1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Free Radlic Biol Med. Author manuscript; available in PMC 2024 September 11.

-, HHS Public Access
«

Published in final edited form as:
Free Radic Biol Med. 2022 February 20; 180: 179-190. doi:10.1016/j.freeradbiomed.2022.01.008.

Indoleamine Dioxygenase and Tryptophan Dioxygenase
Activities are regulated through GAPDH- and Hsp90-dependent
Control of their Heme Levels

Pranjal Biswas,

Yue Dai,

Dennis J. Stuehr”

Department of Inflammation and Immunity, Lerner Research Institute, The Cleveland Clinic,
Cleveland, Ohio, USA.

Abstract

Indoleamine-2, 3-dioxygenase (IDO1) and Tryptophan-2, 3-dioxygense (TDO) are heme-
containing dioxygenases that catalyze the conversion of tryptophan to N-formyl-kynurenine

and thus enable generation of L-kynurenine and related metabolites that govern the immune
response and broadly impact human biology. Given that TDO and IDO1 activities are directly
proportional to their heme contents, it is important to understand their heme delivery and insertion
processes. Early studies established that TDO and IDO1 heme levels are sub-saturating /7 vivo and
subject to change but did not identify the cellular mechanisms that provide their heme or enable
dynamic changes in their heme contents. We investigated the potential involvement of GAPDH
and chaperone Hsp90, based on our previous studies linking these proteins to intracellular heme
allocation. We studied heme delivery and insertion into IDO1 and TDO expressed in both normal
and heme-deficient HEK293T cells and into IDO1 naturally expressed in HeLa cells in response to
IFN-7, and also investigated the interactions of TDO and IDO1 with GAPDH and Hsp90 in cells
and among their purified forms. We found that GAPDH delivered both mitochondrially-generated
and exogenous heme to apo-1DO1 and apo-TDO in cells, potentially through a direct interaction
with either enzyme. In contrast, we found Hsp90 interacted with apo-1DO1 but not with apo-TDO,
and was only needed to drive heme insertion into apo-IDO1. By uncovering the cellular processes
that allocate heme to IDO1 and TDO, our study provides new insight on how their activities and
L-kynurenine production may be controlled in health and disease.
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Introduction

Indoleamine-2, 3-dioxygenase (EC 1.13.11.52, IDO1) and Tryptophan-2, 3-dioxygense (EC
1.13.11.11, TDO) are heme proteins that catalyze the conversion of tryptophan (Trp) to N-
formyl-kynurenine [1, 2]. Their activities depend on the content of their ferrous heme, which
binds dioxygen and enables its insertion into the indole ring of Trp [3, 4]. TDO is selective
for L-Trp while IDO1 can accept a broader range of indole-containing substrates [5, 6].
Although IDO1 has a monomeric structure and TDO is tetrameric [7], their crystal structures
indicate there are high similarities in their heme-binding environments and substrate-binding
sites [8], consistent with their having similar catalytic mechanisms.

TDO expression and activity levels are highest in the liver and are upregulated by
glucocorticoids and L-Trp [9, 10]. In comparison, IDO1 is constitutively expressed in some
tissues such as the lung and its expression can be broadly induced by stimuli associated with
immunity and inflammation including interferon-y (IFNv), lipopolysaccharide (LPS), and
tumor necrosis factor (TNF) [11-13]. Increased TDO or IDO1 activities cause Trp depletion
and increased production of metabolites of the Kynurenine (Kyn) pathway (KP), which

are bioactive [14-17]. Increased IDO1 activity is thought to help downregulate several
inflammatory diseases [18,19], but on the other hand, it is also associated with neurologic
disorders [20,21], and an increase in IDO1 or TDO activity in cancer cells or in host
dendritic cells is associated with suppression of effector T-cell responses toward tumors
[22,23]. Because of this, pharmaceutical research aimed at controlling IDO1 and TDO
activities has gained pace over the years.

Because IDO1 and TDO absolutely depend on their bound heme for catalysis it is
fundamentally important to learn what cellular processes provide their heme and thus
control their heme levels and activities. Remarkably, rodent liver TDO normally exists in

a partly heme-deficient state in healthy animals [24—-26], and its heme saturation level can

be increased by giving the animals Trp [27, 28], boosting their heme biosynthesis [25, 26],
or by injecting immune-stimulants [29, 30]. IDO1 is also predominantly expressed in its
heme-free form in cells [31, 32], and like TDO can change its heme level in response to
various immunologic or related stimuli [33, 34]. Although these studies established that
heme levels in TDO and IDOL are variable and subject to change, they did not identify what
cellular mechanisms provide their heme or affect the dynamic changes in their heme content.

To address this gap, we turned to our recent studies on heme protein maturation that showed
GAPDH allocates heme to at least two heme proteins [35,36] and that heme insertion

into several heme proteins requires the cell chaperone Hsp90 [37-40]. Accordingly, we
investigated the potential for GAPDH and Hsp90 involvement by utilizing IDO1-FLAG
and TDO-FLAG constructs expressed in both normal and heme-deficient HEK293T cells,
and studied IDO1 after naturally inducing its expression in HeLa cells with IFN-y. We
also investigated the interactions of TDO and IDO1 with GAPDH and Hsp90 in cells

and among their purified forms. Our findings suggest a mechanism whereby GAPDH
delivers mitochondrially-generated or exogenous heme to apo-1DO1 and to apo-TDO in
cells through an interaction with these enzymes, whereas Hsp90 only interacts with apo-
IDO1 to drive its heme insertion and does not interact with apo-TDO or enable its heme
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insertion. By identifying the cellular processes that provide and insert heme into TDO and
IDO1, our study helps to explain their physiological behaviors and uncovers the mechanism
whereby cellular heme allocation can control their activities in health or disease.

2. Materials and Methods
2.1. Induction of HelLa cells with IFN-y:

HelLa cells (ATCC # CCL-2) were cultured in tissue culture treated plates containing
DMEM (high glucose with L-Glutamine and Na-pyruvate) medium containing 10% FBS
(normal or heme depleted) until 70% confluent. Human IFN-y (PeproTech # 300-02) was
used at a concentration of 50 ng/ml for 16 hrs to induce the expression of IDO1 in these
cells. The expression of IDO1 post hIFN-y treatment in HeLa cells was checked by western
blot using anti-1DO antibody (Cell Signaling # 86630S).

2.2. 14Clabeled heme production in cells and measuring radiolabelled heme counts:

GlyA-CHO cells were a gift from Dr. P. J. Stover, Cornell University, and were confirmed
in-house to be glycine-auxotrophic for growth. The protocol followed for administering
14C-d-ALA to cells and IP pull-downs has been described in [42].

2.3. Plasmids, transfection and expression of human proteins in mammalian cells:

Human IDO1-FLAG (Sino Biologicals # HG11650-CF), TDO-FLAG (Sino Biologicals #
HG13215-CF), HA-GAPDH-WT and HA-GAPDH-H53A were transfected in HEK293T
cells (ATCC # CRL-11268) using Lipofectamine2000 (Invitrogen # 11668019). Briefly,
cells were grown in DMEM medium containing either normal serum or heme depleted
serum. Succinyl acetone (SA; Sigma # D-1415) which inhibits endogenous heme
biosynthesis, was used at 400 UM to treat cells for 72 h in DMEM containing heme depleted
serum. Cells were seeded into appropriate plates and next day were transfected with desired
plasmids. This involved transfecting cells with the IDO1-FLAG or TDO-FLAG expression
plasmids alone or in combination with the HA-GAPDH-WT or H53A expression plasmids.
The protein expression was allowed to continue for 36 h in the presence or absence of SA,
after which cycloheximide (Chx, Sigma # C7698) was used to treat cells at 5 pg/ml for 12 h
to inhibit further protein synthesis. Cells were then utilized for experiments.

2.4. Transfection of siRNA and gene silencing:

Cell GAPDH protein expression was reduced using siRNA against human GAPDH
mRNA. Commercially available siRNA against human GAPDH (# D-001830-01-05) and
scrambled siRNA (# D-001810-10-05) were purchased from Dharmacon and used at a final
concentration of 50 nM in cultures of mammalian cells of low passage number along with
Lipofectamine2000. The siRNA treated cells were cultured for 48 h before they received
transfections with protein expression plasmids as described above.

2.5. IDO1 and TDO activity assay:

The enzyme activity of IDO1 and TDO was measured using a colorimetric assay. The cells
after treatment with Chx were treated with IDO1/TDO substrate L-Trp at 2 mM in phenol
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red free DMEM medium containing appropriate type of serum (normal or heme depleted)
for 5 h to allow substrate utilization and L-Kynurenine product formation. The medium was
collected and de-proteinized by adding an equal volume of 3% trichloroacetic acid (TCA)
and incubated at 50 °C for 30 mins. The tubes were centrifuged at 9,000 g for 10 min at
room temperature to precipitate proteins from the medium. Equal volumes of deproteinized
sample were mixed with a 20 mg/ml solution of p-dimethyl-amino-benzaldehyde (Ehrlich’s
reagent; Sigma # 109762) in glacial acetic acid at room temperature to allow the formation
of a yellow-colored product. The end point absorbance of this product was measured at

492 nm (Molecular Devices) to determine the concentration of L-Kyn in the medium. A
standard curve was obtained using commercial L-Kyn (Sigma # K8625) dissolved in 0.5 N
hydrochloric acid in various concentrations using the exact same method.

Immuno-precipitation (IP) and western blot:

Cells were lysed using 50 mM Tris-HCI pH 7.4 buffer with 1% Triton X-100, 5 mM
Na-molybdate and EDTA-free protease inhibitor cocktail (Roche). Protein concentration
was measured using the Bradford method (Bio-Rad # 500-0006). IP pull-downs were
performed using 1 mg of whole cell extracts with anti-FLAG antibody (Sigma # F1804)
and anti-1IDO antibody (Cell Signaling # 86630S). Protein G agarose beads (Millipore #
16-201) were used to pull down the antibody-protein complex. The beads were washed
well with lysis buffer, proteins were boiled in Laemmli buffer, resolved onto 10%
SDS-PAGE and transferred to PVDF membrane (Bio-Rad # 1620177) and probed for
proteins of interest. Western blot was performed with anti-FLAG (Sigma # F1804; dilution
1:1000), anti-IDO (Cell Signaling # 86630S; dilution 1:1000), anti-Hsp90p (Enzo Life
Sciences # ADI-SPA-843-D; dilution 1:1000), anti-HA (Sigma # H9658; dilution 1:2500),
anti-GAPDH (Santa Cruz Biotechnology # sc-32233; dilution 1:2500) and anti-a.-Tubulin
(Santa Cruz Biotechnology # sc-5286; dilution 1:2500). The proteins were detected using
chemiluminescence using HRP conjugated secondary antibodies of either anti-mouse (Bio-
Rad # 170-6516, dilution 1:10,000) or anti-rabbit (GE Healthcare # NA9340, dilution
1:10,000) origin and ECL substrate (Thermo Scientific # 32106). The images were acquired
using a chemidoc system from Bio-Rad.

Protein purification:

His6-tagged human heat shock protein 90 beta (Hsp90p) [44] and GST-tagged human
GAPDH [35] were expressed in £. co/iBL21 (DE3) and purified using previously reported
methods respectively. Human IDO1 was cloned in pHis-parallell vector and purified with
minor modifications for His tagged proteins as reported previously [74]. GST-tagged human
TDO was purified as similar to the protocol for human GST-GAPDH [35]. During the
purification of both His6-1DO1 and GST-TDO, heme was not added to the bacterial growth
medium or during protein induction with IPTG. The heme bound in purified IDO1 and TDO
was found to be around ten percent per mole of the total purified proteins, as measured by a
heme chromogen assay [75]. No effort was made to remove this residual heme.

Fluorescence polarization measurements:

Alexafluor 647 (AF) labeling of Cys groups in purified apo- or heme-reconstituted IDO1
and TDO proteins was performed at neutral pH using methods described previously [44].
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Residual fluorescence polarization measurements were performed at room temperature using
methods described previously with modifications [44]. Briefly, AF-IDO1 (apo- and heme
reconstituted) and AF-TDO (apo- and heme reconstituted) were diluted in 40 mM EPPS/150
mM NaCl/10% glycerol, pH 7.6 buffer to a finial concentration of 1 uM in a fluorescent

96 well micro-plate and different amount of binding partners were added into the wells.

The fluorescence polarization of each well was monitored automatically on a Flexstation 3
multimode microplate reader (Molecular Devices) using excitation at 650 nm and emission
at 665 nm. All titration experiments were repeated independently three times.

2.9. Statistical analyses:

All experiments were repeated at least three independent times. The results are represented
as mean + standard deviation. The statistical test used to measure significance (p-values) was
one-way ANOVA in the software Graph Pad Prism (v7).

3. Results

3.1. Cellular IDO1 and TDO activities reflect their heme content

We transfected HEK293T cells, which do not naturally express detectable levels of IDO1
or TDO, to transiently express FLAG-tagged constructs of human IDO1 or TDO. Cells
without FLAG-1DO1/TDO were transfected with FLAG-empty vector. As shown in Fig.

1 A and B, both enzymes were active when they were expressed in cells cultured in

normal media, as judged by buildup of product Kyn over a 5 hour assay period. However,
expressing IDO1 or TDO in cells that had been made heme-deficient by pre-culture with
the heme biosynthesis inhibitor succinyl acetone (SA) resulted in a significantly reduced
Kyn production in both cases. Adding exogenous heme to the transfected heme deficient
cells restored their Kyn production. Cell expression levels of IDO1 or TDO were similar
across the different experimental conditions (Fig. 1C). Heme was also added to IDO1/TDO
un-transfected (empty vector transfected) and transfected cells as controls and activities

of both enzymes were measured. Empty vector transfected cells had no activity of either
enzyme in presence of added heme (data not shown). IDO1 transfected cells in presence of
added heme had activity of 91.3+1.2 uM; n=4 (data not shown). TDO transfected cells in
presence of added heme had activity of 300.61+0.9 uM; n=4 (data not shown).

We also observed comparable results for IDO1 when its expression was induced naturally in
HelLa cells by IFN-vy treatment (Fig. S1) [76]. HeLa cells without induction with IFN-y do
not express IDO1 [76]. Together, the results confirm that stable heme-deficient (apo) forms
of IDO1 and TDO can build up in cells and can incorporate added heme to become active,
and that the catalytic activities of both IDO1 and TDO depend on their heme content.

3.2. Catalytic activities of IDO1 and TDO are GAPDH-dependent

We have previously reported the heme binding properties of GAPDH [41] and the important
role of His53 in this process [42]. Because heme allocation to two other heme proteins,
inducible NO synthase [35,42] and soluble guanylyl cyclase (sGC) [36], depends on the
expression level and heme binding ability of GAPDH, we examined if GAPDH is also
involved in supporting the heme-dependent catalytic activities of IDO1 and TDO by
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employing our previously established siRNA knockdown and rescue strategies [36,42].
Here, we first performed targeted siRNA knockdown of GAPDH in HEK293T cells, and
then transiently transfected these cells to express FLAG-tagged versions of IDO1 or TDO
either alone or in combination with siRNA-resistant forms of HA-GAPDH WT or the
HA-GAPDH-H53A variant which has defective heme binding, but otherwise had normal
glycolytic activity [42]. The cell IDO1 and TDO activities were then determined by adding
L-Trp and measuring L-Kyn production by the cultures over a subsequent 5 h period. The
siRNA treatment lowered the cell GAPDH expression level by approximately 60% relative
to the scrambled siRNA control (Fig. 2B & D), and this effect correlated with a decrease

in the cell IDO1 and TDO activities by approximately 60% (Fig. 2A & C). Transfecting
the knocked-down cells to express HA-GAPDH along with TDO or IDOL1 recovered the
total GAPDH protein expression level (native plus HA-tagged) to a normal level and also
recovered the IDO1 or TDO enzyme activities (Fig. 2B & D). In contrast, transfecting the
knocked-down cells to co-express the HA-GAPDH H53A variant [42] recovered the cell
total GAPDH protein expression level (native plus HA-tagged) to a normal value but did not
recover the IDO1 or TDO catalytic activities (Fig. 2A & C). Together, the results indicate
that the catalytic activities of IDO1 and TDO depend on the cell GAPDH expression level
and on the specific heme-binding ability of GAPDH, indicating that their activities are both
GAPDH-dependent.

Heme allocation to IDO1 and TDO is GAPDH-dependent

To investigate if the GAPDH-dependent IDO1 and TDO activities are related to GAPDH
heme allocation, we repeated the experiments as described above but added the heme
precursors 14C-d-ALA and ferric citrate to the cell cultures for two hours prior to performing
the 5 h activity measurement and a subsequent cell lysis. This allowed cell mitochondria

to generate 14C-heme [42], which then allowed us to measure its incorporation into the
FLAG-IDO1, FLAG-TDO, HA-GAPDH WT, or HA-GAPDH H53A proteins by performing
antibody pulldowns on beads. Figure 3A and B shows the 14C counts from the FLAG
pulldowns. The GAPDH knockdown greatly diminished 14C-heme acquisition by FLAG-
TDO or FLAG-IDOL1 relative to that observed in cells that received control siRNA.
Expressing HA-GAPDH WT in the knocked-down cells rescued the 14C-heme acquisition
by both FLAG-IDO1 and FLAG-TDO, whereas expressing the HA-GAPDH H53A variant
did not (Fig. 3A and B). These differences in 14C-heme acquisition correlated with
differences in the TDO and IDO1 catalytic activities determined from L-Kyn production

in the same cell cultures (Fig. S2A and B) and they also correlated with the different abilities
of the two HA-GAPDH proteins to bind and accumulate the mitochondrially-generated
14C-heme in the cells (Fig. 4A). Western analyses indicated that the expression levels of
FLAG-1DO1 and FLAG-TDO were similar across the various conditions (Fig. 3A and B)
and also confirmed that the siRNA treatment diminished native GAPDH protein expression
and show that expression of the HA-tagged GAPDH proteins in the knockdown cells
restored the total GAPDH expression level (native plus HA-tagged) to a near normal value
(Fig. 4B). Together, these results reveal that the basis for IDO1 and TDO activities being
GAPDH-dependent reflects the ability of GAPDH to bind and allocate mitochondrial heme
to apo-IDO1 and apo-TDO in the cells.
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3.4. Heme rescue of cell IDO1 and TDO activities show different Hsp90 requirements

The cell chaperone Hsp90 is required for heme insertion into several different heme proteins
[43]. To test if Hsp90 plays a role in IDO1 and TDO heme insertions, we examined how
three different Hsp90 inhibitors (Radicicol, AUY922, and Ganetespib) would impact the
ability of added hemin to rescue the catalytic activities apo-1DO1 or apo-TDO that were
expressed in heme-deficient HEK293T cells. Following apo-1DO1 or apo-TDO expression,
the cells received hemin plus either vehicle or Radicicol (10 uM), AUY922 (5 uM), or
Ganetespib (500 nM) and were cultured in the continued presence of SA for a further 5 hrs.
Fig. 5A shows that added hemin could rescue apo-1DO1 activity as judged by its boosting
L-Kyn production during the 5 h period, but the rescue was prevented when each of the
three Hsp90 inhibitors were present. The Hsp90 inhibitors also blocked hemin rescue of
apo-IDO1 activity in a similar fashion when its expression was induced in heme-deficient
HelLa cells by IFN-vy treatment (Fig. S3). In marked contrast, the three Hsp90 inhibitors

did not prevent the added hemin from rescuing the activity of apo-TDO expressed in the
heme-deficient HEK293T cells (Fig 5B). The cell expression levels of IDO1 or of TDO
were similar across all culture conditions (Fig. 5C). The protein expressions of GAPDH
and Hsp90 were similar across all samples (data not shown). Together, the results show that
cell Hsp90 activity was needed for the added hemin to rescue the apo-IDOL1 activity but
was not needed for hemin to rescue the apo-TDO activity. We next tested how the Hsp90
inhibitors would impact the rescue of apo-IDO1 and apo-TDO activities by cell-generated
heme. For this experiment, apo-IDO1 or apo-TDO were expressed in the heme-deficient
HEK?293T cells as before, and then their heme biosynthesis was stimulated as we have done
previously [36] by adding the mitochondrial heme precursors d-ALA (1 mM) and ferric
citrate (100 uM) to the cultures for 2 h in the absence of SA, followed by a further 5 h cell
culture period to measure L-Kyn production. Fig. 6A shows that IDO1 activity increased in
response to our triggering the endogenous cell heme biosynthesis, as expected. This increase
in activity was blocked by each of the three Hsp90 inhibitors. In contrast, Fig. 6B shows that
none of the Hsp90 inhibitors blocked the increase in TDO activity that occurred following
the stimulation of mitochondrial heme production. The expression levels of IDO1 or of
TDO were similar across all experimental conditions (Fig. 6C). The protein expressions of
GAPDH and Hsp90 were similar across all samples (data not shown). Thus, cell Hsp90
activity was required for mitochondrially-generated heme to rescue the apo-1DO1 activity
but not to rescue the apo-TDO activity.

3.5. Heme insertion into apo-IDO1 and apo-TDO displays different Hsp90 requirements

To directly investigate if the Hsp90 inhibitors impact heme incorporation into FLAG-apo-
IDO1 and FLAG-apo-TDO, we repeated the experiments as described above but substituted
14C-d-ALA for its unlabeled form so that the cells could generate 14C-heme, and we then
measured its incorporation into the FLAG-tagged proteins by antibody pulldowns. Fig.

7A and B shows that the cell-generated 14C-heme became incorporated into both FLAG-
apo-1DO1 and FLAG-apo-TDO. The Hsp90 inhibitors blocked the 14C-heme incorporation
into FLAG-apo-1DO1 (Fig. 7A) but did not block its incorporation into FLAG-apo-TDO
(Fig. 7B). The L-Kyn production levels that we measured from the same cell cultures
correlated with the different levels of 4C-heme incorporation (Fig. S4A and B). These
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results show that the Hsp90 inhibitors prevent heme rescue of IDO1 activity by blocking an
Hsp90-dependent heme insertion into apo-IDOL.

3.6. Intracellular associations of IDO1 and TDO with Hsp90 or GAPDH

We next investigated if the FLAG-tagged IDO1 or TDO proteins associate with Hsp90 or
with GAPDH in cells. Fig. 8A shows that upon pulldown with an anti-FLAG antibody,
IDO1 was found associated with both Hsp90 and with GAPDH, whereas TDO was found
associated only with GAPDH and not with Hsp90. The normalized abundance of GAPDH
and Hsp90 associated with IDO1 or TDO is shown in Fig. 8B. This indicates that IDO1 and
TDO associated with GAPDH or Hsp90 in cells in accord with their respective requirements
for heme delivery and insertion.

3.7. Binding interactions of the purified apo- or heme-reconstituted IDO1 and TDO with
GAPDH or Hsp90

To investigate possible mechanisms of action we studied interactions between the purified
proteins using an established fluorescence polarization approach [44]. Purified recombinant
apo-IDO1 and apo-TDO proteins or their heme-reconstituted forms were labeled with
Alexafluor 647 (spectra shown in Fig. S5), and then were titrated with increasing
concentrations of purified GAPDH or Hsp90. We observed concentration-dependent
increases in the level of residual fluorescence polarization when apo-IDO1 or apo-TDO

was titrated with GAPDH (Fig. 9A), indicating that they both can directly bind GAPDH,
with estimated Kd values of 1.5 + 1.3 and 1.2 + 0.4 pM, respectively. On the other hand,

the heme-reconstituted forms of IDO1 and TDO showed much diminished binding affinity
toward GAPDH by the same method (Fig. 9B). The fluorescence polarization data also
showed that Hsp90 bound to apo-IDO1 with an estimated Kd of 2.5 + 1.8 uM but did

not bind with apo-TDO (Fig. 9C), and that the heme-reconstituted IDO1 displayed weaker
affinity toward Hsp90 with estimated Kd of 9.1 + 3.2 (Fig. 9D). Thus, apo-IDO1 and
apo-TDO engaged in direct binding interactions with GAPDH or Hsp90 according to their
respective requirements for these proteins in their heme delivery and insertion processes, and
the heme-replete forms of both IDO1 and TDO showed diminished binding affinities relative
to their apo forms.

4. Discussion

IDO1 and TDO generate metabolites of Trp which help to govern the immune response

and impact other aspects of human biology including blood pressure regulation, emotional
state, and cancer progression [20-22, 45-47]. Because the heme levels in TDO and IDO1
determine their activities, understanding their heme delivery and insertion processes is
fundamentally important and may suggest new ways to manipulate their biological activities
for therapeutic benefit.

We found that delivery of mitochondrially-generated or exogenous heme to human apo-
IDO1 and apo-TDO in mammalian cells relies on the expression level and the specific
heme-binding ability of GAPDH. Both IDO1 and TDO interacted with GAPDH in cells or
when tested in purified form, and a GAPDH-heme complex transferred its heme to both
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apo-1DO1 and apo-TDO. Together, this indicates that the intracellular heme deliveries to
IDO1 and TDO are GAPDH-dependent and may involve a direct interaction with GAPDH.
In comparison, IDO1 and TDO differed regarding an Hsp90 requirement for heme insertion,
with only IDO1 depending on and interacting with the Hsp90 chaperone in cells or

when in purified forms. Thus, apo-IDO1 joins a growing list of heme proteins that have
Hsp90-dependent heme insertions, which includes the inducible and neuronal NO synthases
[37,48], sGC [49], and the globins Hb-B, Hb-y, and Mb [39,40,43]. Remarkably, among

all the heme proteins tested to date, TDO is the first to display an Hsp90-independent

heme insertion. This may indicate that its heme insertion occurs independent of chaperones,
or instead may involve a different chaperone than Hsp90. Thus, further work with TDO
stands to broaden our understanding of the heme insertion processes that are utilized within
mammalian cells.

It is important to mention that the evidence to date indicates GAPDH heme delivery is
independent of its role in glycolysis and cell energy production. We previously reported
that heme binding to GAPDH does not impact its dehydrogenase activity [41] and that
siRNA knockdown of GAPDH expression as done here does not significantly alter cell
ATP levels [42]. Moreover, the heme binding-defective H5S3A GAPDH variant possesses
normal glycolytic dehydrogenase activity [42]. Thus, our finding that this GAPDH variant
was unable to rescue heme deliveries to apo-1DO1 and apo-TDO when it was expressed

in the GAPDH knockdown cells, despite it restoring the total GAPDH expression level in
the cells to normal, reveals that GAPDH heme binding is the key determinant for their
cellular heme deliveries independent of GAPDH glycolytic activity. The intracellular heme
delivery and insertion processes of TDO and IDO1 are particularly relevant for their biology,
because both enzymes exist naturally and even predominantly in their heme-deficient forms
in cells and tissues and both can dynamically change their heme levels in response to diverse
environmental signals. For example, investigations from over 50 years ago showed that rat
liver TDO was approximately only 25 to 50% heme saturated in healthy animals [24-26],
and that their liver TDO heme levels increased to 80-100% saturation within 2 h after
giving the animals Trp [27,28]. Injecting the animals with either hemin or with the natural
heme precursor d-ALA also increased their liver TDO heme saturation level to 90-100%
within a few hours [25, 26]. These early studies were perhaps the first to demonstrate

that heme proteins can naturally exist in a predominantly heme-deficient state in healthy
tissue. This in turn helped birth the concept that a dynamic pool of heme is available in
cells for insertion into existing subpopulations of apo-heme proteins. Other early studies
found that immune stimulation could significantly impact the TDO heme level. Injecting
rats or mice intraperitoneally with bacterial lipopolysaccharide caused their liver TDO to
double its heme saturation level within 2 h, followed by a gradual decrease in its heme
saturation back to the baseline level or below over the next 6 to 12 h period [29, 30]. This
was the first indication that perturbing an animal’s physiology [in this case by immune
stimulation] could cause a dynamic and transient change in the heme content of their liver
TDO. More recently, IDO1 was also found to predominantly exist in its apo-form in cells
and to be capable of incorporating added exogenous heme, which resulted in an increase

in IDO1 activity [32]. In cultured human ovarian cancer cells, 85% of the total IDO1 was
estimated to be in heme-free form and the investigators showed that this high percentage
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of apo-1DO1 influenced the efficacy of pharmacologic IDO1 inhibitors developed to control
cancer growth [31]. Others showed that immune stimulation or exposure to an NO donor
caused cell IDO1 activity or its heme level to initially increase in one study [33], and in

all cases to ultimately decrease to below control levels [33,50,51]. IDO1 activity was also
found to decrease in cells when activity levels of heme oxygenase 1 or NO synthase were
increased [33, 34, 51]. Overall, these studies established that IDO1 also exists predominantly
in heme-free form and its heme level is subject to dynamic physiologic changes. Thus, based
on our current findings that heme deliveries to TDO and IDO1, and heme insertion into
IDO1, depend on GAPDH and Hsp90, respectively, we propose that GAPDH and Hsp90
function in this manner is likely to determine physiologic IDO1 and TDO heme levels and
activities and to orchestrate the changes in their heme contents that occur in response to

the various environmental signals. This implies that a cell’s GAPDH- and Hsp90-dependent
heme delivery and insertion processes are highly relevant to IDO1 and TDO functions in
biology. These concepts are summarized in the model shown in Fig. 10.

It is interesting to consider how similarities and differences in the protein structures of
IDO1 and TDO may relate to our current findings. Mature IDO1 is monomeric while
mature TDO functions as a tetramer. IDO1 consists of a heme-binding domain and a smaller
N-terminal domain whereas the TDO subunit has a less divided structure [8]. IDOL1 utilizes
its smaller N-terminal domain to help cover its heme and substrate binding region, while
TDO uses for the same purpose an N-terminal region provided by an adjacent subunit in the
tetramer [8]. Despite the two enzymes sharing a low sequence identity, their heme binding
domains have very similar secondary and tertiary structure: They share the same fold with
10 helices and their heme binding sites superimpose along with the associated structural
elements [8, 52]. Given the structural similarity between their heme binding domains, it is
perhaps not surprising that IDO1 and TDO both display a common GAPDH requirement
for heme delivery, but it is puzzling why they do not share a common Hsp90 requirement
for heme insertion. Regarding mechanism, we found that apo-IDO1 and apo-TDO both
associate with GAPDH in cells and also directly bind with GAPDH in their purified forms
at low micromolar concentrations. This behavior suggests that the heme deliveries to both
dioxygenases may involve their direct protein interaction with GAPDH for the heme transfer
reaction, and this possibility can now be further investigated. Regarding Hsp90, the current
evidence suggests that heme proteins displaying Hsp90-dependent heme insertions must
bind in their apo form directly with Hsp90. This appears to stabilize their empty heme
binding domain in a more exposed or less structured state to aid in the heme insertion

[53, 54]. The independence of apo-TDO toward Hsp90 implies that its heme domain

may already be sufficiently exposed for heme insertion, or alternatively that it is held
exposed through an interaction with an unknown alternative chaperone protein. Oddly, a
crystal structure for human apo-TDO showed that it has little structural deviation from the
structure of heme-containing human TDO [8, 52]. Although this implies that the bound
heme may have little influence on TDO structure, it is also possible that apo-TDO exists in
an alternative structural form in mammalian cells. In fact, the recombinant human apo-TDO
protein that was used in the aforementioned crystallographic study was shown to exist

as a dimer in solution, and not as a tetramer [52]. IDO1 and TDO also contain several
distinct insertion or deletion segments within their respective polypeptides [8]. In particular,
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there exists a significant sequence heterogeneity in the loop structure connecting their J-K
a-helices, which are positioned near the proximal heme binding sites in both enzymes
and provide conformational plasticity to their heme domains [55]. Whether these or other
structural differences bestow IDO1 and TDO with their different Hsp90 binding affinities
and requirements for heme insertion can now be further explored.

An important concept arising from our work is that anything that impacts a cell’s GAPDH
and Hsp90 heme delivery and insertion functions is likely to influence the biological
activities of IDO1 & TDO. For example, immune stimulation or inflammation often
elevate NO biosynthesis, and NO is known to ultimately inhibit IDO1 and TDO activities
[32, 33, 56]. Given that NO can inhibit GAPDH-dependent heme delivery by causing

an S-nitrosation of a Cys in GAPDH [35], we speculate that elevated NO produced in
inflammatory settings, possibly along with reactive oxygen species, may suppress IDO1 and
TDO activities by their modifying or oxidizing GAPDH and inhibiting its heme delivery
function. In turn, this may influence biological outcomes that depend on the level of
IDO1 activity [50], which include the suppression of T-cell proliferation through IDO1
Trp depletion and the generation of T regulatory cells due to Kyn production by IDO1
activating the Aryl hydrocarbon receptor (AhR). It may also influence cancer progression,
where increased IDO1 or TDO activities are generally associated with poorer outcomes.
For example, higher IDO1 activity in plasmacytoid dendritic cells is linked to suppression
of host immune surveillance [57] and to increased human tumor growth [58]. Likewise,
elevated TDO activity in gliomas is linked to activation of the AhR and reduced antitumor
immune responses [59]. Some human tumors show elevated TDO expression and activity,
and in such cases inhibiting TDO activity restored the rejection of the TDO-expressing
human tumors in mice [60]. In cancer progression, a diminished GAPDH heme delivery
would be expected to suppress IDO1 and TDO activities and lead to improved outcomes.
On the other hand, diminishing GAPDH heme delivery to apo-IDO1 may also lead to
immune hyper-responsiveness and exacerbate allergic reactions, whose links to reduced
IDO1 activity are well-established [61,62].

Similar considerations hold for inhibiting Hsp90, which is itself a target in anti-cancer
pharmaceutical development and clinical trials [63, 64]. Our findings indicate that Hsp90
inhibition would suppress IDO1 activity in tissue and tumors by blocking heme insertion
into apo-1DOL. Given that IDO1 is also a target for anti-cancer drug development [65],

one could consider a strategy that targets both Hsp90 and IDOL to fight cancers whose
proliferation depend on increased IDO1 activity. On the other hand, our work predicts that
any tumor TDO activity would be unaffected by pharmacologic Hsp90 inhibition, and thus
its inhibition must rely on development of GAPDH-based or TDO-directed inhibitors [60,
66]. Dual inhibitors of IDO1 and TDO are also being developed to avoid the compensation
afforded by either enzyme [65, 67, 68]. Many of these inhibitors work by binding within the
IDO1 and TDO heme binding sites, and the design of heme-displacing inhibitors is currently
a major focus in drug development [69-71]. Whether their efficacies could be improved by
blocking upstream GAPDH and Hsp90-mediated heme allocation to apo-IDO1 or apo-TDO
is a possibility that can now be considered. However, because GAPDH and Hsp90 are so
broadly important to cell physiology, generally inhibiting their heme delivery and insertion
processes is unlikely to be therapeutically useful. Instead, gathering new information on how
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one might specifically prevent GAPDH or Hsp90 interactions with these dioxygenases to
impair their heme transfer and insertion processes could be a more promising approach. Our
current study provides a foundation to explore these aims.

5. Conclusions and Perspectives

Identifying roles for GAPDH and Hsp90 in heme delivery and insertion into human TDO
and IDO1 sheds light on their maturation processes in mammals and may help resolve how
they can undergo dynamic changes in their heme contents in response to biological stimuli.
GAPDH and Hsp90 participation also suggests new points to therapeutically control IDO1
and TDO in inflammation or cancer. Several new questions follow from our study: How

do GAPDH and Hsp90 interact with apo-TDO and apo-1DO1 at the molecular level to
perform their heme delivery and insertion functions? Are their actions modified by immune
stimulation and the associated production of NO or reactive oxygen species? In a broader
context, are TDO and IDO1 unusual in their existing primarily as heme-free forms in cells
and tissues, or do other heme proteins significantly reside in their apo forms to undergo
dynamic changes in their heme levels? This behavior is already demonstrated by at least
two other heme proteins, soluble guanylate cyclase (sGC) and NADPH oxidase 5 (NOX5),
whose apo forms often predominate under biological circumstances and whose heme

levels can change in response to environmental factors [49,53,72,73]. Heme acquisition

by apo-sGC is also GAPDH- and Hsp90-dependent [36, 38]. Whether this portends a
broader existence of apo-heme proteins whose heme contents are under dynamic regulation
by GAPDH, Hsp90, and environmental signals is an important fundamental question for
biology and is worthy of further investigation.
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Highlights

Tryptophan metabolism by TDO and IDO1 is biomedically important and their catalytic
activities are directly proportional to their heme contents.

TDO and IDO1 naturally exist with partial heme levels that can change dynamically in
response to inflammation.

Cell heme allocation to TDO and IDO1 depends on the expression level and heme
binding ability of GAPDH, and for IDO1 also requires actions of chaperone hsp90.

Identifying what proteins are involved in TDO and IDO1 heme acquisition provides a
new way to potentially regulate their activities.
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Figure 1. Effects of cell heme depletion and added exogenous heme on IDO1 and TDO catalytic
activities.

HEK?293T cells were cultured in normal media or with SA to inhibit their heme biosynthesis
and cause heme depletion prior to transfection with FLAG-tagged IDO1 or TDO expression
plasmids. In some cases, cells were supplemented during the activity assays with 10 uM
heme in presence of SA. (A) IDO1 activity as determined by measuring the concentration
of L-Kyn in the medium. (B) TDO activity assay under similar conditions. (C) Protein
expressions of IDO1 and TDO under various conditions. Activity values are the mean +
S.D. (error bars) of four measurements and are representative of four experiments each.
Significance designation*** p < 0.001, one way ANOVA.
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Figure 2. GAPDH dependence of heme delivery to apo-IDO1 and apo-TDO.
HEK?293T cells were transfected to express FLAG-tagged IDO1 or TDO and were given

control or GAPDH-targeted siRNA for 2 days prior to performing IDO1 and TDO activity
assays. In some cases, the sSiRNA GAPDH-treated cells were also transfected to express
siRNA-resistant constructs of HA-tagged WT GAPDH or H53A GAPDH. Top to bottom,
(A) IDO1 activities under the four indicated experimental conditions; (B) representative
Western blot indicating protein expressions under the four experimental conditions;
quantification of GAPDH protein expression levels under the four conditions. (C) Top to
bottom, TDO activities under the four indicated conditions; (D) representative Western
blot indicating protein expressions under four experimental conditions; quantification of
GAPDH protein expression levels under the four conditions. Activity values are the mean
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+ S.D. (error bars) of three measurements and are representative of three experiments each.
Significance designation *** p < 0.001, ** p < 0.01, one way ANOVA. Protein expression
values are mean + S.D. (error bars) of three measurements and are representative of three
experiments each. Significance designation ** p < 0.01, one way ANOVA.
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Figure 3. GAPDH dependence of endogenous 14C-labeled heme allocation to apo-1DO1 and
apo-TDO.

S?A-treated GlyA™ CHO cells were transfected with sSiRNA against GAPDH and were also
transfected with plasmids to express HA-WT-GAPDH, HA-H53A-GAPDH, FLAG-1DO1
and FLAG-TDO in the different samples as required. 14C-d-ALA and Fe-citrate were added
to the cells after removal of SA and heme synthesis was allowed for 5 h. 14C labeled heme
counts were measured on FLAG-tagged IDO1 or TDO following antibody pulldowns. (A)
Counts on FLAG-IDOL1 under the different indicated conditions. (B) Counts on FLAG-TDO
under the different indicated conditions. The lower panels show Western blots indicating
the expression levels of IDO1 and TDO in the various samples. 14C-heme count values

are the mean £ S.D. (error bars) of three measurements and are representative of three
experiments each. Significance designation ** p < 0.01, one way ANOVA. Western blots are
a representative image of three experiments.
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Figure 4. siRNA knockdown of native GAPDH and 14C-heme binding by HA-tagged GAPDH

constructs expressed in the cells.

SA-treated GlyA™ CHO cells were transfected with siRNA against GAPDH and were also
transfected with plasmids to express HA-WT-GAPDH, HA-H53A-GAPDH, FLAG-1DO1
and FLAG-TDO in the different samples as required. 14C-d-ALA and Fe-citrate were

added to the cells after removal of SA and heme synthesis was allowed for 5 h. (A)
14C-labeled heme counts were measured on the indicated HA-GAPDH proteins following
antibody pulldowns. (B) Representative Western blots indicating cell expression levels of the
indicated proteins. Values in A are the mean + S.D. (error bars) of three measurements and
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are representative of three experiments each. Significance designation ** p < 0.01, one way
ANOVA. Western blots are the representative image of three experiments.

Free Radic Biol Med. Author manuscript; available in PMC 2024 September 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Biswas et al. Page 26
A |+| B L ns |
| *ok ok I l ns l
|tti| ns

300+ I e e I 1000+ I *kk |_|I

- — 5 o0, &g W

o 200- ey =

'g *okk g 600+ Iil

5 % g 400- ]

€ 100- 2 25

X 3

4 5 200-

Shme SEwe el
O-_Q- X * 1 1 x X 0'_'$ T M T T T T
h".)Ol-Fl.AG . + + + + + + - + + + + + + hT‘DO_H_AG
SA - . + + + + + - . + + + + + SA
Heme - - - + + + + - - - + + + + Heme

Radicicol - . . . + . . - - - - + - - Radicicol

AUYO2 - - - - -+ . ol L A L O 2 ..
Gametespib - - - - - - 4 =l e lm e [ e [ 4 (Genetespld

50kD
hiDO1-FLAG SeDTDERERes sk D oup SN0 SN SN S 1D0-FLAG
37kD

Bactin AU ) g C-octin

37kD

C

Figure 5. Effect of Hsp90 inhibitors on the reconstitution of cell IDO1 and TDO activities by
added exogenous heme.

HEK?293T cells were cultured in normal media or with SA to inhibit their heme biosynthesis
and cause heme depletion prior to transfection with FLAG-tagged IDO1 or TDO expression
plasmids. In some cases, cells were supplemented with 10 uM heme in presence of SA
during the assays with or without each indicated Hsp90 inhibitor. (A) IDO1 activity was
determined by measuring the concentration of L-Kyn in the medium. (B) TDO activity

was determined under similar conditions. (C) Protein expressions of IDO1 and TDO under
various conditions. Activity values are the mean + S.D. (error bars) of four measurements
and are representative of four experiments each. Significance designation *** p < 0.001, one
way ANOVA.
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Figure 6. Effect of Hsp90 inhibitors on the reconstitution of cell IDO1 and TDO activities by
stimulation of mitochondrial heme biosynthesis.

HEK?293T cells were cultured in normal media or with SA to inhibit their heme biosynthesis
and cause heme depletion prior to transfection with FLAG-tagged IDO1 or TDO expression
plasmids. Media was then exchanged to remove SA prior to activity measures, in which
cells were given the heme biosynthetic precursors D-ALA + Fe-citrate along with vehicle

or each indicated Hsp90 inhibitor. (A) Reconstitution of IDO1 activity upon generation of
endogenous heme in absence or presence of Hsp90 inhibitors. Expression of IDO1-FLAG
under different experimental conditions. (B) Reconstitution of TDO activity upon generation
of endogenous heme in the absence or presence of Hsp90 inhibitors. Expression of TDO-
FLAG under different experimental conditions. Activity values are the mean + S.D. (error
bars) of four measurements and are representative of four experiments each. Significance
designation *** p < 0.001, one way ANOVA.

Free Radic Biol Med. Author manuscript; available in PMC 2024 September 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Biswas et al. Page 28

LAl ns
A t { B } |
LAl ns
P —
+ 8000+ — o 8000+ L
O o ..
=} — E —
& 6000+ SEs 6 60001 9E8  sga VR e
g £
5 3 4000-
3 40004 9
© Q
: 2000 § 2000-
Q -
B b oum oo <
- O  ol-oee r . . .
° o ' - j T WOFAG  + + + ' "
IDOLFLAG  + + + + + T \ . X X
SA + + + + +
C14-D-ALA+FeCit + + + + C14-D-ALA+FeCit + + + +
Radicicol + Radicicol +
AUYS2 - - . + - AYSR2 - . . +
Ganetespib . . . . + Ganetespib - - . - +
50kD
DOLFIAG oy W ENE NSNS 10— e S S W= 100714
37kD
g— L A LI T 1L L e
37kD

Figure 7. Effect of Hsp90 inhibitors on the reconstitution of cell IDO1 and TDO heme content by
mitochondrially-generated 14C-labeled heme.

SA treated GIyA™ CHO cells were transfected with plasmids to express FLAG-IDO1 and
FLAG-TDO as indicated. SA was removed and 14C-d-ALA and Fe-citrate were added to
the cells along with the indicated Hsp90 inhibitors, and heme synthesis was allowed for

5 h. 14C-labeled heme counts on FLAG-IDO1 and FLAG-TDO were measured following
their antibody pulldown from cell supernatants. (A) FLAG-IDO1 14C heme counts. (B)
FLAG-TDO 14C heme counts. Lower panels show representative Western blots indicating
the expression levels of IDO1 and TDO in the various samples. Values of 14C heme counts
are the mean = S.D. (error bars) of three measurements and are representative of three
experiments each. Significance designation ** p < 0.01, one way ANOVA. Western images
are representative of three experiments.
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Figure 8. Intracellular association of IDO1 or TDO with GAPDH or Hsp90.
FLAG-tagged constructs of IDO1 and TDO were expressed in HEK293T cells, and the cell

supernatants were subject to pulldown using an anti-FLAG antibody. (A) Representative
Western blots indicating the relative levels of Hsp90 or GAPDH associated with FLAG-
IDO1 and FLAG-TDO in the pulldowns. (B) Quantification of the GAPDH and Hsp90
association levels normalized to the levels of FLAG-tagged IDO1 and TDO present in the
pulldowns. Densitometry values are the mean + S.D. (error bars) of three measurements and
are representative of three experiments each. Significance designation ** p < 0.01, ns = not
significant, one way ANOVA.
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Figure 9. Interactions of purified apo-1DO1 and TDO versus holo-IDO1 and TDO with GAPDH

or Hsp90.

Fixed concentrations of Alexafluor 647-labeled IDO1 (1 pM) and TDO (1 uM tetramer)
proteins were titrated with increasing amounts of GAPDH or Hsp90 and their interactions
were followed as a gain in residual polarized fluorescence (FP). (A and B) The interactions
of Alexafluor 647-labeled apo-IDO1 and apo-TDO or their heme replete (holo) forms with
GAPDH. (C and D) The interactions of Alexafluor 647-labeled apo-1DO1 or apo-TDO or
their holo forms with Hsp90. The values shown are the mean = S.D., n=3.
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Figure 10. GAPDH and Hsp90 regulation of the heme contents and activities of IDO1 and TDO
in mammalian cells.

Letft side, in healthy cells significant levels of apo-TDO or apo-IDO1 exist alongside

their heme-replete forms, and the apo-IDO1 is in complex with chaperone Hsp90 (gold
homodimer). In this circumstance, the apo-TDO and apo-IDO1 is catalytically inactive and
so the cell can convert only a relatively low amount of Trp to Kynurenine (Kyn). Center

and brackets, stimulating cell heme biosynthesis, or providing the cell with exogenous heme
or Trp, increases the heme contents of IDO1 and TDO through a GAPDH-dependent heme
delivery to apo-IDO or apo-TDO and subsequent heme insertion that is driven either by
Hsp90 (IDO1) or is independent of Hsp90 (TDO). Right side, the increased heme contents
of IDO1 or TDO increase their total activities in the cell and thus allow greater conversion of
Trp into Kyn.
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