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Background: A eukaryotic HslV (TbHslV) protease and two potential HslU (TbHslU1 and TbHslU2) ATPases have been

isolated from Trypanosoma brucei.

Results: We determined the crystal structure of TbHslV at 2.4 A resolution. Only ThHslU2 activated TbHslV protease activity.
Conclusion: A key tyrosine residue in TbHsIU2 required for activating TbHslV was identified.
Significance: This study lays the groundwork for understanding the eukaryotic HsIVU system.

In many bacteria, heat shock locus V (HslV) functions as a
protease, which is activated by heat shock locus U (HslU). The
primary sequence and structure of HslV are well conserved with
those of the B-subunit of the 20 S proteasome core particle in
eukaryotes. To date, the HsIVU complex has only been charac-
terized in the prokaryotic system. Recently, however, the coex-
istence of a 20 S proteasome with HslV protease in the same
living organism has been reported. In Trypanosoma brucei, a
protozoan parasite that causes human sleeping sickness in
Africa, HslV is localized in the mitochondria, where it has a
novel function in regulating mitochondrial DNA replication.
Although the prokaryotic HsIVU system has been studied exten-
sively, little is known regarding its eukaryotic counterpart. Here,
we report the biochemical characteristics of an HsIVU complex
from T. brucei. In contrast to the prokaryotic system, T. brucei
possesses two potential HslU molecules, and we found that only
one of them activates HslV. A key activating residue, Tyr***, was
identified in HslU2 by biochemical and mutational studies. Fur-
thermore, to our knowledge, this study is the first to report the
crystal structure of a eukaryotic HslV, determined at 2.4 A res-
olution. Drawing on our comparison of the biochemical and
structural data, we discuss herein the differences and similari-
ties between eukaryotic and prokaryotic HslVs.

In prokaryotes, two-component ATP-dependent proteases,
such as HsIVU,? CIpAP, and ClpXP, act as protein quality con-
trollers via destruction and recycling of misfolded or damaged

* This work was supported by a National Research Foundation of Korea (NRF)
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The atomic coordinates and structure factors (codes 4HNZ and 4HO7) have been
deposited in the Protein Data Bank (http://wwpdb.org/).
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2 The abbreviations used are: HslV, heat shock locus V; HslU, heat shock locus
U; EcHslU, HslU from E. coli; EcHslIUqqu2 ECHsIU containing C-terminal
sequence of TbHsIU2 segment; EcHsIV, HslV from E. coli; HiHsIU, HsIU from
H. influenza; HiHslV, HsIV from H. influenza; MBP, maltose-binding protein;
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T. brucei; TmHslV, HslV from T. maritima; Z, benzyloxycarbonyl; AMC, 7-
amido-4-methyl coumarin.
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proteins (1). In the ATP-dependent proteases, the ATPase
unfolds and translocates substrates, whereas the protease
degrades the unfolded substrate. The protein degradation
mechanism of a large eukaryotic protease complex, termed the
26 S proteasome, is similar to that of prokaryotic ATP-depen-
dent proteases (1-3).

The heat shock protein complex, HsIVU, is a simple homolog
of the eukaryotic proteasome (4, 5). In many bacteria, heat
shock locus V (HslV) functions as a protease with its activator
heat shock locus U (HslU), which is an unfoldase driven by ATP
hydrolysis. According to MEROPS classification (see the
MEROPS Web site), both HslV and the proteasome contain an
N-terminal threonine that acts as the essential catalytic residue
(6). They share ~20% primary sequence similarity, and the
structure of HslV is well conserved with that of the -subunit of
the eukaryotic 20 S proteasome core particle (7). The dodeca-
meric HslV, which resembles a “double donut” shape, forms a
functional HsIVU complex with two hexameric HslU molecules
to seal the substrate entrance pores at both ends (4). The exten-
sive biochemical study performed on the HsIVU complex has
rendered it a suitable model system that can be used to under-
stand the eukaryotic 26 S proteasome (4, 5, 8-14). Until
recently, the structures of the individual components HslU and
HslV as well as the HsIVU complex have been studied in bacte-
ria and archaea (7, 15-22).

Although the HsIVU has been detected in many prokaryotic
systems, the coexistence of a proteasome with HsIVU in a wide
range of eukaryotic systems has recently been suggested (23—
25). Among them, the HsIVU from the protozoan parasites,
Leishmania, Trypanosoma, and Plasmodium, which cause sig-
nificant human diseases, including African sleeping sickness,
malaria, and leishmaniasis, have been experimentally charac-
terized (26 —29). Intriguingly, HslU and HslV are localized in
the mitochondria in Trypanosoma brucei, where they have a
novel function in regulating mitochondrial DNA replication
(28). The amino acid sequence of HslV from 7. brucei (TbHslV)
shares more than 40% identity with that of HslV from Esche-
richia coli (EcHslV; Fig. 1A). There are two potential HslU mol-
ecules, HslU1 and HslU2, in T. brucei (TbHsIU1 and TbHsIU2)
that have high identity with the HslU from E. coli (EcHslU; Fig.
1B) (28).
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In order to understand the molecular features of the eukary-
otic HsIVU system, we performed biochemical characterization
of TbHslV and TbHslU by using a synthetic substrate, benzyl-
oxycarbonyl-Gly-Gly-Leu-7-amido-4-methyl coumarin (Z-
GGL-AMC) (4, 30) and a natural substrate of EcHslU, the SulA
protein (31, 32). Although both TbHslU1 and TbHsIU2 regu-
late mitochondrial DNA replication (28), we found that only
TbHslU2 acts as an activator of TbHslV protease. We also
determined the first structure of the eukaryotic TbHslV. The
general structural features of eukaryotic HslV are well con-
served with those of the prokaryotic HslV. However, a specific
interaction between TbHsIU2 and TbHslV was detected from
the combined structural and biochemical data obtained on
TbHslV. Thus, this study lays the groundwork for understand-
ing the eukaryotic HsIVU system.

EXPERIMENTAL PROCEDURES

Cloning—The template DNA was a kind gift from Prof. Wang
(University of California, San Francisco). The DNA coding for
mature TbHslV was amplified by polymerase chain reaction
(PCR) with forward and reverse primers containing sites for the
restriction enzymes Ndel and Xhol. The PCR product was
cloned into the pET-22b(+) vector, and the resultant plasmid
had a C-terminal hexahistidine tag and the essential catalytic
threonine residue at its N terminus (Thr'; Fig. 14). EcHslU and
SulA were amplified by colony PCR using E. coli DH5a. The
PCR product of EcHslU was cloned into pET-12a vector by
using the Ndel and BamHI restriction enzyme sites, and the
resulting construct contained an N-terminal octahistidine tag.
The SulA construct was ligated into the pMAL-p4X vector by
using the BamHI and HindIII restriction enzyme sites. All
mutants, including T1A TbHslV and EcHslU containing the
C-terminal sequence of TbHsIU2 (EcHSIU -, ;;152), Were gener-
ated using the QuikChange® site-directed mutagenesis tech-
nique (Stratagene). The subsequently obtained DNA sequences
were confirmed by DNA sequencing.

Protein Overexpression and Purification—TbHsIV was trans-
formed into BL21(DE3)RIL cells. The transformed cells were
cultured in LB medium containing 50 ng/ml ampicillin and 34
png/ml chloramphenicol at 37 °C until an A4, .., reading of 0.5
was obtained. Expression was induced by adding isopropyl 3-p-
thiogalactoside to a final concentration of 1 mm at 16 °C for
24 h. Cells overexpressing TbHslV were harvested by centrifu-
gation, and the pellet was resuspended in 50 mm Tris-HCl (pH
8.0), 100 mm NaCl, and 10% (w/v) glycerol and then subse-
quently disrupted by ultrasonication. The cell lysate was centri-
fuged, and the supernatant was applied to a nickel-chelating
Sepharose column (GE Healthcare). Further purification was
carried out by successive anion exchange (Mono Q*™10/100
GL, GE Healthcare) and size exclusion (Superose™ 6 10/300
GL, GE Healthcare) chromatography. Eluents from columns
were analyzed by SDS-PAGE and confirmed by N-terminal
sequencing. The final protein solution was concentrated to 10
mg/ml in storage buffer (20 mm Tris-HCI (pH 7.7), 300 mm
NaCl, 1 mm EDTA, and 1 mm NaN,). The expression and puri-
fication of EcHslV (7), EcHslU (15, 22), and MBP-SulA (33)
have been described previously.
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Peptide Synthesis—All C-terminal octapeptides were pur-
chased from Anygen Co. Ltd. (Korea). The peptides used are
as follows: VDIKKFIL (TbHslU1l); IDLAKYIL (TbHslU2);
EDLSRFIL (EcHslU); and IDIKKFIL, VDLKKFIL, VDIAKFIL,
VDIAKYIL, IDLSRFIL, EDLARFIL, EDLSKFIL, and EDLSRYIL
(point mutant peptides are underlined).

Activity Assay—Peptide hydrolysis was assayed using the
chromogenic peptide Z-GGL-AMC (Bachem) as a substrate of
TbHslV and EcHslV (34). EcHslU and various octapeptides
derived from the sequence of the C-terminal segment of
EcHslU, TbHslU1, and TbHsIU2 were used for HslV activation.
The activity assay was conducted at 37 °C using storage buffer
containing 7.5% (v/v) dimethylformamide in a total volume of
200 pl, and the release of AMC was monitored as a fluorescence
increment at 440 nm (excited at 360 nm) by using a Spectra-
Max® M5 system (Molecular Devices, Inc.) with a 96-well plate
(Corning). For protein substrate degradation, the MBP-SulA
was used as described previously (20, 31, 35).

Crystallization and Data Collection—TbHslV was crystal-
lized using the sitting drop or hanging drop vapor diffusion
method. In all cases, crystallization was performed at 22 °C. For
the hanging drop vapor diffusion method, the crystallization
drop comprised 200 nl of protein and an equal volume of res-
ervoir solution containing 0.1 m acetate (pH 5.5), 2.0 M ammo-
nium sulfate, and 2% (w/v) PEG 400. The crystallization set-up
was done by using a Mosquito® crystallization robot (TTP
LabTech, Melbourn, UK). The crystal was obtained within a
day. The Form-I crystal belongs to monoclinic space group P2,
with unit cell parameters of 2 = 100.9 A, b = 107.0 A, ¢ = 132.8
A, and B = 104.3".

For the hanging drop vapor diffusion method, each crystalli-
zation drop was mixed with 1 ul of protein and an equal volume
of reservoir solution, which contains 0.1 m Tris-HCI (pH 8.5)
and 3.5 M sodium formate. Thus, the crystal Form-II was
obtained in the orthorhombic space group 1222, with cell
parameters of a = 1059 A, b = 111.5A,c = 1172 A, and a =
B = vy =90°. The cryosolutions were 0.1 M acetate (pH 5.5), 2.0
M ammonium sulfate, 2% (w/v) PEG 400, and 20% (w/v) glycerol
for Form-I crystal and 0.1 m Tris-HCI (pH 8.5) and 4.5 M sodium
formate for the Form-II crystal. Before the crystals were cryo-
cooled in liquid nitrogen, they were washed in cryosolutions.

Diffraction data were collected at the BL44XU beamline of
Spring-8 (Hyogo, Japan) and the NW12 beamline of the Photon
Factory (Tsukuba, Japan) by using an ADSC quantum charge-
coupled device detector. A total of 180 images were collected
with 1° oscillation, and each image was exposed for 0.8 s. The
diffraction data were processed and scaled using the HKL2000
software package (36), and the statistics for the data collection
are described in Table 1.

Structure Determination and Refinement—Phases were
obtained by molecular replacement with the program
MOLREP (37) in the CCP4 program suite (38). A previously
determined structure of EcHslV was used as a search model
(15). The initial model was rebuilt and refined using standard
protocols in COOT (39), PHENIX (40, 41), and REFMAC (42)
until the R-factor was converged. During the refinement, non-
crystallographic symmetry restraints were applied. The refine-
ment statistics for the TbHsIV structures are described in Table 1.

JOURNAL OF BIOLOGICAL CHEMISTRY 23235

€102 ‘T JBquissaq Uo aunIps A 1o aba|(0D ‘A1IsBAIUN BaI0 T /610°0q 'Mmm//:dny WoJ) pepeoumoq


http://www.jbc.org/
http://www.jbc.org/

The First Structure of Eukaryotic HslV

TABLE 1
Data collection and refinement statistics
Form-I Form-II
Data collection

X-ray sources” BL44XU, SP8 NW12, PF

Space group P2, 1222

Cell dimensions

a, b, c(A) 100.88, 106.99, 132.66 105.67, 111.06, 116.95

a, B, v (degrees) 90.00, 104.24, 90.00 90.00, 90.00, 90.00
No. of subunits/ASU? 12 3

Measured reflections 380,128 146,584
Unique reﬂegtions 106,506 21,375
Resolution (A) 2.4 (2.4-2.49)° 2.6 (2.6-2.69)
Overall (I/al) 15.6 (3.6) 41.4 (5.7)
R, (%) 13.3 (48.1) 5.2 (43.6)
R.. orR .. (%) 15.7 (56.8) 5.6 (47.0)
o (%) 8.2 (30.5) 2.1(17.7)
Completeness (%) 99.3 (97.4) 99.6 (100)
Redundancy 3.6 (3.3) 6.9 (6.9)
Refinement
Resolution range (A) 41.13-2.39 33.73-2.60
Reflections used 100,827 20,054
Ry Revee (%) 21.80/23.87 20.97/24.81
No. of atoms 16,562 3,967
Protein residues 2,088 519
Waters . 634 31
Average B factors (A?)
Main chains 14.56 39.99
Side chains and waters 20.54 47.01
All atoms 17.52 43.34
r.m.s. deviations_
Bond length (A) 0.016 0.014
Bond angles (degrees) 1.646 1.544

Ramachandran outliers 0 0
Protein Data Bank code 4HNZ 4HO7

“ SP8, Spring-8 (Japan); PF, Photon Factory (Japan).

? ASU, asymmetric unit.

¢ Values in parentheses are for reflections in the highest resolution bin.

4 Ry = 22 1(10) — (I(m)|/2,2,; I(h,i), where I(hi) is the intensity of the ith
measurement of reflection /2 and (I(h)) is the corresponding average value for all
i measurements.

° Ripeas = Ryim. (redundancy-independent merging R-factor) = X, (N/(N —
DS (L) — AN/, 1, 0h).

pr_i_m_ (precision-indicating merging R-factor) = 3,(1/(N — 1))*2,(|[,(h) —
G)/2)3. 1 h).

€ Ryork = 2|F,| — |EJI/Z|F,|, where Ry, is calculated for the 5% test set of
reflections.

Assessment of model geometry and assignment of secondary
structural elements were achieved using the program
MOLPROBITY (43). Figures depicting molecular structures
were generated using CCPAMG (44).

Molecular Modeling—The complex model between TbHslV
and the C-terminal segment of TbHslU2 was generated using
an HiHsIVU complex structure (HsIVU complex from Haemo-
Philus influenzae) as a template (16). The coordinates of
TbHslV are well superposed with those of HslV from H. influ-
enzae (HiHslV) in the HiHsIVU complex except for the residues
from Gly*® to Ala®. As a result of this superposition, the struc-
ture of TbHslV from residue 48 to 93 was replaced with the
structure of HiHslV from the same corresponding residues.
The alteration of this structure was then realigned with the
sequence of TbHslV. The initial model was energy-minimized
with SPBDV (45) and the CNS package (46).

RESULTS

Overproduction and Purification of Mature TbHslV—It is
known that one HslV and two HslUs exist in T. brucei (28),
which have N-terminal signal peptides that direct them to the
mitochondria. Excluding the signal sequence, TbHslV shares
41.4% sequence identity with EcHslV and 46.3% sequence iden-

23236 JOURNAL OF BIOLOGICAL CHEMISTRY

tity with HiHslV (Fig. 1A). In addition, TbHslU1 and TbHslU2
share 43.0 and 40.6% sequence identity with EcHslU and 43.2
and 41.2% sequence identity with HslU from H. influenzae
(HiHslU), respectively (28). The mature form, in which the sig-
nal sequence (residues 1-19) is removed, has the catalytic thre-
onine residue at the new N terminus; the adjacent residue is also
threonine (Fig. 14), which is a distinct feature of N-terminal
threonine proteases, including HslV as well as the 20 S protea-
some (3, 47). Indeed, there are also tandem threonine residues
at the 8th and 9th positions (Fig. 1A4). Therefore, we generated
three different constructs (1-end, 8-end, and 20-end); only
the TbHslV construct without the putative N-terminal 19-res-
idue signal sequence was well expressed in E. coli, whereas the
remaining constructs were expressed at low levels and were
insoluble. Similar behavior was observed with full-length HslV
from Thermotoga maritima (TmHslV), which belongs to the
Archaea domain (20). We successfully purified C-terminal
His,-tagged TbHslV, whose sequence begins from the essential
catalytic threonine residue. The first methionine was clearly
processed. The N-terminal amino acid sequence of purified
TbHsIV was Thr-Thr-Ile-Ser-Leu, confirmed by the N-termi-
nal sequencing analysis. The oligomeric state of TbHslV is
dodecameric in solution, which was confirmed by gel filtration
analysis (data not shown). Therefore, the mature form of
TbHslV exhibits the basic biochemical characteristics of pro-
karyotic and archaeal HslVs.

Only the C-terminal Peptide of ThHsIU2 Activates the Pepti-
dase Activity of TbHslV—It is known that HslV possesses basi-
cally no peptidase and protease activity without its activator
HslU (5, 15). For the peptidase activity assay, we tried to over-
express TbHslU1 and TbHslU2 in E. coli, but these proteins
could not be obtained in soluble form. As an alternative, we
checked TbHslV activity in the presence of EcHslU as in the
case of CodW, the HslV from Bacillus with EcHslU, which
shows cross-species reactivity (48). However, we did not
observe activation of TbHslV by EcHslU. According to previous
reports (8, 16, 30), EDLSRFIL octapeptide, an amino acid
sequence derived from the C-terminal 8 residues of EcHslU,
can activate EcHslV, as assayed using Z-GGL-AMC as a sub-
strate. Therefore, we synthesized two different octapeptides
corresponding to the C-terminal octapeptide regions of
TbHslU1 and TbHslU?2, respectively (Fig. 1B). Unlike the C-ter-
minal peptide of TbHslU1 (VDIKKFIL), only that of TbHslU2
(IDLAKYIL) could activate TbHslV (Fig. 2A). In order to check
the synergistic activation of TbHsIV by both TbHslU1 and
TbHslU2 peptides, we measured the activity in the presence
of the mixture with both peptides. However, this did not
increase the activity of TbHslV, and the level of activation cor-
related only with the amount of TbHslU2 peptide (Fig. 24).
Compared with the activity of EcHslV, that of TbHslV is rela-
tively low. To assess the activity assay result, TbHslV and pep-
tides were set to higher concentration than the established
assay conditions with E. coli enzymes. This revealed that the
octapeptide, IDLAKYIL, which is an amino acid sequence
derived from the C-terminal 8 residues of TbHslU2, was an
activator of TbHslV activity as assayed with Z-GGL-AMC as
substrate. To further confirm the action of TbHslV, we mutated
the predicted catalytic threonine residue to alanine (T1A
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FIGURE 1. Sequence alignment between HslVs and the C-terminal segment of HslUs. A, sequence alignment of HslV from T. brucei (TbHslV; UniProt ID
Q383Q5), H. influenzae (HiHslV; P43772), and E. coli (EcHsIV; POA7B8). Secondary structure elements are indicated above the sequence (spring, a-helix; arrow,
B-strand). The red star indicates the catalytic threonine (Thr'). Blue circles indicate residues participating in polar interactions with HsIU. Note that the residues
marked with magenta circles are smaller substitutions that might be important for specific TbHsIVTbHsIU2 interaction. B, sequence alignment of the C-terminal
segment in HslU from T. brucei (TbHsIU1 (UniProt ID Q57VB1) and TbHslU2 (Q382V8)), H. influenzae (HiHslU; P43773), and E. coli (EcHsIU; POA6HS5). The key
residue in TbHslU2 for specific interaction with TbHsIV is marked with a red star. Green circles indicate the residues interacting with HslV. Shading indicates
residues that are identical (red) or highly conserved (yellow) in all sequences. The sequence number for T. brucei enzymes is indicated at the top of the alignment
in both panels.
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FIGURE 2. Peptidase activity of TbHsIV with the C-terminal peptides of TbHslUs. Shown is relative activity of wild-type TbHsIV (A) and T1A mutant enzyme
(B) with activator peptides. Blue, red, and purple lines represent the activity of TbHslV in the presence of TbHslIU2, TbHsIU2, and a mixture of equal amounts of
both peptides, respectively. The error bars were calculated based on three independent experiments. The values are mean = S.D. (n = 3) values.

mutant). As expected, this mutant enzyme does not possess any
peptidase activity (Fig. 2B).

EcHslU Mutant Mimicking the C-terminal Segment of TbHsIU2
Activates TbHslV for Peptide Hydrolysis—As described, EcHsIU
could not activate TbHslV, whereas the octapeptide
IDLAKYIL, derived from the sequence of the C-terminal
sequence of TbHslU2, activates the TbHslV. Therefore, we
generated an EcHslU mutant containing the C-terminal
8-residue sequence of TbHslU2, termed EcHsIU 1, 1u»- Inter-
estingly, the EcHslUp, 41, mutant fully activates peptide

AUGUST 9, 2013 «VOLUME 288+NUMBER 32

hydrolysis by TbHslV (Fig. 3A). As expected, the activity clearly
depends on ATP (Fig. 3B).

Next we performed the protein degradation assay in the pres-
ence of mutant HslU because folded protein substrates cannot
be degraded without the ATPase activity of HslU (31). SulA, a
cell division inhibitor in E. coli, is encoded by the SOS-inducible
sulA gene and is a natural substrate of the HsIVU complex in
E. coli (35). The model protein substrate MBP-SulA is recog-
nized by the I-domain of EcHslU and then unfolded and trans-
located into HslV by the ATPase, HslU (15). As shown in Fig.
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FIGURE 4. MBP-SulA degradation activity of TbHsIV with the EcHslU,,,, mutant protein. A, the bands for MBP-SulA (substrate), HsIU (EcHsIU or
EcHsIU g0, mutant), MBP (reaction product), and HslV (EcHsIV or TbHsIV) are indicated. All reactions were performed in the presence of ATP. B, same
experiments as those mentioned in A, in the absence of ATP, which did not yield the product, MBP.

4A, the mixture of TbHsIV and EcHslU did not trigger degra-
dation of MBP-SulA. However, the mixture between TbHsIV
and EcHslU 11140, hydrolyzed the substrate to a similar extent
as the EcHsIV-EcHslIU complex. Notably, the mixture of
EcHslV and EcHslU . ;qu- also hydrolyzed the substrate (Fig.
4A, lane 5), suggesting that EcHslV is a much more robust protease
than TbHslV. No degradation of MBP-SulA substrate was
observed in the absence of ATP, confirming that unfolding of the
substrate by HslU using ATP energy is a critical step (Fig. 4B).
Importance of Tyrosine 494 at the C-terminal Segment of
TbHsIU2—Next, we analyzed the sequence of the C-terminal
residues of TbHslU2. Sequence alignment of the C-terminal
segment of several HslUs did not give a clear indication of why
only TbHslU2 was capable of activating TbHslV because the
sequence at this region is highly homologous (Fig. 1B). There-
fore, we synthesized various octapeptides and checked the pep-
tidase activity systematically. Because only the peptide com-
prising the sequences IDLAKYIL (TbHslU2) activates TbHslV,
we focused on these residues of TbHsIU2 as they differ with
those of EcHslU and TbHslU1, which were inactive in the assay.
Amino acid residues Asp*®°, 1le*®, and Leu®® are strictly con-
served in all peptides (all HslUs), whereas Val*®°, Leu*’, Lys**?,
and Phe*** in TbHslU2 are different from corresponding resi-
dues in TbHslU1 (Fig. 1B). Therefore, we generated four differ-
ent mutant peptides and checked their ability to activate
TbHslV (Fig. 5A4). Three peptides, IDIKKFIL, VDLKKFIL, and
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VDIAKFIL (the mutation is underlined for clarity) displayed
essentially the same activity as the wild-type TbHslU1 peptide
VDIKKFIL (Fig. 54). However, the mutant peptide VDIKKYIL
showed significant activation activity.

Four residues in EcHslU (Glu*®, Ser**?, Arg**°, and Phe***)
were divergent from those in TbHslU2 (Fig. 1B). Three pep-
tides, IDLSRFIL, EDLARFIL, and EDLSKFIL, displayed signifi-
cantly lower activity than the wild-type EcHsIU peptide
EDLSRFIL (Fig. 5A). The EDLSRYIL mutant fully activated the
TbHslV and thus was similar to the TbHsIU2 peptide. These
data confirm that Tyr*** at the C-terminal segment of TbHslU2
is a key residue for TbHslV activation. We performed the same
experiments with different enzymatic reaction times and con-
firmed the results, as shown in Fig. 5, Band C.

Structure of TbHslV—The crystal structure of TbHsIV was
solved using the molecular replacement method with EcHsIV
(Protein Data Bank code 1E94) as the search model (15). The
general structural features of TbHslV are well conserved, with a
dodecamer of two stacked hexameric rings containing an axial
entrance pore (Fig. 6, A and B), the proteasomal 3-subunit fold-
ing of its monomer (Fig. 6C), and the N-terminal catalytic thre-
onine residue, similar to other HslVs (Fig. 14) (3). The mono-
meric subunit of TbHslV is composed of four a-helices, 11
B-strands, and connecting loops (Fig. 1C). The residues in the
monomeric subunit form hydrogen bonds (or salt bridges) with
those in the neighboring subunits (Ala*®*™-Lys'*'", Lys**—
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FIGURE 5. Peptide degradation activity of TbHsIV with various point mutants of C-terminal HslU octapeptide. A, relative activity of TbHsIV with
C-terminal octapeptides of TbHsIU1 and EcHslU mutating a residue one by one corresponding to the sequence of TbHsIU2. Bar graphs compare the data
at a fixed time point (30 min). The mutated residue in each peptide is highlighted in red. B and C, kinetic data for the peptide degradation, which also
show the importance of the tyrosine residue at the third position from the C terminus of octapeptides. The error bars were calculated based on three

independent experiments.

Thr'*™ Ser®%/Ser —Glu!'®", Ser*®—Gln'o"™, Aspsz—Argsgn,
Glu*®~Lys®**", Arg®®/Arg”-Arg®*", and Arg®-Arg®*™™; for
clarity, the letter “n”, slash, and letter “m” denote the neighbor-
ing subunit, bipartite contribution, and main chain atom,
respectively) and additional hydrophobic interactions (Ile**—
Ile'®®", Ala?®—Ile!'®", and Ala®'—Ala”") for formation of the
hexameric rings.

The dodecameric structure of TbHslV is mediated via hexa-
meric ring-ring interactions, which are mainly hydrophobic in
nature (Ile**~Phe'**”, Thr'>®*-~Phe’®*", Ala'*?-Ile'®®", and
Ala'®*~Leu'®""). Additional polar interactions (Lys''—
Ala'?*"™/Asp'®™)  contribute to the formation of the
dodecamer. These results show that polar interactions, includ-
ing hydrogen bond and salt bridges, are dominant during for-
mation of the hexameric ring, whereas hydrophobic interac-
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tions contribute to the donut shape of the TbHslV dodecamer
(Fig. 6A). The aforementioned resides are generally well con-
served with prokaryotic HslVs (Fig. 1A).

Structural Comparison of TbHsIV with Other HslVs—The
overall structure of TbHslV is similar to that of previously
determined HslV structures from prokaryotic species, includ-
ing E. coli(7,15,18), H. influenzae (16), and T. maritima (20). A
superimposition of the TbHslV, EcHslV, and HiHslV struc-
tures is shown in Fig. 6B. The root mean square (r.m.s.) devia-
tion is ~1.4 A between EcHslV (Protein Data Bank code 1E94)
and both crystal forms of TbHslV (Protein Data Bank codes
4HNZ (Form-I) and 4HO7 (Form-II)) with 170 matching C*
atoms (residues 1-27, 29-38, 39-118, and 120-172). The
r.m.s. deviation is ~1.2 A between HiHslV (Protein Data Bank
code 1G3K) and both TbHslV structures with 171 matching C*
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EcHslV HiHsIVU complex

FIGURE 6. Overall structure of TbHsIV and comparison with other
HslVs. A, ribbon diagram of dodecameric TbHslV viewed along a 6-fold
molecular symmetry axis (left). Monomers are colored differently for clarity.
A side view of the TbHslV shows a 2-fold molecule symmetry at the center
of the molecule (right). B, superposition of TbHsIV and other HslVs viewed
along a 6-fold axis. For clarity, only the upper hexameric ring is shown. The
colors for each molecule are blue, red, and green for TbHslV, EcHslV, and
HiHslV, respectively. C, comparison of monomeric subunits among
TbHslV, EcHslV, and HiHslV (and HiHslV in complex with HiHsIU) colored as
in B. The bound C-terminal segment of HiHslU is shown as a red trace
(HiHsIVU complex).

atoms (residues 1-27, 29-38, and 39-172). The r.m.s. devia-
tions are ~1.3 and 1.4 A between TmHslV (1M4Y) and Form-I
and -II for 170 matching C* atoms (residues 1-27, 29-40,
41-116, and 118 —172). Therefore, the overall structural devia-
tions between HslVs are marginal.

An axial entrance pore at the hexameric ring is one of the
conserved structural characteristics of HslV (Fig. 6A4). The
entrance pore of TbHslV is a circular shape with a distance of
18.2,18.5,and 18.5 A for Form-I and 17.2, 18.7, and 19.0 A for
Form-II, respectively (measuring the distance for three pairs of
the C* atom of Arg®® on six subunits). The axial entrance pore
of TbHslV is slightly smaller than that of other HslVs. The
entrance pore size of TmHslV is 19.4, 20.1, and 22.0 A. How-
ever, the entrance pore of the other HslVs has a more elliptical
shape with values of 13.1, 19.1, and 25.7 A for E. coli and 13.1,
19.1, and 25.7 A for H. influenzae, respectively. Indeed, the size
of entrance pore of HslV also varies upon complex formation
with HslU (16, 20) (Fig. 7A). Loops with many basic arginine
residues in the entrance pore are intrinsically flexible (15, 16). Sub-
sequently, the size of the entrance pore of HslV in the complexed
state is greater than that of HslV alone and is mechanistically sim-
ilar to the entrance pore of the homologous ATP-dependent pro-
tease, ClpP (49, 50), and the 20 S proteasome (51, 52).

DISCUSSION

ATP-dependent two-component proteases exist in all three
kingdoms of life. The matching symmetry of HsIVU consisting
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of 6-fold HslU ATPase and 6-fold HslV protease is different
from that of the eukaryotic 26 S proteasome, which consists of
pseudo-6-fold ATPases of the base of the 19 S regulatory parti-
cle and 7-fold 20 S proteolytic core. However, the HslV and 20
S proteasome have relatively high structural and sequence sim-
ilarity, including the same catalytic N-terminal threonine resi-
due (3), suggesting that the HsIVU complex is an ancestral type
of 26 S proteasome. It has been reported that the HsIVU com-
plex only exists in prokaryotes and archaea, whereas the pro-
teasome is present in eukaryotes and archaea (3). In contrast
with this hypothesis, the symmetry-mismatched two-compo-
nent protease ClpXP was identified in chloroplasts and mito-
chondria of eukaryotes more than 2 decades ago and has been
studied extensively (53-56). The coexistence of the HslVU
complex and proteasome in eukaryotes has been reported only
recently (23, 26 -29). The HsIVU complex in prokaryotes and
archaea possesses a simple architecture consisting of a
homododecameric HslV and two homohexameric HslUs, but
archaeal and eukaryotic proteasomes display a more compli-
cated configuration. In archaea, several proteasomal ATPases,
including proteasome-activating nucleotidase and CDC48,
constitute a regulatory network (57), and in eukaryotes, hetero-
oligomeric ATPases function within the base of the 19 S regu-
latory particle. In contrast to prokaryotic and archaeal HslUs,
the eukaryotic HslUs from T. brucei and Leishmania donovani
possess two HslU homologs, HslU1 and HslU2 (28, 29); this
suggests several possible configurations of the 7. brucei HsIVU
complex from a structural point of view: 1) two independent
TbHsIVU1 and TbHsIVU2 complexes; 2) TbHslV asymmetri-
cally capped with hexameric rings of TbHsIU1 and TbHslU?2,
and 3) TbHslV complexed with the hetero-oligomeric TbHsIU
ring consisting of both TbHslU1 and TbHslU2. The latter case
allows for many different combinations, such as different stoi-
chiometries of TbHsIU1 and TbHslU2 in the hexameric ring or
different symmetries (3-fold, alternative arrangement; 2-fold,
three consecutive arrangements) even in the 1:1 composite. As
shown in our biochemical data (Fig. 24), the C-terminal seg-
ment of TbHslU2 successfully activates TbHslV, whereas that
of TbHslU1 does not. Furthermore, TbHslU1 and TbHslU2 do
not act synergistically to stimulate the protease activity of
TbHsIV (Fig. 2A). These results rule out the existence of
TbHsIVU2 and most probably the asymmetrical capped
TbHslU1-TbHsIV-TbHsIU2 complex. Our coexpression experi-
ment of both TbHslU1 and TbHslU?2 in E. coli did not produce
any hetero-oligomers, and more importantly, TbHsIV was
found to form homo-oligomers and thus possesses all of the
same HslU-binding pockets. The TbHslV as well as both
TbHslU1 and TbHsIU2 are targeted to mitochondria (28);
therefore, we speculate that TbHsIVU2 and TbHslU1 inde-
pendently function in regulating mitochondrial DNA.

The reason why only TbHslU2 is able to activate the protease
activity of TbHslV remains unclear. TbHslU2 shares high
sequence similarity with TbHslU1, as well as with other pro-
karyotic HslUs (28). Indeed, only the C-terminal segment of
HslU participates in binding with HslV (16) and can replace
full-length HslU functionally (8, 30). From our biochemical
assay, it is evident that Tyr*** is a key determinant of HslV
activation (Fig. 5A4). In order to understand the structural basis
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HiHsIVU complex

TbHsIVU model

FIGURE 7. Model of the TbHsIV-TbHslU2 complex. A, each monomer in TbHslV is colored green, and one monomer is shown in blue for clarity. B, each
monomer in HiHslV is colored dark green, and one monomer is shown in turquoise. Bound C-terminal segments of HiHslU are colored orange. C, each
monomer in the TbHsIVU complex model and the C-terminal segments of TbHsIU are colored red. A-C, the orientation of the model is the same as that
in Fig. 6A. The loops forming the central pore show different conformations for free and HslU-complexed HslVs. D, close-up view of the HslU recognition
of HiHsIV (Protein Data Bank code 1G3K). E, same region of the TbHsIV model in complex with the TbHsIU2 peptide. The colors for carbon atoms are the
same as in A-C. The important residues for the interaction between HslV and HslU are shown as a stick model and labeled. For clarity, a subscript “U” is
added for HslU residues, and a letter n is added for adjacent subunits of HslV. Oxygen and nitrogen atoms are colored red and blue, respectively.

for the activation of TbHsIV by TbHslU2, the crystal structure
of the TbHsIVU2 complex is required. Unfortunately, we were
unable to obtain this crystal, but a homology model of TbHsIV
in complex with TbHslU2 can be built using the only available
functional HsIVU structure from H. influenzae (16). The C-ter-
minal segment of TbHslU2 also shows a high degree of
sequence conservation with that of HiHslU (Fig. 1B), and the
structure of TbHslV is quite similar to that of HiHslV (Fig. 6B).
Because there is an allosteric conformational change in HslV
upon complex formation with HslU (19), we used the HslU-
bound HslV as a template for modeling. Therefore, the model
of TbHslV complexed with C-terminal segment of TbHslU2
depends on the original complex structure. In particular, the sec-
ond helix containing Arg®®, which participates in salt bridges with
the neighboring subunit, shows different structures for apo- and
TbHslU2-complexed TbHslV (Fig. 7, A and C).

In the HiHsIVU complex, the Arg®® in HiHslV forms hydro-
gen bonds with the main chain atoms of Arg**'" and Ile***" of
HiHslU (Fig. 7D). For clarity, a “U” is used for the residues of
HslU. In addition, Lys®® and the adjacent monomer Ala® in
HiHslV form hydrogen bonds with the main chain atoms of
Leu***Y and Phe***V of HiHslU, respectively. Arg**'V also
forms a salt bridge with Glu®'. In addition to the aforemen-
tioned interactions, two C-terminal terminal residues, Ile**3V
and Leu***Y, bind tightly to the surrounding hydrophobic res-
idues of HiHslV.

In the TbHsIVU complex model, Arg®® might form hydrogen
bonds with the main chain atoms of Lys***" and 1le***" of
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TbHslU2 (Fig. 7E). The critical residue for TbHslV activation is
Tyr***Y (Fig. 5A4), and its equivalent residue in HiHslV is
Phe**?Y, Therefore, the hydroxyl moiety of TbHslU2 must play
a critical role in binding. Interestingly, the hydrophobic inter-
action between TbHslV and TbHslU appears much weaker
than that between HiHslV and HiHslV. The residues for
accommodating the C-terminal tail of HiHslU, Phe®*, Phe®’,
and GIn'"*" are replaced with smaller or shorter residues (i.e.
lle®*, Met®”, and Thr'**", respectively) in TbHslV. This
explains why EcHslU and TbHslU1 are not able to activate
TbHslV, most probably due to the weak binding. Consequently,
this replacement with smaller residues may provide space for
swinging over the critical tyrosine residue to achieve tighter
binding in the TbHsIVU2 complex (Fig. 7E). Indeed, our mod-
eling study shows that the side chain of Tyr***V could fit into a
different rotamer position and that the hydroxyl group forms a
hydrogen bond with the main chain atoms of Ala”® (Fig. 7E).
When we analyzed the sequences of several eukaryotic HslUs,
many of them were found to have a tyrosine residue at the
equivalent position (see the ExXPASy Web site). For example,
there are two potential HslUs in L. donovani, and HslU1l
(E9BC50_LEIDB) and HslU2 (E9B9S7_LEIDB) have phenylala-
nine and tyrosine residues at the critical position, respectively. An
HslV ortholog in Plasmodium falciparum also has a tyrosine resi-
due at this site (26). Therefore, we infer that the existence of the
tyrosine residue in this position can determine the selection of
functional HslU molecules in the eukaryotic HsIVU system.
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