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Glycolysis is essential to Trypanosoma brucei, the protozoan
parasite that causes African sleeping sickness in humans and
nagana in cattle.Hexokinase (HK), the first enzyme inglycolysis,
catalyzes the phosphorylation of glucose to form glucose
6-phosphate. T. brucei harbors two HKs that are 98% identical
at the amino acid level, T. brucei hexokinase 1 (TbHK1) and
TbHK2. Recombinant TbHK1 (rTbHK1) has HK activity,
whereas rTbHK2 does not. Unlike other eukaryotic HKs,
TbHK1 is not subject to inhibition by ADP and glucose 6-phos-
phate. However, TbHK1 is inhibited bymyristate, a critical fatty
acid inT. bruceibiology.We report here that rTbHKs, similar to
authentic TbHK, form oligomers. Myristate dissociated these
assemblieswhen incubatedwith eitherATPor glucose. Further-
more, oligomer disruption was reversible by removal of myris-
tate. Mixing of rTbHK1 and rTbHK2 monomers followed by
reassembly yielded enzyme with an �3-fold increase in specific
activity comparedwith similarly treated rTbHK1alone. Surpris-
ingly, reassembly of rTbHK2 with an inactive rTbHK1 variant
yielded an active HK, revealing for the first time that rTbHK2 is
competent for HK activity. Finally, pyrophosphate inhibits
active reassembled rTbHK2 oligomers but not oligomeric
rTbHK1, suggesting that the two enzymes have distinct regula-
tory mechanisms.

The African trypanosome Trypanosoma brucei is the causa-
tive agent of human African sleeping sickness and nagana in
livestock. The parasite has a flexible host-dependent metabo-
lism. Bloodstream form (BSF)3 parasites, found in themamma-
lian host, exclusively utilize glycolysis for ATP production,
whereas procyclic form (PF) parasites found in the insect vector
rely on the catabolism of amino acids for energy. Even though
energymetabolism varies between life stages, glycolysis appears
to be essential to both BSF and PF parasites, as the silencing,

mislocalization, or inhibition of glycolytic enzymes is lethal in
both stages (1–4).
Glycolysis in trypanosomes is unique in several ways.

Although glycolysis inmost eukaryotes is cytoplasmic, amajor-
ity of the enzymes required for glycolysis in T. brucei are com-
partmentalized in a specialized peroxisome called the glyco-
some. In higher eukaryotes, glycolysis is regulated through
allosteric modulation of glycolytic enzymes, including hexoki-
nase (HK), by enzyme products or other metabolic effectors.
Interestingly, T. brucei HK does not appear to be regulated in
this manner (5).
T. brucei expresses two hexokinases, TbHK1 and TbHK2,

that are 98% identical at the amino acid level. Both have been
detected in the glycosomes of PF and BSF parasites (6). It is
unclear why T. brucei would need two nearly identical hexoki-
nases, and historically, there has been little discrimination
between the two genes and the enzymes they produce.
Recombinant TbHK1 (rTbHK1) exhibits HK activity in vitro

(7, 8). Furthermore, RNA interference (RNAi) of TbHK1 leads
to a reduction inHK activity in both PF and BSF parasites and is
lethal to BSF parasites (4, 9). These observations have led to the
presumption that TbHK1 is the main HK involved in glycolysis
(9).
However, the function of TbHK2has remained amystery. To

date, rTbHK2has lacked detectableHKactivity, suggesting that
it might have an activity in vivo distinct from catalytically active
TbHK1. PF parasites lacking TbHK2 (by knock-out) are mor-
phologically distinct from the parental strain, and they display
increased HK activity, an observation that has been attributed
to an increase in TbHK1 protein expression found in the
TbHK2-deficient cells (7). In the BSF, the role of TbHK2 is also
unclear, although RNAi knockdown of TbHK2 results in the
loss of cellular TbHKactivity and is lethal, suggesting an impor-
tant function (1).
Here, we show that TbHK1 and TbHK2 assemble intomixed

high molecular mass complexes that exhibit enzymatic activi-
ties and inhibition profiles that are dramatically different from
homogenous complexes composed of either TbHK1 or TbHK2
alone. Interestingly, TbHK1 activates TbHK2, and the enzy-
matic activity of the mixed complex, unlike that of TbHK1
alone, is regulated by pyrophosphate (PPi), suggesting a novel
role for TbHK2 in the regulation of cell metabolism.

MATERIALS AND METHODS

TbHK Assays and Myristate Inhibition—rTbHK1, rTbHK2,
and TbHK1(S160A) were expressed from pQE30 (Qiagen Inc.,
Valencia, CA) and protein-purified as described (7).
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HK assays and inhibitor studies were performed as described
with the modification that kinetic analyses were performed
using KaleidaGraph 4.1 (Synergy Software, Reading, PA) with
theMichaelis-Menten curve fit algorithm (7). For assays on cell
lysates, 1 � 106 parasites were washed and lysed in 0.1% Triton
X-100 and 0.1 M triethanolamine, pH 7.4, on ice and then
assayed.
Native Gels and In-gel HK Assay—Native gel electrophoresis

of rTbHK1 was performed on 4% polyacrylamide gels (4%
bisacrylamide, 375 mM Tris-HCl, pH 8.8, 0.05% (v/v) TEMED,
and 0.05% ammonium persulfate) resolved in Tris/glycine
buffer (2.7 mM Tris-HCl and 192 mM glycine, pH 6.9). Samples
(�50 ng of protein) were diluted in native gel loading buffer
(10% (v/v) glycerol, 2.7 mM Tris-HCl, pH 6.8, and 0.1% brom-
phenol blue), resolved, and silver-stained.
For in-gel HK assays, proteins were resolved on 4% native

gels, and the gels were washed in ultrapure water (5 min, room
temperature) and then incubated in the dark (15 min, room
temperature) with 3 units/ml glyceraldehyde-6-phosphate
dehydrogenase, 0.02 mg/ml phenazine methosulfate, 0.2
mg/ml nitro blue tetrazolium, and 0.3 mMNADP� in HK assay
buffer (45 mM Tris-HCl, pH 9.5, 5 mM glucose, 3 mM MgCl2,
and 3 mM ATP) (10). Gels were then soaked in 10% acetic acid
(15 min, room temperature) to quench the reaction. Glucose
6-phosphate, the product of HK, was visualized by the precipi-
tated formazan on the gel.
Two-dimensionalGel Electrophoresis andWestern Blotting of

rTbHK1 Native Gels—The molecular masses of the compo-
nents released from rTbHK1 oligomers following myristate
treatment were determined using two-dimensional gel electro-
phoresis, where the first dimension was a 4% native gel, and the
second was a 10% SDS-polyacrylamide gel. The 4% gels were
run as described above. Lanes of the 4% native gel were excised,
placed on the stacking gel of a 10% SDS-polyacrylamide gel, and
overlaid with 5� SDS-PAGE loading buffer prior to application
of current to resolve proteins in the second dimension.
For Western blotting, proteins were resolved by native gel

and transferred in Tris/glycine buffer to nitrocellulose pre-
equilibrated in the same buffer. Membranes were blocked with
1% nonfat milk in 1� TNT (5 mM Tris-HCl, pH 8.0, 75 mM
NaCl, and 0.025% Tween) prior to incubation with mouse anti-
RGS-His6 antibody (1:2000, 1 h, room temperature; Qiagen),
which was detected with a horseradish peroxidase-conjugated
secondary antibody (1:10,000, 1 h, room temperature) and
chemiluminescent substrate (Pierce).
Disassembly and Reassembly of rTbHK Oligomers—Recom-

binant hexokinases (rTbHK1, rTbHK2, and TbHK1(S160A))
were incubated (1 h, room temperature) with fatty acids solu-
bilized in DMSO, including stearate (octadecanoic acid, C18),
myristate (C14), and decanoate (C10) in 0.1 M triethanolamine,
pH 7.4, supplemented with 5 mM ATP/Mg2� or 5 mM glucose.
Myristate was removed by washing the sample in an Amicon
Ultra centrifugal filter device (3000 molecular weight cutoff,
Millipore Corp., Billerica, MA) after dilution in wash buffer (20
mM NaH2PO4, 0.5 M (NH4)2SO4, 0.1% Triton X-100, and 250
mM imidazole). Seven volumes of wash buffer were passed
through the filter. Oligomer disassembly was confirmed by
native gel electrophoresis, and the concentration of recovered

protein was determined using a Pierce BCA kit. Recovery was
confirmed by a Coomassie Blue-stained SDS-polyacrylamide
gel. To reassemble oligomers, myristate-treated monomeric
rTbHK1 and rTbHK2weremixed prior towashing on theAmi-
con filtration unit.

RESULTS

Myristate and Lonidamine (LND) Inhibit TbHK from Para-
site Lysate, but Only Myristate Disrupts Oligomerization—Lit-
tle is known concerning the regulation of T. brucei HK in vivo.
Unlike many HKs, TbHK is not inhibited by glucose 6-phos-
phate or ADP (5). To investigate potential regulators, we
explored rTbHK1 inhibition with a spectrum of metabolites,
including amino acids (alanine, proline, glutamine, leucine, and
threonine), carbohydrates (galactose, N-acetylglucosamine,
and inositol), phospholipids (phosphatidylinositol, phosphati-
dylethanolamine, and phosphatidic acid), small molecules (lac-
tate,malate, succinate, butyrate, glycerol, glycerol 3-phosphate,
and acetyl-CoA), and glycolytic intermediates (fructose
6-phosphate, fructose 1,6-bisphosphate, pyruvate, and phos-
phoenolpyruvate (PEP)) as potential TbHK1 inhibitors. None
of these impacted rTbHK1 activity at a 10 mM final concentra-
tion under our standard assay conditions.
Previously, we found thatmedium to long chain (C10–18) free

fatty acids inhibited rTbHK1, with myristate being the most
potent (7). Authentic TbHK from BSF 90-13 lysate is also sen-
sitive tomyristate, being completely inhibited by 1mM free fatty
acid in an in vitro assay (Fig. 1A). Likewise, LND, another potent
inhibitor of rTbHK1, inhibited authentic HK activity from BSF
lysates (4).
TbHK activity has been previously isolated as an �300-kDa

hexameric protein complex containing an unknownmixture of
TbHK1 and TbHK2 fromBSF parasites (11). BecauseHK activ-
ity can be recovered after electrophoresis (due to loss of inhib-
itor during processing), we were able to examine the effect of
inhibitor on the oligomeric state using an in-gel HK assay.
Lysates were resolved on 4% native gels, and HK in-gel assays
were performed. Untreated parasites yielded HK activity that
migrated on the native gel as an oligomeric complex consistent
with a hexamer with an apparent molecular mass of �300 kDa
(Fig. 1B, lane 1). Interestingly, lysates treated with myristate
lacked detectable activity at the �300-kDa position but instead
had HK activity at �50 kDa, consistent with migration of the
monomer of the enzyme. LND-treated cell lysate yielded HK
activity corresponding to an�300-kDa species, suggesting that
LND does not disrupt the complex. Of note, in assays per-
formed on lysates in solution, both myristate and LND were
potent TbHK1 inhibitors.
rTbHK Forms Oligomers—Oligomerization is not limited to

authentic TbHK, as native gel analysis of purified rTbHK1 and
rTbHK2 revealed that the proteins behave as oligomeric com-
plexes, consistent with an apparent mass of �300 kDa (Fig. 2A,
lanes 1 and 11). The apparent mass of the complex was con-
firmed by gel filtration chromatography, with TbHK2 eluting
between �-amylase (200 kDa) and apoferritin (440 kDa) (data
not shown). These high molecular mass complexes were not
the result of covalent linkage of subunits, as oligomers were
disrupted by treatment with 0.1% SDS (data not shown).
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Interestingly, incubation of purified rTbHK1 with myristate
(500 �M) in the presence of either ATP or glucose led to a
disruption of the complex (Fig. 2A, lanes 3 and 4), whereas
incubation with a longer fatty acid, stearate, or a shorter fatty
acid, decanoate (neither of which appreciably inhibited TbHK1
activity) (7), under similar conditions had little impact on the
oligomers (data not shown). Incubationwith fatty acid alone (in
the absence of either glucose or ATP) or with vehicle (DMSO)
did not impact oligomerization (Fig. 2A, lanes 2 and 5). rTbHK2
oligomers were also disrupted by myristate in the presence of
ATP (Fig. 2A, lane 12).

Similar studies were carried out with LND, another potent
rTbHK1 inhibitor. Incubation of rTbHK1 with LND in the
presence or absence of ATP/Mg2� or glucose had no impact on
the�300-kDa complex comparedwith untreated rTbHK1 (Fig.
2A, lanes 6–10). This result is similar to that observed when
LND was used to inhibit endogenous TbHK followed by in-gel
HK assays (Fig. 1B, lane 3).
Incubation of recombinant oligomerswith different salts had

distinct impacts on the complexes. Incubation with NaCl and
KCl (from 250 mM to 2.5 M) had minimal impact on oligomers

(Fig. 2B). Similar treatment with the divalent salt MgCl2,
which is also required for activity, disrupted oligomers at
higher concentrations. To control for possible loss of protein
in sample handling, proteins were also analyzed by SDS-
PAGE, which revealed minimal loss of protein during either
treatment (Fig. 2B).
Disassembly Yields HK Monomers—To further resolve the

impact of myristate destabilization on rTbHK oligomers, sam-
pleswere analyzed by two-dimensional gel electrophoresis with
native gel electrophoresis in the first dimension and SDS-PAGE
in the second. This revealed that untreated rTbHK1migrates as
an�300-kDa complex that resolves into an�50-kDa species in
the second denaturing dimension (indicated by * in Fig. 3A).
However, incubation of rTbHK1 with myristate (1 mM) led to a
decrease in the �50-kDa species arising from the �300-kDa
complex (80% by densitometer) with a corresponding increase
in a speciesmigrating in the first dimension at the dye front that
is�50 kDa in the SDS-PAGEdimension (indicated by [caret] in
Fig. 3A).Western blotting of the 4% native gel with an antibody
to the N-terminal epitope tag revealed an increase in the abun-
dance of the monomeric (�50 kDa) protein in response to
increasing myristate (Fig. 3B). A corresponding decrease in the
�300-kDa species in the native gel was noted by silver stain, but
the oligomer was not transferred efficiently enough for West-
ern blotting purposes.
Disassembly Is Reversible—To determine whether the disas-

sembly of rTbHK oligomers is reversible, we incubated
rTbHK1 or rTbHK2 with myristate in the presence of ATP/
Mg2� and then washed the myristate out of the samples by
centrifugal filtration (see the scheme in Fig. 4A). Oligomers
were treated withmyristate (or DMSO carrier) and analyzed by
native gel electrophoresis (Fig. 4B) or by SDS-PAGE to confirm
equal loading (lower panels in all sections of Fig. 4B). rTbHKs
treated withmyristate were disassembled (Fig. 4B, upper center
panel) compared with samples treated with DMSO (Fig. 4B,
lower center panel). As anticipated, myristate treatment also
inhibited rTbHK1 by �95% (data not shown).

Samples were then subjected to centrifugal filtration, washed
exhaustively to remove myristate, and then subjected to elec-
trophoresis on native gels to examine reassembly. Both
rTbHK1 and rTbHK2 yielded reassembled �300-kDa com-
plexes after myristate disruption and centrifugal filtration.
These oligomers were similar to complexes found in untreated
samples (Fig. 4B, right panels).
Oligomer Reassembly Alters Enzymatic Activity of the

Complex—Following centrifugal filtration to removemyristate,
rTbHK1 reassembled into oligomers with specific activity sim-
ilar to untreated or DMSO-treated rTbHK1 samples (Fig. 5B,
left panel). Furthermore, the reassembled rTbHK1 had Km val-
ues for glucose and ATP of 0.05 � 0.003 and 0.25 � 0.005 mM,
respectively, similar to untreated rTbHK1 (0.06 mM 0.28 mM)
(8). On the other hand, reassembled rTbHK2 remained inac-
tive, as was found in the untreated sample (Fig. 5B, left panel).
Mixing rTbHK1 and rTbHK2 homohexamers without first

disrupting the complexes had no impact onHK activity(Fig. 5B,
left panel) (7). However, mixing equal amounts of myristate-
treated (disassembled) rTbHK1 and rTbHK2 (Fig. 5A) prior to
centrifugal filtration yielded an �3-fold increase in enzymatic

FIGURE 1. Impact of myristate on TbHK in BSF lysates. A, myristate inhibits
HK activity from BSF cell lysate. Myristate (1 mM) or LND (10 mM) was incu-
bated with 5 � 105 BSF cell equivalents for 30 min at room temperature, and
HK assays were performed as described under “Materials and Methods.”
B, native gel analysis of BSF 90-13 trypanosome lysate without (lane 1) or with
incubation with 1 mM myristate (lane 2) or 10 mM LND (lane 3) is shown. � indi-
cates the migration of HK activity in the myristate-treated lane.
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activity compared with the controls (Fig. 5B, left panel). The
heteromeric oligomer had similar affinity for glucose compared
with rTbHK1, with Km � 0.035 � 0.003 mM, whereas affinity

for ATP was increased slightly, with
Km � 0.12 � 0.01 mM. Disassembly
and reassembly were confirmed as
before using native gel electro-
phoresis (data not shown).
TbHK2Assembled with a Catalyti-

cally InactiveMutant, TbHK1(S160A),
Has HK Activity—To determine
whether the increase in mixed oli-
gomer activity was due to a change
in the specific activity of rTbHK1 or
the result of some “activation” of
rTbHK2 (which heretofore was
inactive), rTbHK2 was reassembled
with an inactive rTbHK1 variant,
rTbHK1(S160A), which lacks phos-
photransferase activity (7). First,
the impact of centrifugal filtration
and reassembly was assessed for
rTbHK1(S160A). This variant
lacked detectable HK activity, simi-
lar to rTbHK2 reassembled as a
homohexamer (Fig. 5B, right panel).
Interestingly, mixing rTbHK2 and
rTbHK1(S160A) (to yield the
rTbHK2-rTbHK1(S160A) com-
plex) resulted in detectable HK
activity (Fig. 5B, right panel) that
had similar kinetic properties com-
pared with rTbHK1, with Km values
for glucose and ATP of 0.45� 0.006
and 0.19 � 0.018 mM, respectively,
similar to those found for rTbHK1
(7). Mixing myristate-treated
rTbHK1(S160A) with disassembled
rTbHK1had little impact on activity.
TbHK2 Is Inhibited by Pyrophos-

phate—Risedronate, a bisphospho-
nate analog of pyrophosphate,
inhibits Trypanosoma cruziHK (12,
13) but lacks activity against
rTbHK1 (4). Interestingly, the HK
activity resulting from the rTbHK2-
rTbHK1(S160A) complex was
slightly sensitive to 5 mM risedr-
onate (Fig. 6A), a concentration that
had no impact on rTbHK1 in com-
plexwith rTbHK1(S160A) (Fig. 6A).
PPi itself was an even more potent
inhibitor of the rTbHK2-rTbHK1
(S160A) complex (70% inhibition at
5 mM). Like risedronate, PPi had a
negligible effect on TbHK1 com-
plexed with rTbHK1(S160A) (Fig.
6A).

Altering the ratio of active rTbHK1 monomer to inactive
rTbHK2 monomer (both generated by myristate disruption of
homohexamers) prior to reassembly altered the sensitivity of

FIGURE 2. rTbHK1 and rTbHK2 form oligomers. A, native gel (4% acrylamide) analysis of rTbHK1 (50 ng; lane 1) after
treatment (30 min, room temperature) with DMSO (lane 2), myristate (500 �M; lanes 3–5), or LND (10 mM; lanes 8 –10)
in the presence of 5 mM ATP/Mg2� (lanes 3 and 8), 5 mM glucose (lanes 4 and 9), or no substrate (lanes 5 and 10) is
shown. Additionally, untreated rTbHK1 (lane 6), untreated rTbHK2 (lane 11), DMSO treated rTbHK1 (lane 7), and
rTbHK2 treated with ATP and myristate (lane 12) are included. Samples were then resolved and silver-stained.
B, treatment of rTbHK1 oligomers with increasing salt can disrupt the complex. rTbHK1 (50 ng) was incubated with
increasing NaCl (upper panels), KCl (middle panels), or MgCl2 (lower panels), and the impact was assessed by native gel
(upper gel) or 10% SDS-polyacrylamide gel (lower gel). Salt concentrations were 250 mM, 500 mM, 1 M, and 2.5 M.
Aberrant migration (upon SDS-PAGE) was likely due to the high salt concentrations.

FIGURE 3. Oligomers disassemble into monomers. A, two-dimensional electrophoresis of untreated (left panel) or
myristate (1 mM)-treated (right panel) rTbHK1 oligomers. Proteins were resolved on 4% native gels that were then
inserted into the stacking gel of a 10% SDS-polyacrylamide gel. Proteins from the oligomer (*) or the monomer
([caret]) are indicated. The gels shown are representative of three experiments from two purifications of rTbHK1. B,
Western blotting of rTbHK1 oligomers treated with increasing myristate (0–750�M) resolved by 4% native gel. Following
transfer, the blot was incubated with a primary mouse monoclonal antibody (1:2000) against the RGS-His6 epitope tag
used in the purification. Following incubation with horseradish peroxidase-conjugated secondary antibody (1:10,000),
the membrane was developed using SuperSignal West Pico chemiluminescent substrate (Pierce).
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the mixed complexes to PPi (Fig. 6B). As more rTbHK2 was
included in the complexes, the HK activity becamemore sensi-
tive to PPi inhibition relative to untreated control complexes,
suggesting that rTbHK2 is an important determinant in PPi
sensitivity.
Cellular HK Pyrophosphate Sensitivity Is Influenced by Para-

site Carbon Source—The PPi sensitivity of the rTbHK2-
rTbHK1(S160A) complex (Fig. 6A) and the observation that
complexes containing a higher rTbHK2 percentage (Fig. 6B)
weremore sensitive to PPi suggested that this inhibitor could be

used as a probe to determine the rel-
ative composition of TbHK com-
plexes from T. brucei. To date, the
lack of sensitive TbHK1 andTbHK2
antibodies has made it extremely
challenging to investigate relative
amounts of the nearly identical
polypeptides. BSF 90-13 and
TbHK2	/	 PF 29-13 cells (which
lack TbHK2) (7) had HKs with sim-
ilar sensitivity to PPi, suggesting
that the BSF may rely more on
TbHK1 for cellular HK activity (Fig.
7A). However, parental PF 29-13
cells had HK activity that was com-
posed of a higher percentage of PPi-
sensitive HK, suggesting that
TbHK2 plays a more important role
in themetabolismof the PF parasite.
The PF 29-13 HK activity was
dynamic, with growth under differ-
ent nutrient conditions leading to
HK activity with differing PPi sensi-
tivity (Fig. 7B). Parasites grown in
medium with very little glucose
(SDM-80) (14) had TbHK activity
that was sensitive to PPi inhibition
(with TbHK activity inhibited by
�80%) (Fig. 7B). Addition of glyc-
erol (1 mM) to the SDM-80 medium
did not alter this sensitivity, sug-
gesting that under conditions using
a carbon source distinct from glu-
cose, TbHK2 is predominantly
responsible for cellular TbHK activ-
ity. However, inclusion of glucose (1
mM) or transfer of the parasites to a
glucose-rich medium (SDM-79,
which has �9 mM glucose) led to an
increase in resistance to PPi, sug-
gesting that under glucose-rich con-
ditions, the cellular TbHK activity
results from a greater TbHK1 con-
tribution. In contrast, we have
found that TbHK2	/	 PF 29-13
cells grown under these varied con-
ditions did not have an appreciable
change in cellular HK sensitivity to

PPi (data not shown), supporting the idea that alteration of the
relative amounts of TbHK1 and TbHK2 in the cell leads to
changes in PPi sensitivity.

DISCUSSION

T. brucei expresses two 98% identical HKs in both PF and
BSF life stages (6). Our initial investigations into the functions
of the two proteins revealed that TbHK2was a glycosomal pro-
tein that lacked detectable HK activity in vitro (7). However, PF
parasites lacking TbHK2 had altered morphology, retarded

FIGURE 4. TbHK oligomer reassembly reveals that TbHK2 is an active hexokinase. A, schematic illustrating
the disassembly and reassembly of oligomeric rTbHKs. B, native gel (4%) and SDS-PAGE analysis of TbHKs prior
to incubation (left panels) with or without DMSO or myristate. Samples were then analyzed to assess dissocia-
tion (middle panels) and again after centrifugal filtration (right panels).

FIGURE 5. Reassembly of mixed oligomers reveals that TbHK2 has HK activity. A, schematic representation
for assembly of mixed complexes. B, hexokinase activity of untreated, DMSO-treated, or myristate-dissociated
and reassembled rTbHK1 and rTbHK2 (left panel) and rTbHK1(S160A) (right panel). Equal amounts (250 ng) of
rTbHK1 and rTbHK2 were used throughout. Please note that the differences in HK activities of DMSO-treated
rTbHK1 in the left and right panels were due to differences in the specific activity of proteins used.
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growth, and increased cellular HK activity (presumably from
TbHK1), suggesting that the protein serves some function for
T. brucei. Recently, Albert et al. (1) found through RNAi silenc-
ing of TbHK2 in BSF parasites that the gene is essential, with
RNAi triggering a reduction in cellular glycolysis, leading to
BSF death, again emphasizing the important role of TbHK2 in
the parasite.
The altered rate of glycolysis in the RNAi BSF parasites sug-

gests that TbHK2may be playing a role in the regulation of HK
activity. Mammals have multiple HKs, with three �100-kDa

FIGURE 6. Pyrophosphate inhibits rTbHK2. A, reassembled rTbHK2-
rTbHK1(S160A) complex or rTbHK1-rTbHK1(S160A) complex was incubated
with risedronate (RSDN; 5 mM) or PPi (5 mM) prior to assaying for HK activity.
B, complexes generated with a higher percentage of rTbHK2 have increased
sensitivity to PPi. Proteins were reassembled with increasing molar amounts
of rTbHK2 (while total protein was kept constant at 500 ng/assay) and then
assayed for HK activity in the presence or absence of PPi (5 mM). Reassembly
yielded TbHK1/TbHK2 ratios of 6:0, 5:1, 4:2, 3:3, 2:4, and 1:5, with untreated
samples having ratios of 1.9, 3.1, 5.3, 6.4, 2.4, and 1.3 mmol/min HK activity,
respectively. Results are plotted as the percent of this untreated activity
remaining after PPi inhibition.

FIGURE 7. HK activity from cell lysates is inhibited by PPi. A, BSF 90-13,
TbHK2	/	 PF 29-13 , or PF 29-13 cell lysates (from 5 � 105, 1 � 106, and 4 �
106 cell equivalents to keep the HK amount in the assays similar) (7) were
incubated with PPi and then assayed for HK activity. These cell lysates have
specific activities of 0.097, 0.124, and 0.053 units/mg, respectively. B, under
different environmental conditions, T. brucei HK activity sensitivity to PPi
changes. PF 29-13 trypanosomes were adapted to growth in SDM-80 without
glucose supplemented with 9% heat-inactivated dialyzed serum (Sigma) and
1% heat-inactivated serum (14). The medium was then supplemented with
glucose (Glc; 1 mM) or glycerol (Gly; 1 mM), or parasites were shifted into
SDM-79 (a glucose-rich medium). After 24 h, cell lysates were prepared, incu-
bated with PPi (5 mM, 10 min on ice), and assayed for HK activity. Lysates
(untreated) had 0.045, 0.057, 0.027, and 0.053 units/mg HK activity, respec-
tively. C, a schematic of interconnection of metabolic pathways in the glyco-
some is shown. Pathways labeled with a question mark are suggested by gly-
cosome proteomics and genomic analysis. Glc6P, glucose 6-phosphate;
PEPCK, PEP carboxykinase; PPDK, pyruvate-phosphate dikinase; Pyr, pyruvate;
Ala, alanine; Fum, fumarate; Mal, malate, OA, oxalacetate; Succ, succinate; FAs,
fatty acids.
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isoforms (Types I, II, and III) consisting of two monomer-like
HKs fused together (15). Although the C-terminal domains are
catalytically active, the N-terminal monomer-like domains of
theType I and III isoforms are enzymatically inactive, serving to
regulate the function of the C-terminal domain by binding glu-
cose 6-phosphate. Authentic TbHK activity likely consists of
mixedmultimers of TbHK1 and TbHK2, as the original activity
purified with a molecular mass consistent with a hexameric
complex (11). Like the inactive N-terminal domains of mam-
malian Type I and III HKs, TbHK2 could regulate TbHK1 with
which it is complexed, perhaps by altering the enzymatic activ-
ity of TbHK1 after binding some regulatory molecule.
We found previously that free fatty acids were inhibitors of

TbHK1 (7), with myristate being the most potent identified to
date. Here, we have found that in addition to being an inhibitor
of TbHK1, the fatty acid also disrupts oligomers of TbHKs.
Because fatty acids are likely found in the glycosome (the site of
ether lipid biosynthesis and potentially fatty acid oxidation),
similar dynamic reassembly could occur in vivo. Regulatory
changes in activity as a result of modulation of complex com-
position are found throughout biology. Bax, for example,
actively facilitates apoptosis via mitochondrial permeabiliza-
tion as a homodimer while being inactive when dimerized with
other cellular components (16). Authentic TbHK activity could
be similarly influenced by changes in oligomer composition; as
the ratio of complex components is changedduring reassembly,
the HK activity of the oligomer could change. Indeed, the prec-
edent for allosteric regulation in T. brucei by a catalytically
inactive enzyme homolog has recently been established, with
S-adenosylmethionine decarboxylase being activated by dimer-
ization with an inactive homolog (17).
However, the story here is different from that of T. brucei

S-adenosylmethionine decarboxylase. Disruption of rTbHK
oligomers isolated fromEscherichia coli followed by reassembly
does indeed alter TbHK activity, but in a most surprising way.
First, reassembly of catalytically inactive rTbHK2 with a cata-
lytically incompetent rTbHK1 variant (rTbHK1(S160A), which
has an altered conserved residue essential for transfer of the
phosphoryl group) yields an active rTbHK2 complex. Interest-
ingly, reassembly of rTbHK2 with itself does not activate the
assembly, suggesting that a specific interaction between
rTbHK2 and rTbHK1 is required for activation to occur. Sec-
ond, mixed oligomers of rTbHK1 and rTbHK2 have different
kinetic properties compared with the parent homohexamers,
including increased activity and increased affinity for ATP
(Km � 0.12 mM), which more closely resembles values
reported for authentic T. brucei HK activity (Km � 0.11 mM)
(18) than the rTbHK1 homohexamer (Km � 0.28 mM) (8).

Whymyristate? Myristate is very important to the biology of
the BSF parasite, serving as the sole fatty acid in the mature
glycosylphosphatidylinositol anchor of the variant surface gly-
coprotein (19). It is tempting to speculate that the large amount
of myristate that is either taken up or synthesized by the BSF
parasites for glycosylphosphatidylinositol biosynthesis might
influence TbHK activity. Glycosylphosphatidylinositol biosyn-
thesis and maturation occur on the endoplasmic reticulum
(20), a compartment distinct from glycosomes. However, there
is communication between the twoorganelles, as someproteins

transit from one compartment to the other. In yeast, peroxi-
some biogenesis requires the anterograde movement of pro-
teins from the endoplasmic reticulum to the organelle. In
trypanosomes, a glycosylphosphatidylinositol-specific phos-
pholipase C has been found to translocate from glycosomes
(which are specialized peroxisomes) to the endoplasmic retic-
ulum in response to cellular stress (21). These observations sug-
gest that glycosomes may receive other cargo, including myris-
tate, from the endoplasmic reticulum.
Alternatively, free fatty acids within the glycosome that orig-

inate from the action of glycosomal resident enzymes could be
regulating TbHK. In addition to housing ether lipid biosynthe-
sis proteins and enzymes involved in�-oxidation of lipids, lyso-
phospholipaseAhas been recently identified to be a glycosomal
resident protein in both BSF and PF parasites (6). The fatty
acids, includingmyristate, liberated by the action of this protein
could be important to TbHK regulation.
In agreement with work on other trypanosomatid HKs,

TbHK2 is inhibited (albeit weakly) by bisphosphonates, which
are polyphosphate analogs. However, PPi is a more potent
inhibitor of TbHK2while having little effect onTbHK1 activity.
Of note, HK activity from BSF cell lysates is less sensitive to PPi
inhibition than is HK activity from PF lysates, suggesting that
the PF stage parasites may rely on TbHK2 more heavily for
metabolic needs.
A number of glycosomal enzymes produce PPi, including

hypoxanthine-guanine phosphoribosyltransferase (in the
purine salvage pathway). Interestingly, glycosomes lack pyro-
phosphatase activity (22) but do harbor a pyruvate-phosphate
dikinase that may consume PPi in the conversion of PEP to
pyruvate (23). PPi inhibits other glycosomal enzymes, including
PEP carboxykinase (from T. cruzi) (24) (Fig. 7C). PPi may play a
central role in the regulation of the metabolism of PEP by lim-
iting its consumption by either PEP carboxykinase (to succi-
nate) or TbHK2 (to glucose and ATP, although we have yet to
demonstrate that the enzyme is capable of catalyzing the reac-
tion in this direction). This would result in directing PEP into
amino acid biosynthesis via pyruvate-phosphate dikinase or
into other biosynthetic pathways through glucose 6-phosphate.
PPi could alternatively link the coordination of glycolysis and

amino acidmetabolism, as conditions that favor PPi production
from pyruvate-phosphate dikinase (amino acid metabolism)
would inhibit TbHK2. PPi has been recognized as a potential
regulatory molecule in other systems, with alteration in PPi
levels in rat liver triggering changes in blood glucose levels (25).
Our observation that TbHK activity in lysates of PF parasites
grown under low glucose conditions (when the cells aremetab-
olizing amino acids) is more sensitive to PPi inhibition suggests
that TbHK2, and not TbHK1, is the primary HK in these cells,
in part because it is a regulable HK.
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