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a b s t r a c t

Protein tyrosine kinases play key roles in many molecular and cellular processes in diverse living organ-
isms. Their proper functioning is crucial for the normal growth, development, and health in humans,
whereas their dysfunction can cause serious diseases, including various cancers. As such, intense studies
have been performed to understand the molecular mechanisms by which the activities of protein tyro-
sine kinases are regulated in mammalian cells. Particularly, small molecules that can modulate the activ-
ity of tyrosine kinases are of great importance for discovering therapeutic drug candidates for numerous
diseases. Notably, heme cannot only serve as a prosthetic group for hemoglobins and enzymes, but it also
is a small signaling molecule that can control the activity of diverse signaling and regulatory proteins.
Using a computational search, we found that a group of non-membrane spanning tyrosine kinases con-
tains one or more CP motifs that can potentially bind to heme and mediate heme regulation. We then
used experimental approaches to determine whether heme can affect the activity of any of these tyrosine
kinases. We found that heme indeed affects the phosphorylation of key tyrosine residues in Jak2 and Src,
and is therefore able to modulate Jak2 and Src activity. Further experiments showed that Jak2 and Src
bind to heme and that the presence of heme alters the sensitivity of Jak2 and Src to trypsin digestion.
These results suggest that heme actively interacts with Jak2 and Src and alters their conformation.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Tyrosine kinases play crucial roles in signal transduction in vir-
tually all mammalian cells. They coordinate cellular responses to a
wide array of extracellular stimuli, and regulate cell growth, sur-
vival, differentiation, migration, and metabolism [1–7]. Deregu-
lated expression or activity of tyrosine kinases can promote
serious diseases, particularly cancers [8–18]. As such, understand-
ing the molecular mechanisms by which the activity of tyrosine ki-
nases is controlled is a key subject in cancer biology. Heme, iron
protoporphyrin IX, is well known to be an essential molecule for
many living organisms, particularly mammals [19]. It serves as a
prosthetic group in various types of proteins and enzymes, includ-
ing hemoglobin, myoglobin, cytochromes, catalase, and peroxidase
[19]. Remarkably, recent evidence shows that heme controls the
expression and activity of an increasing number of key regulators
of diverse cellular processes [20,21]. For example, heme binds to
and directly regulates the activities of several transcriptional regu-
lators, including the yeast transcriptional regulator Hap1, the
mammalian transcriptional repressor Bach1, and the mammalian
nuclear receptor Rev-erba [22–24]. Besides transcriptional regula-
tors, heme also directly controls the activities of many other kinds
ll rights reserved.
of regulators, including the heme-regulated eIF2a kinase (HRI) and
the essential miRNA processing factor DGCR8 [25–28]. Heme is re-
quired for the activation/phosphorylation of Raf, MEK1/2, and
ERK1/2 – components of the mitogen-activated protein (MAP) ki-
nase signaling pathway, in both the human epithelial cervix carci-
noma HeLa cells and in the nerve growth factor-induced rat
pheochromocytoma PC12 cells [29,30]. Clearly, heme has the po-
tential to affect, directly or indirectly, the activities of many key
cellular signaling proteins and regulators. It would be important
to determine if heme also controls the activity of other key cellular
regulators, such as tyrosine kinases that are crucial to cellular func-
tions and to numerous disease processes.

However, experimental methods to systematically identify
heme-regulated proteins are limited by technical difficulties to
identify heme-regulated proteins by conventional methods. Thus,
alternative methods may be useful for identifying heme-regulated
proteins. To this end, we used computational methods to identify
proteins that contain the CP motif – a motif shared by many known
proteins that are regulated by heme, including Hap1, Bach1, and
HRI [20]. In the case of Hap1 and Bach1, it has been demonstrated
that one or more of the CP motifs bind to heme and mediate heme
regulation of their activity [24,31,32]. This motif allows proteins to
bind to heme reversibly and transiently and to respond to changes
of cellular heme concentration dynamically, which should be a
unique property of heme-regulated proteins [23]. Therefore, we
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reasoned that we may use the presence of CP motifs in proteins to
narrow down candidates for potential heme-regulated proteins.
We therefore did a computational search of all known human pro-
teins to identify proteins that contain one or more CP motifs. We
found that 23 non-membrane spanning protein tyrosine kinases
contain one or more CP motifs. We then examined experimentally
whether some of the important tyrosine kinases are actually regu-
lated by heme. Our results demonstrated that heme is critical for
the regulation of both Jak2 and Src kinase activities.

2. Materials and methods

2.1. Cell culture, antibodies, and proteins

HeLa cells (human epithelial cervix carcinoma) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS), 1% so-
dium pyruvate, 1% L-glutamine, 1% HEPES, and 100 U penicillin/
100 lg streptomycin per ml. Heme-depleted serum was prepared
as described previously [30]. Briefly, serum was treated with
ascorbic acid for 3 h, followed by dialysis against PBS and filter
sterilization. Heme depletion was monitored by measuring optical
absorbance at 405 nm. The absorbance was reduced at least 50%
after treatment with ascorbic acid.

All antibodies for Western blotting were purchased from Cell
Signaling Technology. Purified full-length Src and Jak2 fragment
containing residues 808-end were purchased from Millipore and
Enzo Life Sciences, respectively. Carbonic anhydrase, BSA, and
b-amylase were purchased from Sigma. Sequencing grade trypsin
was purchased from Promega. Hemin agarose beads were pur-
chased from Sigma.

2.2. RNAi knockdown of heme synthesis in HeLa cells

Target sequences (five for each gene) for knocking down 5-
aminolevulinic acid synthase (ALAS1, non-erythroid form) and
porphobilinogen deaminase (PBGD) were selected by using the
computation program provided by Sigma–Aldrich. Then shRNA
pLKO.1-puro expression vectors and the corresponding Mission
Lentiviral transduction particles were custom-made by Sigma–
Aldrich. The vendor’s recommended control particles were also
used. HeLa cells were transduced with the viral particles, and puro-
mycin-resistant clones were selected by following the vendor’s
procedures. The positive clones were selected by measuring heme
synthesis rate of the cells. For measurement of heme synthesis,
HeLa cells and puromycin-resistant clones were incubated with
0.4 lCi radiolabeled aminolevulinic acid (4-14C, Perkin–Elmer Life
Sciences) for 24 h. Heme was extracted from the cells by using ace-
tone–HCl and diethyl ether, and the amount of radiolabeled heme
was measured as described previously [30,33]. The incorporation
of radioactivity into the extracted heme allows the measurement
of heme biosynthesis. The amount of radiolabeled heme was mea-
sured by scintillation counting. Measurement of the growth rate of
HeLa cells and clones was performed as described previously [29].

2.3. Preparation of extracts and Western blotting analysis

Confirmed HeLa colonies with reduced heme synthesis were
grown in heme-depleted medium and then treated with 10 lM
heme for various times. Cells were collected, and cell extracts were
prepared according to the protocol provided by Cell Signaling
Technology. Protein concentrations were measured by using the
bicinchoninic acid protein assay kit (Pierce, Rockford, IL). Western
blotting analysis was performed as described [29,33]. Polyclonal
anti-phospho (Thr202/Tyr204)-MAPK (ERK1/2), anti-ERK1/2,
anti-phospho Jak2 (Tyr 1007/1008), anti-Jak2, anti-phospho Src
(Tyr-527), anti-Src, and other antibodies were purchased from Cell
Signaling Technology.

2.4. Pull-down with hemin-agarose beads

We preformed pull-down with hemin-agarose beads as de-
scribed previously [34]. Carbonic anhydrase, BSA, and b-amylase
were detected by Coomassie blue staining. Jak2 and Src were de-
tected by using Western blotting with the corresponding antibod-
ies. Trypsin digestion of carbonic anhydrase, Jak2, and Src was
performed by incubation with various amounts of sequencing
grade trypsin (Promega) for 20 min.

3. Results

Using a computational method to identify potential heme-
regulated proteins, we found that 5323 proteins of the 20,495
known human proteins in the database contain one or more CP
motifs. This represents a large number of proteins for further
experimental studies. We therefore decided to study a small group
of proteins with crucial functions in intracellular signal transduc-
tion. Particularly, by performing GO analysis, we found that 23
non-membrane spanning or non-receptor tyrosine kinases out of
39 known tyrosine kinases (p value: 1.33E�05; p < 0.000,527 after
correction for multiple tests) contain at least one CP motif (Fig. 1A).
Because the activity of tyrosine kinases is known to be regulated by
the phosphorylation of certain key tyrosine residues, whether
heme controls their activity can be determined by examining the
effect of heme on the phosphorylation states of such key Tyr resi-
dues. Based on the known information about the tyrosine kinases
and the availability of specific antibodies to phosphorylated tyro-
sine kinases, we selected and acquired 10 antibodies specifically
to Abl, Ack-1, Jak1, Jak2, Src, and Tyk2 (Fig. 1A), in order to examine
the effect of heme on the regulation of these kinases.

To examine the effect of heme on the regulation of tyrosine ki-
nases, we need to use cells that synthesize lower levels of heme
than normal cells, or heme-deficient cells [30,35,36]. All mamma-
lian cells require heme for survival and constitutively synthesize
heme. Thus, normal cells maintain a level of heme that is necessary
for the proper functioning of cellular proteins. To maximize the
likelihood of uncovering those proteins that are regulated by heme,
we need to lower intracellular heme levels, and then examine the
effect of addition of exogenous heme. To this end, we generated
stable HeLa cells that exhibit reduced levels of heme synthesis by
using the RNAi technique to knock down heme synthetic enzymes.

Measurement of heme synthesis showed that one siRNA for
ALAS1 and three for PBGD generated cells with considerably lower
levels of heme synthesis compared to untreated HeLa cells or cells
expressing a control non-human or mouse siRNA (Fig. 1B). As ex-
pected from previous studies using the chemical inhibitor of ALAS,
succinyl acetone, knocking down heme synthesis also significantly
reduced cell growth rate (Fig. 1C) [29,37]. Evidently the extent of
reduction of heme synthesis by siRNAs was less than that caused
by a high concentration of succinyl acetone. As such, these HeLa
cells with reduced heme synthesis can be maintained for many
generations without apoptosis, although they grew at a slower rate
[29,37].

To examine the effect of heme on tyrosine kinases, we used the
heme-deficient HeLa cell clone PBDG C3, which exhibited the low-
est level of heme synthesis and growth rate among the clones
(Fig. 1B and C). Still, the effects of heme on ERK1/2, Jak2, and Src
were detectable in other clones with reduced heme synthesis.
Heme-deficient cells were treated with 10 lM heme for 0,
30 min to 30 h. Then cytoplasmic extracts were prepared from



Fig. 1. (A) An outline for identifying heme-regulated tyrosine kinases. A computational search initially identified 23 non-membrane spanning protein tyrosine kinases with
the potential heme binding and regulatory CP motifs. Ten commercially available antibodies were then selected to examine whether or not any of the tyrosine kinases is
regulated by heme. Eventually two kinases, Jak2 and Src, were found to be affected by heme. (B) Intracellular heme synthesis levels in HeLa cells with heme synthetic
enzymes knocked down. Heme was extracted from HeLa cells, control HeLa cells selected from cells transduced with control viral particles, and puromycin-resistant HeLa cell
clones transduced with viral particles that allow the expression of shRNA for ALAS1 or PBGD (clones C1 to C3). The levels were calculated as percentages of those of HeLa cells.
The plotted data here are averages of at least three replicates. (C) Comparison of the growth of untreated HeLa cells, HeLa cells transduced with the control viral vector, and
HeLa clones with the heme synthetic enzyme knocked down. Cells were seeded at 10,000 cells per well, and maintained in DMEM medium with 10% FBS. Cells were collected
and counted at the indicated time points. The plotted data here are averages of at least three replicates.

32 X. Yao et al. / Biochemical and Biophysical Research Communications 403 (2010) 30–35



Fig. 3. The pull-down of Src and Jak2 by hemin-agarose beads. Hemin-agarose
beads were incubated with purified Jak2 fragment containing residues 808–1132
(C-terminal end), Src, carbonic anhydrase, BSA, and b-amylase. Bound proteins
(Beads) and proteins in the supernatant (Sup) were collected and were subjected to
SDS–PAGE analysis. Cont = input proteins.

Fig. 4. Heme alters the sensitivity of Jak2 and Src to trypsin digestion. (A) Heme
enhances the sensitivity of Src to trypsin. Purified Src was incubated with 0 (lanes 1
and 5), 0.05 (lanes 2 and 6), 0.125 (lanes 3 and 7), and 0.25 ng/ll (lanes 4 and 8)
trypsin, in the presence (lanes 5–8) or absence (lanes 1–4) of 10 lM heme. Proteins
were analyzed by SDS–PAGE, followed by Western blotting. (B) Heme enhances the
sensitivity of Jak2 to trypsin. Purified Jak2 fragment was incubated with 0 (lanes 1
and 5), 0.05 (lanes 2 and 6), 0.125 (lanes 3 and 7), and 0.25 ng/ll (lanes 4 and 8)
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the cells, and were subjected to Western blotting analysis. We used
10 antibodies against various tyrosine kinases phosphorylated at
specific residues to examine the states of phosphorylation of differ-
ent tyrosine kinases that affect their activity (Fig. 1A). Among these
antibodies used, only two antibodies consistently detected heme-
induced changes (Fig. 2). The rest did not show reliable signal from
Western blotting analysis or did not show consistent changes be-
tween heme-deficient cells and heme-sufficient cells.

Initially, as a control, we showed that ERK1/2 was phosphory-
lated/activated soon after the addition of heme (Fig. 2A). This is
in complete agreement with previous results [29,37]. Fig. 2B shows
that Src is phosphorylated at Tyr530 soon after addition of heme.
Phosphorylation at this residue is inhibitory to Src kinase activity
[13,38]. Interestingly, heme promotes the phosphorylation of
Jak2 at Tyr1007/1008 about 12–30 h post heme addition
(Fig. 2C). Jak2 was not phosphorylated at earlier times post heme
addition. Phosphorylation at Tyr1007 is required for Jak2 activa-
tion [39]. These results clearly show that heme can regulate the
phosphorylation of key residues of Jak2 and Src, and thereby con-
trol their activity.

Jak2 and Src are key signaling kinases that control many cellular
processes [13,40]. We therefore decided to further examine the
potential interactions of heme with Jak2 and Src, respectively. To
this end, we used a purified active, full-length human Src protein
and an active human Jak2 fragment containing residues 808–1132.
First, we examined whether Src and Jak2 bind to heme by pull-down
using hemin-agarose beads, as described previously [34]. For con-
trols and comparison, we also performed pull-down of BSA, carbonic
anhydrase, and b-amylase. BSA is known to bind to heme with high
affinity, whereas carbonic anhydrase and b-amylase do not interact
with heme. As shown in Fig. 3, the pull-down experiment showed
that Jak2 and Src, like BSA, bound to heme, whereas carbonic anhy-
drase and b-amylase did not, as expected.

Second, we examined whether heme alters the conformation of
Jak2 and Src by using protease digestion. We reasoned that if heme
interacts with Jak2 and Src, it would likely change their conforma-
tion, which may cause changes in protease sensitivity. Indeed, we
found that heme altered the sensitivity of Jak2 and Src to trypsin
(Fig. 4). As shown in Fig. 4A, in the presence of heme, Src became
much more sensitive to trypsin digestion. Likewise, Jak2 also be-
came more sensitive to trypsin in the presence of heme, although
to a lesser extent (Fig. 4B). As a control, we showed that heme
did not make carbonic anhydrase more sensitive to trypsin. This
shows that heme does not have a general effect in enhancing tryp-
sin activity. Together, these results from pull-down and trypsin
Fig. 2. The effect of heme on the phosphorylation of key residues of ERK1/2 (A), Src
(B), and Jak2 (C). HeLa clone PBGD C3 was maintained in heme-depleted medium,
and then treated with 10 lM heme for the indicated times. Cells were collected, and
protein extracts were prepared and subjected to SDS–PAGE and Western blotting
analysis.

trypsin, in the presence (lanes 5–8) or absence (lanes 1–4) of 10 lM heme. Proteins
were analyzed by SDS–PAGE, followed by Western blotting. (C) Heme does not
enhance the sensitivity of carbonic anhydrase to trypsin. Carbonic anhydrase was
incubated with 0 (lanes 1 and 5), 2.5 (lanes 2 and 6), 5 (lanes 3 and 7), 12.5 (lanes 4
and 8), and 25 ng/ll (lanes 5 and 10) trypsin, in the presence (lanes 6–10) or
absence (lanes 1–5) of 10 lM heme.
digestion experiments show that heme interacts actively with
Jak2 and Src, and causes conformational changes in Jak2 and Src.

4. Discussion

Previous studies have demonstrated that heme is a versatile sig-
naling molecule that can control the activity of diverse cellular reg-
ulators [20,21,41]. Such regulators include transcriptional factors
Hap1 in yeast, and Bach1, Rev-erba, and Per2 in mammalian cells
[22,34,42–44]. Here we show that heme can control another class
of key cellular regulators, tyrosine kinases. This finding has impor-
tant implications in the studies of heme regulation, tyrosine kinases,
and related diseases, such as cancer. It raises the possibility that the
activity of tyrosine kinases can be controlled by altering intracellu-
lar heme concentration, or by using heme analogues with altered



34 X. Yao et al. / Biochemical and Biophysical Research Communications 403 (2010) 30–35
tyrosine kinase interactions. Further studies to understand the
molecular interactions between heme and Jak2 and Src may provide
novel insights into the molecular mechanisms by which their activ-
ity can be regulated and how drugs targeting Jak2 and Src may be
designed.

Our results show that full-length Src and the truncated Jak2
fragment containing residues 808–1132 can bind to heme directly.
The Jak2 fragment contains one CP motif at residue 1094 adjacent
to Tyr1007. This motif may mediate heme binding to Jak2. How-
ever, it is also possible that other residues are involved in heme
binding. In the cases of Hap1, Bach1 and Per2, it has been shown
that one or more CP motifs mediate heme binding and heme acti-
vation of these proteins [24,31,32]. In the case of Rev-erba, a His
residue is essential for heme binding and heme regulation [45].
Further studies are necessary to determine the exact residues in-
volved in heme binding to Jak2. Intriguingly, the Jak2 fragment is
phosphorylated and activated. This raises the possibility that heme
is not only required for the phosphorylation of Tyr1007 and the
activation of Jak2, but it is also needed for the maintenance and
continued activation of Jak2 kinase activity.

The phosphorylation and regulation of Src activity are well
understood [13,38]. Src is controlled by the phosphorylation of
two key Tyr residues, Tyr419 and Tyr530. The phosphorylation of
Tyr419 is important for the full activation of Src, whereas the phos-
phorylation of Tyr530 is inhibitory and renders Src to adopt an
inactive conformation [13,38]. In vivo, the phosphorylation of
Tyr530 is clearly enhanced by heme during the early times of heme
addition (Fig. 2B), while we did not observe any detectable effect of
heme on the phosphorylation of Tyr419. Src contains three CP mo-
tifs at residues 248, 486, and 490 (Fig. 1A). Residues 486 and 490
are proximal to the Tyr phosphorylation sites, and may mediate
heme binding. Other residues beside the CP motifs may also be
important for interaction with heme. Further studies are necessary
to elucidate the detailed events underlying heme interaction.
Nonetheless, our results clearly show that heme can bind to and
regulate the activity of two important tyrosine kinases Src and
Jak2. These results provide a molecular basis for further studies
to investigate the molecular mechanisms by which heme regulates
the activity of Src and Jak2 and to identify novel ways of control-
ling their activity.
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