5)
Wilson B factor (A?%) 24.5 45.0 18.5
Refinement
Resolution range (A) 20.0-1.79 20.0-1.80
No. of reflections 12,526 12,356
R/Rg.. (%) 22.2/26.2 18.3/23.2
No. of atoms
Protein 1,090 1,098
Ligand 16
Water 102 103
B factor
Protein (A?) 29.9 17.5
Ligand (A?) 34.9
Water (A2) 41.1 27.6
RMSDs
Bond lengths (&) 0.017 0.023
Bond angles (°) 1.61 1.98
Ramachandran plot
Favored (%) 92.5 99.2
Allowed (%) 7.5 0.8
Outliers (%) 0 0

@ Values in parentheses are for the highest-resolution shell.

ical proteins and do not provide any structural information.
Among the sequences with lower alignment scores, levansucrase
(alignment score, 38.9; E value, 0.24) is the only protein whose
function is known. The enzyme exhibits a five-bladed 3-propeller
fold (32), which is quite different from the structure of
STK_08120.

A structural homology search by the DALI server showed that
there were 22 structures homologous to STK_08120 with Z values
of >10.0, where the Z value represents the degree of structural
similarity. Most of the searched proteins with high Z values were
uncharacterized proteins, whereas the functions of some proteins
are understood: polyketide aromatase/cyclase (PAC) Zhul (Z
value, 10.6; root mean square deviation [RMSD], 3.1 A; number
of C, atoms, 123; sequence identity, 9%; PDB code, 3TFZ [33]),
abscisic acid (ABA) receptor pyrabactin resistance I (PYR1)-like 2
(PYL2) (Z value, 10.3; RMSD, 3.1 A; number of C, atoms, 123;
sequence identity, 7%; PDB code, 3NS2 [34]), and phenolic oxi-
dative coupling protein Hyp-1 (Z value, 10.1; RMSD, 3.4 A; num-
ber of C, atoms, 122; sequence identity, 7%; PDB code, 3IE5
(35]).

PAC catalyzes a cyclization reaction of polyketide with diverse
cyclization patterns (33, 36, 37). ABA receptors receive ABA, a
plant hormone, to inhibit a target phosphatase activity (38).
Hyp-1 is involved in the dimerization reaction of emodin in hy-
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pericin biosynthesis with no enzymatic function (35, 39). These
proteins are classified as steroidogenic acute regulatory protein
(StAR)-related lipid transfer (START) domain proteins, which
share the helix-grip fold of a B-a-a-B-B-B-B-B-B-a topology and
a cavity with a preference for hydrophobic substrates or ligands
(40). Like START domain proteins, STK_08120 had not only a
helix-grip fold composed of 3 a-helices and 7 B-strands but also
an internal cavity formed as the B-barrel wraps around the a3-
helix (Fig. 2A). The database search using the SUPERFAMILY
server (25) showed that 52 genes in 49 bacterial genomes encoded
START domain proteins and there was no gene for START do-
main protein in archaeal genomes. However, a previous distribu-
tion analysis has reported that 2 archaeal genes encode START
domain proteins (40). Compared to the 4,600 genes for START
domain proteins in eukaryotes, the number of START domain
proteins is extremely low in archaea and eubacteria, which may be
caused by the considerable diversity in the sequence of bacterial
START domain proteins, as in the instance of STK_08120.
Compared with the cavities of Zhul, PYL2, and Hyp-1, there
are two major differences in the cavity of STK_08120. One is the
difference in the size of cavity, and the other is the difference in the
direction of entrance into the cavity. The a2-helix and the follow-
ingloop (L3) of STK_08120 deeply penetrate the protein molecule
to narrow the cavity (Fig. 2A). The cavity volume is 340 A’ as
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FIG 1 Crystal structure of STK_08120. (A) The structure is colored blue and yellow for the B-sheet and loops, respectively. Among the three a-helices, the
a3-helix and the other helices (a1 and «2) are shown in purple and green, respectively. Dashed curves indicate kinked regions around Lys109 and Ile123. (B)
Stick-and-sphere models and dashed lines represent hydrophobic contacts among the residues on the three a-helices and a salt bridge between Asp23 and Arg134,
respectively. The purple region corresponds to the C-terminal half (residues Leul16 to Argl34) of the a3-helix. (C) Elution patterns of STK_08120 (blue) and
standard proteins (orange) on a Superdex 75 HR 10/30 gel filtration column. The absorption wavelength was 280 nm for detecting protein peaks. Values in
parentheses are molecular masses estimated from the amino acid sequence for STK_08120.

calculated by the Pocket-Finder server (27), whereas the START
domain proteins generally each have a cavity with a typical volume
of >600 A” (Fig. 2B to D). In the cavity of STK_08120, an entrance
is located between the C-terminal region of the B7-strand (Leu97-
His-99) and the N-terminal region of the a3-helix (Lys102-
Vall10). The first kink in the a3-helix, around Lys109, appears to
provide enough space for the entrance (Fig. 1A and 2A). In the
START domain proteins, an entrance to the cavity is generally
formed by the C-terminal long helix and two loops (Fig. 2B to D),
corresponding to the a3-helix and loops L6 and L8 of STK_08120,
respectively. The loops often act as a gate that regulates the access
of ligands into the cavity, which has been well characterized in
ABA receptors like PYL2 (34, 38). In contrast to this typical fea-
ture, the cavity of STK_08120 is closed at the positions around
loops L6 and L8 in a ligand-free form by tight contacts among the
residues on the a3-helix and loops L6 and L8.

Function prediction based on the detailed properties of the
cavity. The cavity was comprised of eight nonpolar residues, Val4,
Phe32, Pro33, Phe52, Val59, Leu97, Alal05, and Val112 (Fig. 3A),
and seemed extremely hydrophobic. Several polar residues,
Tyr57, Tyr74, Ser76, Arg78, His99, and Thr104, were also ar-
ranged in the cavity. All polar groups were either masked by form-
ing hydrogen bonds with other polar groups (e.g., Pro33
[CO]—Tyr57 [-OH], Tyr74 [{-OH]—His99 [8-NH], Ser76 [vy-
OH]—Arg78 [NH], Ser76 [y-OH]—Gly79 [CO], and Arg78
[CO]—His99 [e-NH]) or faced away from the cavity to the sol-
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vent (e.g., the guanidino group of Arg78 and Thr104 [y-OH])
(Fig. 3B). These features help to maintain the hydrophobicity of
the cavity. In addition, there were four charged residues, Lys3,
Glu98, Lys102, and Lys109, at the entrance to the cavity (Fig. 3B),
where the net charge was positive. These findings predict a ligand
specificity of STK_08120 as follows. (i) The cavity may be able to
bind a lipophilic molecule. (ii) A negatively charged group of li-
gands may be necessary for a lipophilic chain to access the cavity
through a positively charged filter around the entrance.

Among the structurally homologous proteins to STK_08120,
PAC functions as a single enzyme, and the activity requires three
residues, Asp, Arg, and His, in the cavity (33, 36, 37), whereas
STK_08120 has no aspartic acid residue in the cavity and the gua-
nidino group of Arg78 flips out from the cavity as mentioned
above. Therefore, STK_08120 might not be able to work as a PAC.

Fatty acid binding activity and selectivity. To evaluate the
predicted ligand specificities of STK_08120, ligand-binding assays
were carried out using various natural fatty acids as candidate
compounds. Table 2 summarizes the dissociation constants (K;)
of the fatty acids tested in this study. STK_08120 was able to bind
to a saturated medium-chain or long-chain fatty acid with more
than eight carbons (>Cg). The affinities elevated in every elonga-
tion of two hydrocarbons and myristic acid (C,,) showed the
strongest affinity, with a K, value 0f 0.48 = 0.05 M. The affinities
are most effectively increased by adding two hydrocarbons at the
C,5;and C,, positions (~30-fold increase). Palmitic acid (C,¢) and
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FIG 2 Cavities of STK_08120 and START domain proteins. (A) STK_08120. (B) Zhul polyketide aromatase/cyclase (PDB identifier, 3TFZ [33]). (C) ABA
receptor PYL2 (PDB identifier, 3NS2 [34]). (D) Phenolic oxidative coupling protein Hyp-1 (PDB identifier, 3IE5 [35]). Cavities are represented by the yellow
mesh model, and arrowheads indicate the entrances to the cavities. Gate loops are shown by orange color in the Zhul, PYL2, and Hyp-1 structures. Purple regions
correspond to the a3-helix of STK_08120 and the C-terminal long helices of Zhul, PYL2, and Hyp-1.

stearic acid (C,4) each have alonger acyl chain than does myristic
acid (C,,), although the affinities are almost equal among these
three fatty acids. These results imply that the cavity of STK_08120
is suitably sized for binding to an acyl chain with C,,.
Unsaturated fatty acids were also tested for comparison with
saturated fatty acids (Table 2). Palmitoleic acid (C,g.;, cis-9) and

oleicacid (C,g.;, cis-9) are unsaturated fatty acids with a cis double
bond. Both showed lower affinities than their respective saturated
forms, palmitic acid (C,4,,) and stearic acid (C,4,,). In contrast,
the affinity of elaidic acid (C,g.,, trans-9) with a trans double bond
was almost equal to that of its saturated form (C, g.,). These results
indicate that saturated and trans-unsaturated fatty acids are pre-

FIG 3 Residues composing a hydrophobic cavity of STK_08120. Nonpolar (A) and polar (B) residues are represented by stick models. Dashed lines and an

arrowhead indicate a hydrogen bond and the cavity entrance, respectively.
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TABLE 2 Dissociation constants (K;) of STK_08120 toward several
fatty acids”

Fatty acid Construction K, (nM)
Hexanoic acid Ceo ND?
Octanoic acid Caeo 277 + 23
Decanoic acid Cio0 29.8 £ 0.9
Dodecanoic acid Cia 14.0 = 1.8
Myristic acid Ciao 0.48 = 0.05
Palmitic acid Cie0 0.67 = 0.14
Stearic acid Cigo 0.59 = 0.07
Palmitoleic acid Cig:1> €I5-9 4.32 £ 0.12
Oleic acid Cig.p> CIs-9 4.23 £ 0.32
Elaidic acid Cyg.p» trans-9 0.70 = 0.10
Linoleic acid Cg.0 €i5-9,12 3.45 +0.26
Linolenic acid Cig.3 €i5-9,12,15 4.47 +0.19

@ All determinations were performed in triplicate, and results are expressed as mean
values * standard deviations.
? ND, not detected.

ferred as ligands of STK_08120 over cis-unsaturated fatty acids
among typical natural fatty acids. Furthermore, the comparison
among oleic acid (C,g.;, cis-9), linoleic acid (Cg.,, cis-9,12), and
linolenic acid (C,g,;, ¢is-9,12,15) showed that the further addition
of the cis double bonds at positions 12 and/or 15 had no apparent
effect on the affinity to STK_08120. Fatty acids would partially
lose their conformational flexibility by forming a cis double bond
at the C, position, which may restrict the arrangement of fatty
acids in the cavity by a steric hindrance effect.

Binding mode for myristic acid. To identify the precise bind-
ing mode between STK_08120 and fatty acids, we determined the
structure of STK_08120 in complex with myristic acid at 1.80-A
resolution. The final model, with 0.18/0.23 of R/R,.., contains a

B. T104
A105
R78
H99 Y57

K109

S76
[ vz
Y. A z ~F32 Ligandbond g
K3 L97

STK_08120 residues involved
o—o < in hydrophobic contact(s)

Myristic acid atoms involved
in hydrophobic contact(s)

protein molecule (residues Met2 to Ile136), a myristic acid, and
103 water molecules in an asymmetric unit. SFCHECK (30) anal-
ysis revealed that 99.2% of all the residues were in the favored
region and that the remaining residues were in the allowed region
of the Ramachandran plot (31). The data collection and refine-
ment statistics are summarized in Table 1.

The electron density of myristic acid was observed in the cavity
of STK_08120 (Fig. 4A), and the carboxyl group was located near
the amino group of Lys109, probably through an electrostatic in-
teraction. Thus, the linear structure of myristic acid could fit the
cavity well. The length of myristic acid also appears to be almost
equal to its depth from Lys109 to the bottom of the cavity, sug-
gesting that no more interaction would be reinforced by the fur-
ther elongation of the hydrocarbon chain in myristic acid (C,,), as
shown by the equal affinities of palmitic acid (C,) and stearic acid
(C,s) to myristic acid (Table 2). Myristic acid in the crystal was
surrounded by six nonpolar residues (Val4, Phe32, Leu97, Ala105,
Gly108, and Val112) and seven polar residues (Lys3, Tyr57, Ser76,
Arg78, His99, Thr104, and Lys109) within the distance of 4 A (Fig.
4B). Based on LIGPLOT (28) analysis, 9 of these 13 residues
formed hydrophobic contacts with myristic acid (Fig. 4C). These
interactions are suitable for trapping the hydrocarbon chain of
myristic acid into the cavity, although solvent accessibility appears
to be slightly high in the LIGPLOT analysis.

DISCUSSION

STK_08120 has no signal sequence for secretion, according to the
results of PRED-SIGNAL (26) analysis, indicating that it acts as an
archaeal cytosolic protein. Several fatty acid binding proteins have
been found in different compartments of cells and organisms (41).
Among them, fatty acid binding protein (FABP) and lipid transfer
protein (LTP) are known as major carrier proteins for fatty acids

Solvent accessibility: @Low @ High

FIG 4 Myristic acid-bound structure of STK_08120. (A) Myristic acid in the hydrophobic cavity is represented by a stick model along with the F -F_ electron
density colored in violet (1.5¢°). The light blue surface shows the amino group of Lys109. (B) Myristic acid is represented by a stick-and-sphere model. The other
stick models indicate the residues surrounding the myristic acid within 4 A. (C) Hydrophobic contacts are illustrated using a LIGPLOT diagram. Yellow lines
surrounding the model of myristic acid represent solvent accessibility: dark thick line, low (tight hydrophobic contact between protein and ligand); light thin line,
high (loose hydrophobic contact). (D) Superposed structures of STK_08120 are colored pink and cyan for apo and myristic acid-bound states, respectively. The
arrowhead indicates a flexible loop (141-E42) with comparatively high B factors (>50 A” for apo state and >30 A? for myristic acid-bound state). Myristic acid

is represented by a yellow stick model.
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FIG 5 Binding modes for long-chain fatty acids. (A) STK_08120-myristic acid complex. (B) FABP-palmitic acid complex (PDB identifier, 2IFB [44]). (C)
LTP-palmitic acid complex (PDB identifier, 1FK3 [45]). Green sticks are the interaction residues with the carboxyl group of myristic acid or palmitic acid.

in the cytosol of mammalian and plant cells, respectively. They
preferably bind to a molecule of saturated and unsaturated long-
chain fatty acids, such as palmitic acid (C,,,) and oleic acid (C, g.,,
cis-9), with K, values of approximately 0.5 uM (42, 43). Com-
pared with these carrier proteins, STK_08120 has almost the same
affinity for palmitic acid (K; = 0.67 = 0.14 M) but binds oleic
acid with lower affinity (K; = 4.23 = 0.32 uM). Thus, STK_08120
was revealed to have a reasonable binding affinity as a fatty acid
carrier protein and unfavorable selectivity for cis-unsaturated
fatty acids compared with FABP and LTP.

STK_08120 possesses an o/ structure of a helix-grip fold that
is quite different from the structures of FABP and LTP (Fig. 5).
The structure of FABP contains a 3-barrel with 10 antiparallel
B-strands and two short a-helices, which form the fatty acid bind-
ing cavity and a cap over one end of the cavity, respectively (Fig.
5B) (44). Some hydrophilic residues that contain arginine are at
the bottom of the cavity, and they interact with the carboxyl group
of fatty acids. On the other hand, LTP is formed with four a-he-
lices and a long C-terminal tail region and has an internal hydro-
phobic cavity (Fig. 5C) (45). The cavity interacts with the hydro-
carbon chain of fatty acids, and the carboxyl group is exposed to
solvent in contact with a hydrophilic residue such as tyrosine.
Based on the orientation of fatty acids, the binding mode of
STK_08120 is similar to that of LTP rather than that of FABP,
whereas the plasticity of the cavity appears to differ between
STK_08120 and LTP. The cavity volume of LTP is estimated to
increase from ~400 A” in the free state to 547 to 620 A’ in the
lipidated state (41). In contrast, the structural studies on
STK_08120 revealed that there is no significant change in the cav-
ity upon binding of a myristic acid (RMSD of the C, atoms of 3 to
136 residues, 0.25 A) (Fig. 4D). The cavity of STK_08120 is rela-
tively inflexible, which may cause an ~7-fold decrease in binding
affinity for cis-unsaturated fatty acids.

The fatty acid binding affinity of STK_08120 corresponds to
the affinities of major fatty acid carrier proteins in mammals and
plants. These findings raise the possibility that STK_08120 func-
tions as a carrier of fatty acids in their biosynthesis, metabolism,
and/or intracellular transport processes. Based on this functional
insight into STK_08120, we propose to designate it TaFACP (ther-

September 2013 Volume 195 Number 17

moacidophile-specific fatty acid carrier protein). The binding ac-
tivity of TaFACP was not affected by the addition of cis double
bonds at the C,, and C,; positions of oleic acid (Table 2). These
results suggest that cis-unsaturated fatty acids bind relatively non-
specifically to the hydrophobic cavity with their low affinity. On
the other hand, the hydrocarbon chain of myristic acid was not
completely varied in the cavity by the solvent accessibility in the
LIGPLOT analysis (Fig. 4C), and Lys109 would form electrostatic
interactions with not only the carboxy group but also other posi-
tively charged groups. Therefore, our study could not exclude the
possibility that TaFACP is capable of binding the analogs of fatty
acids with other linear lipophilic chain and/or negatively charged
groups. Although further studies are needed to develop lipophilic
metabolites and their functions, fatty acids and their analogs may
function through TaFACP in biological processes specific to ther-
moacidophilic archaea.
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