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 “…on Christmas Eve, 1951, when everybody else had gone home, I sprayed a paper 
chromatogram with orcinol and up came the blue spot characteristic of sedoheptulose. 
I rushed up and down the laboratory hallway clutching the paper chromatogram, but 
there was nobody there to show it to, so I took it home and hung it on the Christmas 
tree, singing the little ditty: “It's sedoheptulose, it's sedoheptulose, tra la la boom deay, 
tra la la boom deay,” much to the amusement of my young daughters.” 
    

Bernard L. Horecker  
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Abstract  
 

Regulation of the innate immune response and the metabolic 

requirement of cells to deal with environmental stressors is complex and 

remains poorly understood. Here we screened 199 kinases in endotoxin-

stimulated macrophages to identify potential candidates involved in immune 

regulation. This screen revealed a novel carbohydrate kinase, which we 

characterized as a mammalian Sedoheptulose kinase (Carkl/Shpk) and as 

novel regulator of the Pentose Phosphate Pathway. Macrophage activation 

resulted in Shpk mRNA down-regulation and post-translational modification. 

This regulation was required to polarize macrophages into effector cells as 

overexpression of Shpk resulted in improper macrophage activation. 

Collectively, our data identify the essential function of Shpk in metabolism and 

for the first time report on an interface fundamental for coordinating bio-

energetic adjustments in shaping immune cell function. This functional duality of 

Shpk underscores the notion that the apparatus involved in the polarization of 

innate immune cells, is intimately linked to basic cellular metabolism.  
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Kurzbeschreibung 
 

Die Regulierung von Makrophagen und des zellulären Metabolismus durch 

verschiedene Arten von Stress ist noch immer nicht zur Gänze verstanden. In 

dieser Arbeit haben wir versucht, durch gezieltes testen von rund 200 

unterschiedlichen Kinasen, neue Regulationswege aufzuzeigen, die eine 

mögliche Rolle bei der Makrophage Aktivierung spielen. Dieser Screen hat zur 

Entdeckung einer Sedoheptulose Kinase geführt, die, wie wir in weiterer Folge 

zeigen konnten, eine wichtige Funktion im Pentose Phosphate Pathway bzw. 

Glukose Metabolismus inne hält. Diese Kinase wird während der Makrophagen 

Aktivierung endogen – transkriptionell sowie post-translational – reguliert. Wir 

konnten dies im Menschen sowie in Mäusen zeigen. Mittels Gegenregulation 

durch Überexpression haben wir die Folgen der endogenen Sedoheptulose 

Kinase Regulation in Makrophagen untersucht. Wir zeigen, dass diese 

Regulation den Ausgang des Aktivierungsprozesses bestimmt; Makrophagen 

zeigten eine verminderte NFB Aktivierung, eine mildere Induktion von pro-

inflammatorischen Zytokine und keine signifikante Erhöhung von freien 

Radikalen nach Stimulierung mit bakteriellem Endotoxin.    

Zusammenfassend haben wir gezeigt, dass eine Sedoheptulose Kinase 

existiert, die einerseits den zellulären Metabolismus reguliert und andererseits 

eine fundamentale Rolle in der Immune-Zell-Aktivierung hat. Diese Dualität 

lässt den Schluss zu, dass metabolische Adaption während der Differenzierung 

von Makrophagen essentiell ist. 
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Abbreviations/Symbols 

 

ATP   -   Adenosine-tri-phosphate 

AA    -   Amino Acid 

BMDM   -   Bone Marrow Derived Macrophages  

CIP    -   Calf Intestine Phosphatase 

Carkl   -   Carbohydrate kinase like protein = Shpk 

eGFP   -   Enhanced Green Fluorescent Protein 

ESR   -   Electron Spin Resonance 

G6P    -   Glucose-6-phosphate 

G6PD    -   Glucose-6-phosphate dehydrogenase 

G3P    -   Glyceraldehyde-3-phosphate  

MNCs    -   Human mononuclear cells 

IFN-   -   Interferon gamma 

IL-   -   Interleukin 

LPS    -   Lipopolysaccharide  

MHC   -   Major Histocompatibility Complex 

mRNA   -   Messenger RNA 

NAD   -   Nicotinamide adenine dinucleotide 

NADP   -   NAD phosphate 

NFB   -   Nuclear factor NF-kappa-B 

NMR   -   Nuclear Magnetic Resonance 

PBMCs   -   peripheral blood mononuclear cells 

PBNCs   -   Peripheral blood nucleated cells  

PPP    -   Pentose Phosphate pathway 

PTMs    -   Post-translational modifications 

R5P    -   Ribose-5-phosphate 

ROS   -   Reactive Oxygen Species 

S7P    -   Sedoheptulose-7-phosphate  

Shpk   -   Sedoheptulose Kinase 

shRNAmir  -   MicroRNA-adapted short hairpin RNA 

TNF   -   Tumor necrosis factor alpha 

TLR    -   Toll like receptor 

X5P    -   Xulose-5-phosphate
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Background 

 

The Macrophage and Innate Immunity 
 
Innate immunity together with the adaptive immune-response give rise to our 

immune-system. Many different cell types are involved in maintaining a fully 

functional immune system. Here, I will solely focus on the macrophage and the 

innate immune response. More than a century after the discovery of 

macrophages and the immune response to pathogens there is growing 

appreciation of the cellular and molecular complexity regulating the response of 

the innate immune system in health and disease (Medzhitov, 2010; Nathan and 

Ding, 2010). Several new concepts have increased our current understanding of 

macrophage function and their role in host defense. This includes a more 

succinct classification of macrophage subtypes, identification of pattern 

recognition receptors and the role of macrophages in the interplay between 

adaptive and innate immune responses (Gordon and Martinez, 2010; Janeway, 

1989; Medzhitov, 2009). Despite orchestrating a proper response to external 

stressors, macrophages also participate in tissue development, homeostasis 

and remodeling (Martinon et al., 2009; Rock and Kono, 2008). Thus, 

disentangling and understanding the molecular mechanism underlying their 

diverse functions is extremely important. 
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Cellular Metabolism and the Pentose Phosphate Pathway 
 
Metabolism exists to maintain life by the conversion of intermolecular energy to 

a more universal and easily accessible form of chemical energy. In general, 

metabolism is directly involved in normal cell growth, development, and 

reproduction. Biochemistry in the 1960’s started to defined our current 

understanding of cellular metabolism. Textbook knowledge on glucose usage or 

production of fatty acids, proteins and nucleotides is based on these early 

observations. Since this time only little further information was acquired to 

understand metabolism in more detail. We basically distinguish between 

catabolism and anabolism. Catabolism breaks down molecules to generate 

energy. Anabolism uses energy to give rise to the molecular components 

needed by a cell to maintain cellular function (Figure 1). 

 

 

 

 

 

 

 

 

 
Figure 1. Scheme of Cellular Metabolism.  Catabolism vs. Anabolism. 
(Adapted from www.textbookofbacteriology.net) 
 

 The prototypical energy source are carbohydrates but also fatty acids, proteins 

and other macromolecules can be employed. The major route of carbohydrate 

breakdown is glycolysis. Glucose or fructose is converted into pyruvate and 

results in the formation of adenosine-tri-phosphate (ATP), which serves as 
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universal energy transporter in living organism. Pyruvate is further converted by 

the citric acid cycle to give rise to further ATP molecules in the mitochondria – a 

process know as oxidative phosphorylation. An alternative route for glucose 

breakdown is the Pentose Phosphate Pathway, which produce pentose sugars 

and the redox-equivalent NADPH. Fat catabolism is realized by beta-oxidation 

which is a step by step hydrolysis of free fatty acids to release acetyl-CoA which 

again feeds the citric acid cycle to produce energy. 

 

 

The Pentose Phosphate Pathway 
 
The pentose phosphate pathway (PPP) is a series of inter-conversions of sugar 

phosphates starting from the very same molecule as glycolysis, namely glucose-6-

phosphate (G-6P). The PPP is organized in a oxidative and non-oxidative branch. Two 

major functions are attributed to glucose usage by the PPP: (i) the generation of 

NADPH for reductive syntheses and as a principal regulator of the cellular redox-state; 

(ii) the formation of ribose residues for nucleotide biosynthesis. The oxidative branch is 

also revered as irreversible part of the PPP where glucose-6-phosphate is converted 

into ribulose-5-phosphate (Ribu-5P) generating one proton, one CO2 and two NADPH 

molecules per one G-6P, one H2O and two NADP+ molecules (FIGURE 2). The 

reversible part of the PPP recycles the carbon(C)-5 bodies generated in the irreversible 

part. Ribulose-5-phosphate epimerase and ribose-5-phosphate isomerase are 

responsible for the generation of Xylulose-5P and Ribose-5P respectively. These C5-

sugar phosphates are then either used as building blocks for nucleotide synthesis or 

further recycled by the enzymes transketolase and transaldolase leading first to the 

generation of glyceraldehyde-3-P (C-3) and sedoheptulose (C-7) and then ultimately to 

C-4 and C-6 bodies allowing a re-feeding of the cycle. By the generation of C-3 and C-

6 molecules, common in the PPP as well in glycolysis, these two pathway are tightly 
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linked. This puts the C-7 body, sedoheptulose-7P, to a central position in these inter-

conversions steps. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 2. Scheme of mammalian Pentose Phosphate Pathway. Enzymes involved in the 
PPP: (1) Glucose-6-phosphate dehydrogenase; (2) 6-Phosphogluconolactonase; (3) 
Phosphogluconate dehydrogenase; (4) Ribulose-5-phosphate epimerase; (5) Ribose-5-
phosphate isomerase; (6) Transketolase; (7) Transaldolase. Carbohydrates involved in the 
PPP: Glucose-6-phosphate (G6P); Ribulose-5-phosphate (Ru5P); Xulose-5-phosphate (X5P), 
Ribose-5-phosphate (R5P); Glyceraldehyde-3-phosphate (G3P); Sedoheptulose-7-phosphate 
(S7P); Erythrose-4-phosphate (E4P); Fructose-6-phosphate (F6P); 
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Sedoheptulose Kinase 
 
In this study we identified and characterized a putative carbohydrate 

kinase (Carkl/Shpk; EMBL-Bank: AF163573.1) that was able to interfere with 

lipopolysaccharide (LPS) induced macrophage activation. The gene transcript 

for Carkl was first identified by Touchman et al. in juvenile cystinosis patients 

harboring a 57 kb deletion on chromosome 17 but remained of unknown 

function (Phornphutkul et al., 2001; Touchman et al., 2000). In 2008, Wamelink 

et al demonstrated that cystinosis patients, harboring a Shpk and CNTS gene 

deletion, accumulate free sedoheptulose in the urine. They further showed 

crude protein fraction isolated from fibroblasts of these patients incapable to 

form sedoheptulose-phosphate in the presence of free sedoheptulose 

(Wamelink et al., 2008). Furthermore, Kardon et al employed recombinant Shpk 

to indirectly show by a coupled three-way enzymatic assay that the product 

catalyzed by Shpk is likely sedoheptulose-7P (Kardon et al., 2008). We provide 

for the first time unambiguous proof that the Carkl gene indeed encodes for a 

mammalian Sedoheptulose kinase (Shpk) protein phosphorylating 

Sedoheptulose at the carbon-7 position to form Sedoheptulose-7-Phosphate (S-

7P). Therein, we expand the PPP by introducing a newly indentified regulatory 

kinase (FIGURE 3). To date, S-7P was known only as an intermediate molecule 

in the PPP, produced by transketolase-driven condensation of Ribose-5P (R-

5P) and Xylose-5P (X-5P) (Gumaa and McLean, 1969; Gunsalus et al., 1955; 

Horecker et al., 1953). Additionally, A.A. Caudy et al. have identified in yeast, a 

novel sedhoheptulose-1-7-bisphosphatase forming S-7P from S-1-7-

bisphosphate (submitted manuscript). Collectively, these very recent advances 
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in the field of basic glucose metabolism have started to delineate a more 

sophisticated PPP than previously assumed. 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3. Scheme of mammalian S7P formation. Involved enzymes: (1) Sedoheptulose 
Kinase; (2) Transketolase; (3) Transaldolase. Carbohydrates: Xulose-5-phosphate (X5P), 
Ribose-5-phosphate (R5P); Glyceraldehyde-3-phosphate (G3P); Sedoheptulose-7-phosphate 
(S7P); Erythrose-4-phosphate (E4P); Fructose-6-phosphate (F6P). 
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The concept of Metabolic Adaptation: The Warburg-Hypothesis 

 

 
The concept of adaptation (reconfiguration) of cellular metabolism as a 

crucial step for a cell to change its function or phenotype was first realized and 

described by Otto Warburg in 1924 (Warburg, 1956; Warburg et al., 1924). He 

observed that cancer cells primarily generate lactate from glucose even in the 

presence of oxygen. Recently, a pyruvate kinase isoform-switch was identified 

as a possible trigger behind this hallmark of cancer cells (Christofk et al., 2008). 

They further extended this concept by proposing that cells need to precisely 

adjust their bioenergetic state according to their function, balancing ATP 

demand and the generation of building blocks for anabolic processes (Vander 

Heiden et al., 2009). Despite its importance in shaping cellular function, the role 

of cellular glucose metabolism has received little consideration in studies on the 

inflammatory process. 

 

Metabolic Adaptation in Immunity 

  
In the late seventies, Schnyder and Boggiolini studied the activation 

process of macrophages after phagocytosis and observed an activation of the 

PPP. When incubated with zymosan or sheep erythrocytes, macrophages 

started to augment their CO2 production. By using radioactively labeled 1-

[14C]glucose and a Warburg-type reaction flask they were able to show that 

increased CO2 resulted from an increase in PPP flux. They concluded that 

stimulation of the PPP could be an initiating event in the long and complex 

process of macrophage differentiation and activation (Schnyder and Baggiolini, 

1978). Furthermore, endotoxemia in rats was shown to influence the PPP in the 
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liver (Kuttner et al., 1982). Intravenous injection of LPS in rats resulted in 

increased glucose-6phsophate dehydrogease activity and a decline of S-7P in 

liver biopsies. Since that time, at least to our knowledge, no further investigation 

were started to elucidate the function of changes in the PPP due to an 

inflammatory stimulus. Therefore, it remains to be determined to what extent 

signal transduction leading to the generation of inflammatory mediators is 

interrelated with and regulated by cellular bioenergetic fluctuations in the 

macrophage.  
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Thesis 
 

Thesis Aim 
 
In this study we hypothesized that in Macrophages further distinct signal 

transduction pathways must exist, and more specifically, kinases that direct the 

appropriate macrophage response to stress. Kinases are a class of proteins 

able to attach a phosphate group to various types of acceptor-molecules, 

thereby affecting not only the chemical properties but also the functions of the 

latter (Fischer and Krebs, 1966; Krebs and Fischer, 1964). Nowadays, 

phosphorylation events are widely implemented in various aspects of cell 

biology including regulation of enzymatic activities, metabolic substrate 

formation and information processing by dictating signal transduction pathways. 

To test our hypothesis, we performed a screen for kinases able to interfere with 

the activation process in macrophages elicited by endotoxin. Screening 199 

randomly chosen kinases shed light on a central aspect in macrophage biology: 

basic cellular metabolism and its adaptation as a prerequisite for a proper 

immune response. 
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Thesis Summary 

 
Regulation of the innate immune response and the metabolic requirement of 

cells to deal with environmental stressors is complex and remains poorly 

understood. In this study we hypothesized that further distinct signal 

transduction pathways must exist, and more specifically, kinases that direct the 

appropriate macrophage response to stress. To test our hypothesis, we 

performed a screen for kinases able to interfere with the activation process 

elicited by bacterial endotoxin. Screening 199 randomly chosen kinases shed 

light on a novel aspect in macrophage biology: basic cellular metabolism and its 

adaptation as a prerequisite for a proper immune response. Analogous to the 

Warburg-hypothesis in cancer cells it has been speculated that metabolic 

adaptation might also have an important role in macrophage biology (Schnyder 

and Baggiolini, 1978). However, the essential mechanism of metabolic 

regulation remained illusive and consequences to macrophage function have 

never been established. 

Here we report the positive results from the screening of a partial human 

kinases ORFeome collection  on M1 macrophage polarization. This screen 

unearthed Carkl, among many other novel kinases, as strong regulator of 

macrophage activation. Intriguingly, in murine and human macrophages 

endogenous Carkl expression was found to be highly regulated during the 

activation process. We report for the first time unambiguous proof that Carkl 

codes for a mammalian Sedoheptulose Kinase (Shpk) forming Sedoheptulose-

7-phosphate (S-7P) from ATP and Sedoheptulose as previously suggested 

(Wamelink et al., 2008) S-7P is known as intermediate heptose-phosphate of 

the Pentose Phosphate Pathway (PPP) and only formed by transketolase aided 
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condensation of Ribose-5P and Xylose-5P (Horecker et al., 1953). Thereby we 

identified Shpk as a novel enzyme of the PPP adding an additional layer of 

complexity to metabolic regulation.  In order to securely establish Shpk function 

we precisely characterized for the first time the reaction product as well as its 

tissue distribution, cellular (co-)localization and protein sequence-structure-

function relationships based on generated Shpk wild-type and mutant 3D-

models. Cellular Shpk disturbance by gain and loss of function models resulted 

in reconfiguration of cellular metabolism indicating its endogenous participation 

in basic glucose metabolism. Importantly, lipopolysaccharide (LPS)-induced 

Shpk mRNA loss correlated with the induction of Shpk post-translational 

modifications, which includes Shpk phosphorylation. If metabolic adaption in 

macrophages is indeed induced by LPS-mediated Shpk regulation, we 

expected counterbalancing of Shpk loss by overexpression to interfere with 

established macrophage polarization. We therefore first assessed bioenergetic 

fluctuations in macrophages by a metabolomic approach after activation and 

identified Shpk for the first time as an essential regulator of metabolic 

adaptation to appropriate immune-cell polarization. Mechanistically, 

counterbalancing of Shpk loss in the activated macrophage resulted in 

functional impaired M1 macrophages. This was best exemplified by assessing 

cytokine expression profiles, NFB activation and the superoxide generation 

rates as measured by electron spin resonance. We further differentiated Shpk 

related effects either to protein overexpression or to S-7P formation by 

introducing catalytic inactive Shpk mutants. If Shpk regulation and resulting 

metabolic adaptation is indeed a fundamental process in macrophage 

activation, we expected macrophages to polarize by Shpk loss. We therefore 

extended our experiments and included Shpk deficient macrophages. For the 
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first time we show that Shpk deficient macrophages enhanced their response to 

LPS and displayed a M1 phenotype even in the absence of a stimulus like 

bacterial endotoxin. Importantly, in vivo models of endotoxemia in mice and 

humans proofed a conserved pattern of Shpk regulation between the innate 

immune systems of these two species. 

Notably, our screen of a human kinase clone set resulted in the  indentification 

of Sedoheptulose kinase as missing component of the PPP. This sugar kinase 

orchestrates metabolic adaptation in the process of macrophage activation. 

Disturbance of LPS-induced Shpk regulation results in a completely 

inappropriate macrophage response. These data identify the essential function 

of Shpk in metabolism and for the first time report on an interface fundamental 

for coordinating bio-energetic adjustments in shaping immune cell function. This 

functional duality of Shpk underscores the notion that the apparatus involved in 

the polarization of innate immune cells, is intimately linked to basic cellular 

metabolism.  These findings have wide-ranging implications in the fields of 

basic cellular metabolism/biochemistry, cell biology, innate immunity, as well as 

inflammation associated disorders. 
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Results 

 
Functional screen for kinases involved in macrophage activation 

We employed a previously published kinase cDNA library to investigate a 

possible function of 199, randomly chosen, human kinases in macrophage 

activation (Park et al., 2005). Putative as well as established kinase coding 

sequences were individually and transiently over-expressed in RAW264.7 

macrophages. After a recovery time of 24hrs the macrophages were treated 

with LPS (100 ng/ml) and changes in TNF secretion were monitored by ELISA 

(Figure 4). We elected TNF as it is a prototypical pro-inflammatory cytokine 

that is known to be regulated by kinase cascades (Bouwmeester et al., 2004). 

This screen revealed the impact of several kinases not yet associated with 

macrophage activation and importantly, some known kinases such as MAP 

kinase 14 (p38 alpha), Akt1, TRA1 (HSP90-beta), PKC delta and others which 

served as internal controls (Chen et al., 2005; Kim et al., 2007; Kim et al., 2008; 

Ojaniemi et al., 2003; Salminen et al., 2008; Schieven, 2009) (Supplementary 

Table 1). In addition to known anti-inflammatory kinases, we identified a 

putative “non-protein” kinase termed Carbohydrate kinase-like protein (Carkl), 

which had previously not been evaluated as an immune regulatory kinase. Of 

note, four out of the top five kinases that either induced or blocked TNF 

production/secretion, belonged to the class of “non-protein” kinases. Thereby, 

this screen unveiled non-protein kinases as very efficient and powerful in 

modulating LPS elicited TNF production. 
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Figure 4. Screen for Immune-Regulatory Kinases in Macrophages. (A) Scheme of Kinase 
screen performed in macrophages. (B) The impact of 199 human Kinases on LPS elicited TNF 
production. Kinases were individually overexpressed in RAW264.7 cells. Subsequently, 
macrophages were challenged with LPS (100ng/ml) for 1hour. TNF secretion was assessed in 
cell culture medium by ELISA. (C) The top ten kinases in promoting or repressing LPS induced 
TNF. Effects of protein kinases (PK) and non-protein kinases (NPK) on LPS induced TNF is 
given in mean % change ± SD of triplicates to control (control=0). For a detailed list of all 
investigated Kinases see Supplementary Table 1. 
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Endogenous Carkl regulation in activated macrophages 

In the kinase screen, overexpression of Carkl was identified to dampen 

macrophage activation. We therefore measured endogenous mRNA expression 

in macrophages before and after activation by LPS. Interestingly, we observed 

a highly significant reduction in Carkl mRNA levels within 30 min of stimulation 

(Figure 5). At 2 hours mRNA levels were reduced by approximately 90%. 

Comparison of LPS-induced interleukin (IL-) 6, IL-10 and IL-1ß mRNA levels 

with Carkl expression revealed that Carkl transcripts correlated inversely with 

the induction of these genes. At the point where Carkl expression was lowest 

cytokine expression peaked.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Carkl gene regulation in activated Macrophages. Endogenous regulation of 
identified kinase Carkl was assessed by real-time PCR. RAW264.7 cells were incubated with 
LPS (100ng/ml) for indicated times. Carkl mRNA expression pattern was compared to known 
LPS target genes (IL10, IL6 and IL1). All data represents means ± SEM of at least three 
individual experiments; ***p < 0.001 
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We further employed primary macrophages to study the regulation of Carkl 

expression in non-transformed cells. In murine bone marrow derived 

macrophages treated with LPS we observed a very similar and significant 

downregulation of Carkl mRNA as seen in the RAW264.7 cell line (Figure 6A). 

To show whether human cells show comparable Carkl regulation as murine 

cells, we also incubated primary human monocytes with LPS and measured 

Carkl expression (Figure 6B). We observed again a significant loss of Carkl 

transcripts, matching our findings in murine cells.  

 

 

 

 

 

 

 
 
 
Figure 6: Carkl gene regulation in activated primary Macrophages. Endogenous regulation 
of identified kinase Carkl was assessed by realt-time PCR. (A) In vitro activation of non 
transformed murine bone marrow derived macrophages (BMDM) and (B) human mononuclear 
cells (MNCs) with LPS (100ng/ml) for indicated times. All data represents means ± SEM of at 
least three individual experiments; **p < 0.01, ***p < 0.001 
 

Next, we included additional toll like receptor (TLR) ligands to see if loss of 

Carkl mRNA is unique to LPS/TLR4 mediated signaling. Incubation of 

thioglycollate-elicited mouse peritoneal macrophages with ligands specific for 

prominent TLRs resulted in a loss of Carkl message, albeit to varying extents 

(Figure 7A). Activation of TLR1/2, TLR2/6, TLR4 and TLR7 were more potent 

in repressing Carkl expression than stimulation of TLR3, TLR5 and TLR9. We 

further tested Carkl response to well established activation agents commonly 

encountered by macrophages eliciting a defined response. Macrophages 

A B 
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polarized to an M1 phenotype using LPS/Interferon gamma (IFN-) or TNF 

showed a significant reduction in Carkl expression, while activation with IL-4 or 

IL-13, agents leading to an M2 phenotype, resulted in increased Carkl 

expression (Figure 7B). Transforming growth factor beta (TGF-ß) had no effect 

on Carkl expression. These data supported a role for Carkl as endogenous 

regulator of macrophages and advocated this gene for further investigation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Carkl gene regulation in differentially activated primary Macrophages. 
Endogenous regulation of identified kinase Carkl was assessed by realt-time PCR. (A) Carkl 
expression after a 2hrs stimulation of thioglycollate elicited peritoneal macrophage with TLRs 
ligands/agonists Pam3CSK4 (100 ng/ml), FSL-1 (100 ng/ml), Poly(I:C) (100 ng/ml), Kdo Lipid A 
(100 ng/ml), Flagellin (100 ng/ml), Imiquimod (5 µg/ml) or CpG (1 µM). (B) Polarization of 
thioglycollate elicited peritoneal macrophage to either M1 or M2 phenotype by stimulation with 
LPS (100ng/ml) in combination with IFN (20ng/ml) or by TNF (25ng/ml) for M1 and for M2 with 
IL4 (20ng/ml), IL13 (10ng/ml) or TGF-beta (20ng/ml) for 2hrs. All data represents means ± SEM 
of at least three individual experiments; n.s. = not significant, ***p < 0.001 

A 

B 
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Carkl coding for a mammalian Sedoheptulose kinase 

Next we generated recombinant Carkl protein to securely establish its function. 

Sedoheptulose, the proposed substrate for Carkl was purified from Sedum 

spectabile, a plant which was previously shown to contain high quantities of this 

carbohydrate (La Forge and Hudson, 1917; Schmidt et al., 1998). Quality and 

quantity of the plant extract was assessed by NMR analysis (Figure S1). To 

test for the ATPase activity of recombinant Carkl, we performed ADP 

accumulation assays using varying doses of recombinant Carkl protein in the 

presence of Sedoheptulose and ATP (Figure 8A). In vitro radioactive kinase 

assays revealed that Carkl is indeed a phosphotransferase protein generating 

Sedoheptulose-phosphate and ADP from Sedoheptulose and ATP as 

substrates (Figure 8B). To further identify the specific phosphate acceptor site 

of Sedoheptulose we generated and purified milligram amounts of 

phosphorylated Sedoheptulose and subjected it to 31P-, 1H-, and 13C-NMR 

analysis (Figure 8C). The 1H NMR signals of Sedoheptulose-phosphate 

occurred at lower field and could thus be fully analyzed, despite the presence of 

residual HEPES buffer. Sedoheptulose-phosphate exists as a tautomeric 

mixture of -furanose (major isomer) and minor amounts of -furanose and -

pyranose forms. The assignment of C-7 as the phosphorylation site was 

deduced from the low-field shifted 13C-signals of C-7 ( 66.67 and 66.62) and 

the heteronuclear correlation of the geminal H-7 protons to a single 31P NMR 

signal at  1.34, whereas both geminal protons at C-1 – identified via their 

HMBC-correlation to the anomeric carbon C-2 – were observed at chemical 

shifts similar to Sedoheptulose. Furthermore, NMR data are in full agreement 

with recently published data of S-7P generated by a transketolase-catalyzed 

reaction (Charmantray et al., 2009). Taken together, these data demonstrate 
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that Carkl is indeed a Sedoheptulose kinase (Shpk) generating S-7P, a PPP 

intermediate molecule, and ADP from Sedoheptulose and ATP (Figure 8D). 

Additionally, we established Km values for Sedoheptulose (134±9 µM) and ATP 

(180±8 µM) (Figure 8E and 8F). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Characterization of Carkl gene as mammalian Sedoheptulose Kinase. (A) 
Various doses of recombinant Carkl were tested in an ADP formation assay, in presence of 
sedoheptulose (200µM) and ATP (200µM). (B) Recombinant Carkl (rCarkl) formed a 
Sedoheptulose-phosphate (S-P) as shown by in vitro kinase assay with 32P labled ATP resolved 
on thin layer chromatography. (C) 1H/13C HSQC spectrum of purified reaction product (31P-NMR 
is shown in inset). Assignments are given for the major -furanose form, signals labeled with x 
correspond to residual HEPES buffer. (D) Scheme of Carkl function as Sedoheptulose kinase 
(Shpk). Km values for sedoheptulose (E) and ATP (F) were established by incubation of 
recombinant Carkl/Shpk with various doses of respective substrates.  
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Tissue Expression and Cellular Localization of Shpk 

We next measured Shpk expression levels in various mouse tissues. 

Shpk was expressed at high levels in liver, kidney, brown adipose tissue, 

parotid- and thyroid gland (Figure 9), tissues that are known to possess high 

PPP activities versus low expression in thymus, spleen and muscle tissue, all 

tissues with reputed low PPP activity (Cabezas et al., 1999; Gomez-Sanchez et 

al., 2008).  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Tissue expression of Shpk. Expression of Shpk mRNA in a mouse tissue panel. 
Shpk expression levels were normalized to -Actin expression (n=3). 
 

 

In Figure S2 we compared Shpk tissue expression profile of two 

alternative housekeeping genes used for Shpk expression normalization. To 

identify the cellular localization of Shpk we generated cell lines expressing 

Shpk-eGFP fusion proteins in low quantities. Shpk localized in the cytosol and 

co-localized with glucose-6-phosphate dehydrogenase (G6PD), further 

supporting its possible function as a novel enzyme of the PPP (Figure 10). 
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Figure 10. Cellular (co-)localization of Shpk. Confocal fluorescence imaging of macrophages 
expressing Shpk_eGFP (green). Nuclei were visualized by DAPI (blue) and for co-localization 
cells were stained for G6PD (red). Scale bar equals 5µm.  
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Modulation of Shpk expression is leading to metabolic reconfiguration 

We next performed Shpk perturbations studies in macrophages to 

investigate effects no cellular metabolism. Shpk perturbations were achieved by 

stable overexpression and loss of Shpk using shRNAmir. Shpk overexpressors 

and deficient cells were verified by western blot and mRNA analysis (Figure 

11).  

 

 

 

 

 

 

 

 

Figure 11. Shpk gain and loss of function cell lines. Shpk mRNA and protein expression 
levels of stable overexpressors (pShpk) and stably expressing shRNAmir directed against Shpk 
(miShpk) to their respective control cell lines containing empty vector (pCtrl and LMP). Data 
represents means ± SEM of at least three individual experiments; ***p < 0.001 
 

 

Using these stable cells lines, we next assessed changes in the metabolite 

profile. We compared the relative concentration of identified metabolites from 

overexpressing (pShpk) and loss of function cells (miShpk) to their individual 

controls (pCtrl and LMP respectively). Shpk overexpression significantly 

increased the relative concentration of NAD and NADH but reduced acetyl-CoA, 

succinyl-CoA, malate, glyceraldehyde-3-phosphate (G3P), R-5P and X-5P 

levels while AMP/ADP/ATP, GMP/GDP/GTP, fumarate and glucose-6-

phosphate (G6P) / fructose-6-phosphate (F6P) showed no difference when 
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compared to control cells (Figure 12A). In contrast, loss of Shpk protein 

resulted in a concomitant reduction of S-7P, G6P/F6P, NAD, NADP, FAD and 

GMP (Figure 12B). G3P and R-5P levels increased significantly by Shpk loss 

whereas Shpk overexpression resulted in significant reduction of those 

metabolites. These results were indicators of a strong influence of endogenous 

Shpk on glucose metabolism.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 12. Shpk Perturbations Reconfigure Cellular Metabolism 
To understand which metabolites are affected by Shpk we employed gain and loss of function 
cell lines. We compared the relative availability of metabolic intermediates and cofactors in 
pShpk (A) and miShpk cells (B) to their individual control cell lines in %. Line at 100% 
represents metabolite levels of respective control cells. Data represent means ± SEM of three 
independent experiments; *p < 0.05 
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Signaling pathways leading to Shpk suppression 

To identify potential signaling molecules involved in LPS induced Shpk 

loss (see Figure 5 to 7), we treated macrophages with well-characterized 

pharmacological inhibitors to nuclear factor NF-kappa-B (NFB), 

phosphatidylinositol 3-kinase (Pi3K) and MAPKs and subsequently measured 

Shpk expression. Primary macrophages treated with inhibitors of NFB 

(Celastrol 1µg/ml), ERK1/2 (U0126 20µM), Pi3K (LY294002, 30µM), p38 

(SB203580, 25µM) and JNK (SP600125, 20µM) were then activated with LPS 

and Shpk expression was compared to LPS treated vehicle controls. Blockade 

of ERK1/2 had no effect, whereas blocking of PI3K showed moderate influence 

on Shpk repression by LPS (Figure 13). We observed greater than 50% 

recovery of Shpk message with inhibition of NFB, p38 and JNK. 

 

 

 

 

 

 

 

 

 

 
Figure 13. Signalling-pathways involved in Shpk mRNA regulation. We employed well 
established inhibitors to target signaling routes (NFB, p38, JNK, Pi3K and ERK1/2) involved in 
LPS mediated macrophages activation to understand the signaling events leading to Shpk 
mRNA regulation. Thioglycollate elicited peritoneal macrophages were pre-incubated with 
inhibitors at indicated concentrations or vehicle (DMSO) 20min before LPS (100 ng/ml) 
administration. After 2hrs of incubation mRNA levels were measured by real-time PCR. Data 
represent means ± SEM of three independent experiments; ns = not significant, *p < 0.05, ***p 
< 0.001 
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Posttranslational modification of Shpk in response to LPS. 

 To evaluate Shpk regulation in more detail we assessed Shpk protein 

levels before and after macrophage activation. We stimulated macrophages 

with LPS over time and performed western blot analysis for Shpk (Figure 15). 

In contrast to Shpk mRNA levels we observed no significant change in Shpk 

protein expression after activation, indicating a more complex regulation of 

Shpk.  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 15. Shpk Protein Expression after Macrophage Activation. Densitometry of four 
individual Shpk western blots from cell lysates of LPS (100 ng/ml) activated RAW264.7 cells.  
 

A common feature of many enzymes involved in metabolism is to adjust their 

activity very quickly to meet cellular requirements either by allosteric regulation 

or by various post-translational modifications (PTMs) (Huber and Hardin, 2004). 

To address the question whether Shpk was indeed subject to PTMs, we 

performed 2D western blot experiments of whole protein lysates obtained from 

macrophages after LPS induced activation. In resting macrophages we 

identified three distinct Shpk representing spots (S) showing a distribution 
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pattern of 3:30:67 (S1:S2:S3; Figure 16). S3 at approximately 50 kDa and pI 

5.3 was closest to the computed theoretical pI of 5.8 for native Shpk. S2 and S1 

showed small acidic pI shifts of ~ 0.12 pH. Fifteen minutes after LPS stimulation 

we did not observe any changes in the Shpk pattern. After 30min we observed 

a transition state which resulted in a clear-cut redistribution of the three Shpk-

modifications S1:S2:S3 (30min 30:52:18; 1h 29:45:26; 2h 20:63:17; 4h 

10:51:39; all mean % of total Shpk).  

 

 

 

 

 

 

 

Figure 16. Post translational Modifications of Shpk by LPS. 2D western blots of crude 
protein extracts from macrophages were investigated for Shpk modifications by 
immunodetection. Cells were incubated for indicated times with LPS (100 ng/ml) and spot re-
distribution was quantitated by densitometry analysis with total Shpk = 100% (bar graphs below 
corresponds to individual time point). 
 

 

Next we examined if Shpk modifications represent phosphorylation events. 

Therefore, whole protein lysates were treated with calf intestine phosphatase 

(CIP) to remove potential phosphate groups. Post-CIP analysis of Shpk patterns 

on 2D western blots revealed that S1 vanished due to in vitro phosphatase 

treatment suggesting phosphorylation as one likely PTM of Shpk (Figure 17A). 

We further characterized the LPS induced signaling axis involved in PTM 

formation using pharmacologic inhibitors for NFB, ERK1/2 and p38. Blocking 

NFB and p38 signaling by celastrol and SB203580 showed significant 
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inhibition in LPS-induced Shpk PTM while ERK1/2 inhibition by U0126 showed 

no effects (Figure 17B). Thus, LPS-induced PTM formation of Shpk employed 

the same signaling axis as blockade of Shpk expression (Figure 13). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. Characterization of Shpk PTM. (A) To test for phsophorylation as possible 
modification we incubated crude protein extracts of activated macrophages with or without calf 
intestine phoshpatase before 2D Western blotting. (B) Blockade of LPS induced activation of 
NFB (Celastrol), p38 (SB203580) or ERK1/2 (U0126) was used to identify signaling routes 
involved in the formation of Shpk PTM.  
 

 

 

 

LPS induced metabolic adaptation by Shpk regulation 

As Shpk was significantly involved in cellular metabolism and also 

regulated by pro-inflammatory stimuli, we next asked whether changes in 

metabolism occurred due to macrophage activation and if they were functional 

consequences of Shpk regulation. To characterize the impact of Shpk 

regulation on LPS induced metabolic adaptation we employed Shpk 

overexperessing cells. These cells (pShpk) did not decrease Shpk message 
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after activation and thereby counterbalanced endogenous downregulation by 

LPS (see Figure 19A). This manipulation resulted in significantly altered X-5P, 

R-5P, S-7P, fumarate, malate and NADPH levels after macrophage activation 

(Figure 18). Counterbalancing Shpk regulation had moderate but not significant 

effects on sedoheptulose and G-3P levels. Collectively, these experiments 

suggested a Shpk-dependent effect on LPS induced metabolic adaptation in 

macrophage polarization.  

 

  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
Figure 18. Metabolic adaptation in macrophage activation. A macrophage cell line, which 
counterbalanced LPS mediated Shpk loss by overexpression (pShpk, colored in blue), was 
used to address the impact of endogenous Shpk regulation on macrophage activation. Control 
cells (pCtrl) were colored in black. Relative metabolite levels in control and Shpk overexpressing 
cells post 2hrs LPS stimulation. Metabolite levels from both cell lines were statistically compared 
by calculating relative changes to unstimulated levels (=100%). Data represent means ± SEM of 
at least three independent experiments; *p < 0.05, **p < 0.01    
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Shpk regulates macrophage activation 

To illustrate the impact of metabolic adaptation on the phenotype of 

activated macrophages we next studied prototypical functions of M1 polarized 

macrophages counterbalancing LPS induced Shpk loss. The pShpk cells, 

showed no decrease in Shpk gene expression by LPS – in fact a four fold 

increase was observed (Figure 19A). Comparing pShpk with control cells 

(pCtrl), we evaluated the expression levels of sixteen LPS responsive genes. 

pShpk cells blocked the induction of pro-inflammatory cytokines including IL6, 

IL1, IL1ß, TNF and TNFsf15 (Figure 19A). In contrast, evaluation of anti-

inflammatory cytokines/chemokines including IL10, macrophage migration 

inhibitory factor (MIF) and C-C motif cytokine 7 (Ccl7, MCP3) showed 

augmented expression in the pShpk cells treated with LPS. Furthermore, 

chemokines such as MIP1 (Ccl3) and MCP1 (Ccl2), together with CxCL2 and 

IL13 receptor displayed significant down-regulation while the IL4 receptor was 

increased in pShpk overexpressing cells stimulated with LPS as compared to 

control cells. Expression of TLR4 and CD11b remained unaffected by Shpk 

expression. Upregulation of MHC class II on the cell surface is another 

phenotypic feature of M1 polarized macrophages (Gordon and Martinez, 2010). 

FACS analysis of MHC class II in activated macrophages showed that LPS-

induced increase in MHC class II expression was suppressed by Shpk 

overexpression (Figure 19B). No difference in surface expression of MHC class 

II in pShpk or controls was observed in unstimulated macrophages. Taken 

together, LPS-induced loss in Shpk message is crucial to generate a classical 

M1 polarized phenotype as overexpression resulted in an impaired macrophage 

response to bacterial endotoxin. 
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Figure 19. Shpk Regulates Macrophage Response to LPS. A macrophage cell line, which 
counterbalanced LPS mediated Shpk loss by overexpression (pShpk, colored in blue), was 
used to address the impact of endogenous Shpk regulation on macrophage activation. Control 
cells (pCtrl) were colored in black. (A) We evaluated expression of classical LPS target genes at 
indicated time points after LPS administration by real-time PCR. Significance was calculated 
between pCtrl and pShpk at respective time points. (C) MHC class II surface expression of 
naïve (dashed lines) and LPS activated (solid lines, for 24hrs) macrophages measured by 
FACS. Histogram is representative of at least three independent experiments. Data represent 
means ± SEM of at least three independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001 
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Shpk blocks key-regulators of inflammation 

We investigated the response of NFB activity and intracellular free 

radical formation, as potential signaling mechanisms employed or affected by 

Shpk during macrophage activation. Counterbalancing endogenous loss of 

Shpk by overexpression (pShpk) led to a significant inhibition of LPS induced 

NFB activation measured by a cis-reporting luciferase construct, compared to 

control cell (3.7 ± 0.2 fold vs. 5.7 ± 0.4 fold; Figure 20A). Of note, even 

unstimulated pShpk macrophages displayed a significant decrease in 

endogenous NFB activity compared to control cells.  

 

 

 

 

 

 

 

 

 

 

Figure 20. Shpk regulates NFB and ROS in activated Macrophages. A macrophage cell 
line, which counterbalanced LPS mediated Shpk loss by overexpression (pShpk, colored in 
blue), was used to address the impact of endogenous Shpk regulation on macrophage 
activation. Control cells (pCtrl) were colored in black. (A) Activity of transcription factor NF-B 
was measured by luciferase reporter expression in both cell lines beforeand after activation with 
LPS (100ng/ml) for 8hrs. (B) Quantification of intracellular superoxid (O2.-) production rates in 
macrophages before and after LPS exposure (2hrs) was measured by electron spin resonance 
spectroscopy with CMH as spin probe. Typical spectrum of oxidized CMH obtained is illustrated 
above the bar graph. Data represent means ± SEM of at least three independent experiments; 
ns = not significant, *p < 0.05, ***p < 0.001 
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We tested for superoxide production (O2
.-) in pShpk cells using the cell 

permeable electron spin resonance probe CMH (Figure S3). Cellular O2
.- 

production rates were quantitatively recorded in real-time (Figure 20B). Naïve 

macrophages produced on average 16.7 ± 4.3 pmole/min/106cells superoxide. 

LPS stimulated macrophages showed a significant increase in O2
.- production 

rate to 33.3 ± 2.8 pmole/min/106cells. Naïve pShpk cells showed a moderate 

but not significant reduction in free radical production compared to naïve control 

cells (pCtrl). Examination of activated pShpk cells revealed that these cells are 

incapable of increasing superoxide production in response to LPS. We conclude 

from this data set that Shpk, likely by metabolic reconfiguration, modulates 

activation of pro-inflammatory master-regulators, and thus will influence the 

response to LPS induced inflammation. We next asked if the observed effects 

of Shpk on pro-inflammatory effectors such as suppression of IL-6 and TNF 

were dependent on Shpk catalytic function. 
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Structural analysis of Shpk   

In order to generate Shpk catalytic-inactive mutants we sought to 

understand the molecular mechanism underlying Shpk protein function in more 

detail. Thus, we attempted to generate an in silico derived 3D homology model 

of murine Shpk (see Methods section; Figure S4 and Figure 21A). To validate 

our model the obtained 3D structure for Shpk was compared to a 3D model of 

glycerol kinase (PDB code: 1BWF) in complex with substrates. The ATPase 

domain in glycerol kinase includes two threonine residues (T13 and T14) which 

form hydrogen bonds with the -phosphate of ATP. We identified a similar 

amino acid (AA) stretch in the Shpk sequence (Figure 21B).  

 

 

 

 

 

 

 

 

 

 

 

 

The central cavity of our Shpk model, the putative catalytic cleft, was 

further examined. We recognized a tryptophan (W125) residue, which is highly 

conserved among species (Figure S5), limiting the internal space of the cavity 

by its bulky aromatic ring. Furthermore, a glutamine side chain (Q126) seemed 

Figure 21. Structural and Functional Evaluation of 
Shpk. We prepared a 3D model for Shpk protein (A) by 
comparative modeling. (B) Amino acid (AA) sequence 
alignment of a ATPase domain fragment from glycerol 
kinase (Glpk) sequence to Shpk (conserved AA yellow; 
similar AA green). (C) Activities of recombinant Shpk 
after mutation of putative critical AA. Silver stain below 
bar graph indicated equal protein quantities. 
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to be of importance as this AA divides the central cleft to form two separate 

pockets. Mutational analysis of the identified amino acids (W125, Q126, T14 

and T15) confirmed the importance of those sequences as measured by the 

Shpk activity assay (Figure 21C). AA substitution T14M/T15K blocked Shpk 

activity likely via impaired ATP hydrolysis. Mutating W125 to aspartic acid (D) 

completely abolished S-7P formation in comparison to WT Shpk. Mutation 

Q126K revealed an approximately four-fold decrease in catalytic activity 

implicating it’s participation in center organization although being of less 

importance than W125. For a more accurate model of Sedoheptulose 

positioning we employed an automated docking tool (Figure 22A). We identified 

two potential locations (termed A and B) where Sedoheptulose could interact 

with Shpk. These two sites, one near the ATPase domain (B) and one on the 

opposite site (A), are separated by Q126, which was highly flexible in our 

simulations. Interestingly, only 3 out of 15 Sedoheptulose binding positions are 

located in the pocket near the ATPase-domain (B). The expected orientation of 

Sedoheptulose within pocket B (C7-atom pointing towards T14/T15) was 

observed in two out of three models. Within this pocket, Sedoheptulose formed 

only an extended linear form in contrast to pocket A where we observed 9 out of 

12 conformations as coiled open-chain structures. Furthermore, Pocket A 

seemed to have two additional surface accessibility sites, formed by channels 

(indicated by *). For better understanding why W125 was so critical for Shpk 

activity, we generated a W125D mutant 3D- model of Shpk (Figure 22B). This 

model revealed a deformation of the catalytic cleft, especially the pocket 

formation closest to the ATPase domain was disrupted. These data validated 

W125 as an essential AA in the formation of the Sedoheptulose binding pocket, 
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which in turn allowed us to generate catalytic mutants of Shpk and to test their 

effects on LPS induced activation of macrophages. 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. Sedoheptulose Docking. 
Results of computational sedoheptulose 
docking to WT Shpk (A) are presented in a 
3D mesh model where central cleft was 
centered and surface accessibility sites 
indicated by *. AA Q126, defined as flexible 
AA, is depicted in inset. Overlay of WT Shpk 
and W125D Shpk mesh model (B). 
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Catalytic dependent and independent effects of Shpk on inflammation 

To distinguish effects related to catalytic activity or to protein expression 

itself we tested cells overexpressing the catalytically impaired Q126K and the 

inactive W125D Shpk mutants. LPS-induced IL-6 and TNF release were 

significantly inhibited in wild-type pShpk cells versus pCtrl control cells (Figure 

23A and Figure 23B). However, inhibition of IL-6 secretion by Shpk was lost in 

the W125D mutant, but not in the Q126K mutant (Figure 23A), demonstrating 

that Shpk catalytic activity and formation of S-7P, was in part necessary for 

Shpk mediated effects on IL-6. In contrast, Shpk-dependent inhibition in TNF 

production did not require Shpk activity as TNFblockade was evident in both 

mutants similarly to the fully functional wild-type Shpk overexpressors. These 

data indicated Shpk controlled metabolic adaptation in part as the mechanism 

by which Shpk orchestrates the outcome of inflammation. 

 

 

 

 

 

 

 

 

 

Figure 23. Effects of Shpk dependent on S-7P formation.  To test for effects of Shpk on 
immune regulation, dependent or independent of its activity, we employed macrophages 
overexpressing either wild type or mutant kinase forms. Cells were stimulated with LPS 
(100ng/ml) and subsequent cytokine secretion was measured in cell free supernatants. IL6 (A) 
and TNF (B) cytokine levels were measured 4hrs and 2hrs post activation, respectively. Data 
represent means ± SEM of at least three independent experiments; ***p < 0.001 
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Loss of Shpk in macrophages accounts for inflammatory response  

To corroborate Shpk as a crucial regulator of macrophage activation, we 

tested if loss of Shpk would lead to augmentation of the inflammatory response 

to LPS. Shpk shRNAmir expressing cells (miShpk) released significantly more 

TNF than control cells (LMP) in both naïve and LPS activated state (Figure 

24A). IL-6 secretion was not detectable in unstimulated LMP or miShpk cells. 

However, in LPS-treated cells, IL6 was approximately doubled in Shpk 

shRNAmir cells compared to LMP controls (Figure 24B). Effects of Shpk loss 

on the mRNA expression level of TNF and IL6 are shown in Figure S6. These 

data further support the concept that Shpk is a central regulator of macrophage 

activation as a sole decrease in Shpk leads to pro-inflammatory cytokine 

production even in the absence of a stimulus like LPS. 

 

 

 

 

 

 

 

 

 

Figure 24. Shpk Loss in Macrophages augments LPS-response.  TNF (A) and IL6 (B) 
cytokine secretion was analyzed before and after LPS activation in macrophages expressing 
shRNAmir targeting Shpk (miShpk) and control cells (LMP). Cells were stimulated with LPS 
(100ng/ml) and subsequent cytokine secretion was measured in cell free supernatants. TNF 
(A) and IL6 (B) cytokine levels were measured 4hrs and 2hrs post activation, respectively. Data 
represent means ± SEM of at least three independent experiments; nd = not detected, **p < 
0.01, ***p < 0.001 
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In vivo regulation of Shpk by endotoxin 

We evaluated whether Shpk repression in response to LPS also occurs in vivo 

and if this regulation is conserved between humans and mice. We measured 

Shpk and TNF expression in human peripheral blood mononuclear cells 

(PBMCs) isolated at indicated times from volunteers who had received i.v. 

injections of LPS (2 ng/kg) (Marsik et al., 2006). In this model for human 

endotoxemia we detected a significant decline of Shpk message by LPS 

infusion after two and four hours (Figure 25).  

 

 

 

 

 

 

 

 

 

Figure 25. In vivo Regulation of Shpk in human. We measured Shpk expression in 
established in vivo models for inflammation. The human in vivo model for inflammation was 
previously performed in healthy volunteers by i.v. LPS (2 ng/kg) administration. Peripheral blood 
mononuclear cells (PBMCs) were analyzed for Shpk and TNF expression before and after 
induction of inflammation. Data represent means ± SEM (n=6); ***p < 0.001 
 

After 24 hours Shpk expression returned to normal levels. TNF expression 

peaked two hours post LPS administration. Next, we injected LPS (50 µg/kg i.v.) 

into C57BL/6J mice and examined Shpk and TNF mRNA expression levels in 

murine cells and tissues. Similarly to the effects of LPS in humans and isolated 

murine macrophages, we observed a significant reduction in Shpk message by 
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in vivo stimulation with LPS for two hours (Figure 26A). As a control we also 

measured TNF expression. Liver, kidney and spleen homogenates form the 

same animals were also analyzed for Shpk regulation. We observed significant 

reduction in Shpk message by LPS in all examined tissues. Liver and spleen 

displayed strongest Shpk regulation in LPS treated mice (Figure 26B and 26C) 

as compared to kidney expression (Figure S7). These data demonstrate that 

Shpk is indeed regulated in vivo in a conserved pattern in mice and humans. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. In vivo Regulation of Shpk in mice. The murine in vivo model for inflammation (A-
C). Mice were subjected to LPS (50 µg/kg, i.v., n=3-4) for the in vivo assessment of Shpk 
regulation in (B) peripheral blood nucleated cells (PBNCs), (C) the liver and (D) in spleen tissue. 
Data represent means ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001 
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Discussion 
 

Metabolic adaptation is a common prerequisite for cells altering their 

function or phenotype. This observation includes the aging pancreatic islet, the 

cellular response to oxidative stress and cancer development, to name but a 

few (Bolanos et al., 2008; Burch et al., 1984; Warburg, 1956). Inflammation, in 

particular cellular immune activation, appears to be driven principally by 

signaling cascades leading to downstream production of effector molecules. It is 

not yet clear if adaptations of basic metabolic pathways (i.e. glycolysis or PPP) 

significantly contribute to cellular immune responses. However, there is 

evidence in the literature that many enzymes and intermediates associated with 

metabolism, such as LXR, PPAR, COX and phosphoinositol signaling possess 

immunoregulatory functions (Alessenko and Burlakova, 2002; Bensinger et al., 

2008; Bensinger and Tontonoz, 2008). Further evidence has arisen from in vitro 

and in vivo models of inflammation, showing an adaptation of the PPP initiated 

during immune activation, although the mechanism and consequences 

remained illusive (Apantaku et al., 1981; Gavillet et al., 2008; Kuttner et al., 

1982; Schnyder and Baggiolini, 1980). Consistent with this hypothesis, we 

identified with a selective kinase screen a Sedoheptulose kinase, which we 

characterized as a central regulator of the PPP, with significant impact on the 

immune activation process. Macrophages activated by endotoxin adjusted their 

levels of glycolytic and PPP intermediates in part as a consequence of 

activation induced Shpk regulation. Disruption of this endogenous Shpk 

regulation resulted in an impaired macrophage response, indicating that 

metabolic adaptation indeed plays a central role in the prototypical macrophage 

response to bacterial endotoxin. Based on our findings, Shpk emerged as an 
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important intermediate in orchestrating a metabolic-inflammation crosstalk in M1 

polarized macrophages. 

We provide data detailing activation-induced Shpk regulation at the 

transcriptional as well as post translational level. The signal-transduction route 

employed by LPS to regulate Shpk was conserved between the two layers of 

regulation and was likely mediated by MEKK3 as this signaling-kinase was 

shown to be responsible for LPS-mediated effects which are dependent on 

NFB, JNK and p38 but not ERK (Huang et al., 2004). This finding also 

suggests a correlation of Shpk transcript repression and PTM. Although we 

were unable to assign direct functional consequences of PTM on the catalytic 

ex vivo activity of Shpk (data not shown) we observed with confocal-laser 

microscopy LPS-induced relocalization of Shpk (Figure S8), which may indicate 

possible localization-dependent effects. This hypothesis is supported by our 

findings that not all the effects of Shpk are dependent on S-7P formation. 

Nevertheless, counterbalancing endogenous Shpk loss by overexpression 

resulted in differentiated blockade of cytokine production. Expression of LPS 

responsive genes archetypical for M1 macrophages was blunted whereas M2 

cytokines expression were increased in Shpk overexpressing cells. In 

combination with IL4- or IL13-mediated upregulation of Shpk, these data 

indicate that distinct macrophage polarization involves specialized metabolic 

adaptation. There exists a delicate balance of glucose utilization by glycolysis 

and the PPP that affects cell proliferation and the cellular redox state and 

thereby many redox-sensitive signaling molecules (Bolanos et al., 2010; Grant, 

2008; Ralser et al., 2007). It has been postulated that several master-regulators 

of inflammation are sensitive to ROS and that their function is dependent on 

cellular redox-states (Kazama et al., 2008; Kumar et al., 1992; Toledano and 
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Leonard, 1991; Wang et al., 1999). We observed that macrophages 

counterbalancing endogenous Shpk loss by overexpression were unable to 

generate LPS-induced intracellular superoxide. This observation was 

dependent on the catalytic activity of Shpk as overexpression of the catalytic 

inactive form W125D showed no effect (Figure S3B). These findings support 

the significance of PPP adaptation by Shpk and its consequences for the cell. 

 Macrophages expressing shRNAmir against endogenous Shpk exhibited 

enhanced cytokine responses after activation with LPS. This is in agreement 

with data from Cystinosis patients harboring a 57kb deletion affecting Shpk and 

CTNS. These individuals receive constant anti-inflammatory treatment with non-

steroidal anti-inflammatory drugs (i.e. indomethacin). Although cystinosis 

patients do not show strong signs of inflammation this intervention significantly 

improves their clinical score (Haycock et al., 1982). To ultimately argue for a 

key regulatory function of Shpk in inflammation, we demonstrated a sole 

metabolic reconfiguration, triggered by Shpk loss, resulted in mild macrophage 

activation even in the absence of a pro-inflammatory stimulus.  

In conclusion, we have identified and characterized Shpk as a central 

metabolic mediator linking glucose metabolism with the innate inflammatory 

response. Shpk may regulate a signaling network that orchestrates a number of 

inflammatory pathways important for the effector function of macrophages. 

Furthermore, the results of our kinase screen suggest that other enzymes 

involved in glucose metabolism (i.e. phosphofructokinase) may likely influence 

the inflammatory response. Additional studies will be required to understand 

how and for what purpose free Sedoheptulose is generated in mammalian cells 

and to determine precisely how Shpk is regulated to achieve its effects. This 

also includes the nature, regulation and consequences of post-translational 
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modification. Although we provide the first insights of the structural aspects of 

Shpk, more accurate and higher resolution structures of this enzyme will enable 

the design of in silico derived drugs targeting its catalytic activity. This, in 

combination with studies on a potential in vivo application of our findings (e.g. 

with transgenic animals) and the conserved regulation between mouse and 

human will foster our continued understanding of the interrelationship between 

metabolism and the inflammatory response.  
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Experimental Procedures 

 

Reagents 

LPS (O55:B5), 13C6-citric acid and 13C2-succinic acid were purchased from 

Sigma-Aldrich. TGF, IFN, TNF, IL4 and IL13 were obtained from R&D 

Systems and inhibitors for NFB (Celastrol), ERK1/2 (U0126), Pi3K 

(LY294002), p38 (SB203580) and JNK (SP600125) as well as all used TLR 

ligands were purchased from InvivoGen. The [32P]-ATP was the generous gift 

of O. Hantschel (CeMM, Austria). High-Fidelity DNA Polymerase (Phusion) was 

provided by Finnzymes. 

 

Cell culture and animals 

The mouse macrophage cell line RAW264.7 (ATCC), all primary cells and all 

cell lines generated in this study (pCtrl, pShpk, LMP, miShpk, pShpk_W125D, 

pShpk_Q125K, pShpk_eGFP) were cultured in DMEM supplemented with 10% 

heat inactivated fetal bovine serum (FBS) and 50 μg/ml gentamycin in an 

atmosphere with 5% CO2, at 37°C. Thioglycollate-elicited mouse peritoneal 

macrophages were isolated as described by Wassenberg et al (Wassenberg et 

al., 1999). Bone marrow derived macrophages were differentiated by M-CSF (2 

ng/ml) as previously described (Haschemi et al., 2007). Human monocytes 

were isolated from healthy male donors from buffy coats and subsequent 

adherence to plastic cell culture dishes. Male C57BL/6J mice were purchased 

from JAX. 
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Kinase screen 

The human kinase cDNA library was previously generated (Park et al., 2005). 

Kinase coding sequences in pLP-CMV Neo plasmids for mammalian expression 

were used in transient tranfection of RAW264.7 macrophages. Cells were 

transfected in 96 well format with 1 µg plasmid in Optimem using Lipofectamine 

2000 (Invitrogen) according to the manufacturer’s instructions. Each individual 

kinase was transfected to three wells. Twenty-four hours after transfection, cells 

were incubated with 100 ng/ml LPS for one hour. Cell-free supernatant was 

assayed for TNF production. To analyze the effect of each individual kinase 

we compared the TNF level of all replicates to control transfection and 

calculated the change in %. 

 

Quantitative RT-PCR 

For Q-RT-PCR analysis total RNA was extracted from respective tissues and 

cells using the RNeasy Mini (Qiagen) according to the manufacturer’s 

instructions. Isolated total RNA was reverse-transcribed into cDNA using 

commercially available kits (Applied Biosystems). All subsequent Q-RT-PCR 

reactions were performed on an AbiPRISM 7900HT real-time cycler (Applied 

Biosystems) using iTaq SYBR Green Supermix with ROX (BioRad). PCR 

cycling conditions were as follows: initial denaturation at 95°C for 10 min, 

followed by 40 cycles at 94°C for 15 seconds, 60°C for 15 seconds and 72°C 

for 1 minute. Post-amplification melting curve analysis was performed to check 

for unspecific products. For normalization threshold cycles (Ct-values) of all 

replicate analyses were normalized to acidic ribosomal phosphoprotein P0 

(Rplp0/36B4) or β-actin within each sample to obtain sample-specific ∆Ct 

values. To compare the effect of various treatments with untreated controls, 2-
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∆∆Ct values were calculated to obtain fold expression levels. Primers used are 

listed in Supplementary Table 2.  

 

Cloning and generation of stable cell lines  

To generate a construct for overexpression of Carkl/Shpk in mammalian cells 

we cloned a sequence verified Carkl/Shpk cDNA (clone MMM1013 

OpenBiosystems) lacking 5’ and 3’ UTRs into pcDNA6 (Invitrogen). 

Transfection of RAW264.7 cell with empty pcDNA6 or pcDNA6_Shpk was 

achieved by Superfect reagent (Qiagen). Stable cell integrants were selected 

over 2 weeks with medium containing 10 µg/ml Blasticidin (Invitrogen). 

Resulting cells containing either pcDNA or pcDNA_Shpk were termed pCtrl and 

pShpk, respectively. Constitutive stable Shpk knockdown in RAW264.7 cells 

was generated by transduction with the miRNA adapted retroviral vector LMP 

(Open Biosystems). miRNA-adapted short hairpin RNA against mouse Shpk 

generated in pSM2 vector (Open Biosystems, clone ID:V2MM_41673 F4) was 

subcloned into the LMP vector with XhoI and EcoRI restriction enzymes. 

Confirmation was verified by restriction site analysis and sequencing. To 

produce murine virus particles 293FT cells (Invitrogen) were transiently co-

transfected with a vector containing the viral packaging proteins gag and pol, a 

vector containing env, and either LMP (ctrl) or LMP-miShpk. Vectors containing 

gag, env, and pol were kind gifts from Evan Rosen (Beth Israel 

Deaconess Medical Center, Harvard Medical School, Boston, USA). 

Lipofectamine 2000 (Invitrogen) was used for transfection. Forty-eight hours 

after transfection, viral supernatants were collected, supplemented with 8 µg/ml 

Polybrene (Sigma), and used to infect RAW264.7 cells. Stable integrants were 

selected with puromycin (5 µg/ml) over a period of 2 weeks. Resulting cell lines 
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were termed LMP (Control cell line) and miShpk (shRNAmir targeting Shpk cell 

line) knockdown was verified by Western blotting. A stable cell lines expressing 

C-terminal Shpk fusion protein to eGFP was generated by subcloning into 

pFUSE_eGFP plasmid, which was kindly provided by Philipp Starkl (Medical 

University of Vienna, Vienna, Austria). This expression plasmid is driven by a 

hEF1-HTLV promoter which allowed for very low expression levels. 

Transfection and selection of stable integrants was done as described above 

with the exception that Blasticidin was replaced by Zeocin (500µg/ml; 

Invitrogen). To have GFP fluorescence negative cells as internal control for a 

possible auto-fluorescence in laser scanning fluorescence microscopy selection 

process was stopped before a pure culture was obtained.  

 

Generation of recombinant mutant and wild-type Shpk  

To generate recombinant Shpk we employed in vivo site directed biotinylation 

as purification strategy. The full length open-reading-frame of mouse Shpk 

(GenBank™ accession number NP_083307) was cloned into PinPoint Xa-1 

vector (Promega) by using 5’NurI and 3’NotI restriction sites. Shpk, including a 

3’ stop codon, was thereby flanked 5’ with biotin purification tag coding 

sequence and a Factor Xa Protease recognition site. The final construct was 

verified by sequencing to ensure sequence integrity. Verified vector was used to 

transform E. coli BL21(DE3). Protein expression and preparation of bacterial 

extracts were performed according to PinPoint manual (Promega). Biotin-

tagged protein was purified on SoftLink Avidine Resine (Promega) column by 

gravity flow. Shpk was eluted with 5 mM Biotin und cleaved by Factor Xa 

protease to free Shpk entirely from tag. Factor Xa was removed by Factor Xa 

binding resine (Novagen) and recombinant Shpk was ultrafiltrated (cut off 
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30kDa). To remove endogenous bound Sedoheptulose recombinant proteins 

were dialyzed against buffer containing 20 mM HEPES, 250 mM NaCl, 4 mM 

DTT and 0.005% NP-40. Protein concentration was estimated by 

measuring absorbance at 280 nm assuming an extinction coefficient of 1.18 

(mg/ml)−1 cm−1 for Shpk.  

 

Sedoheptulose isolation from Sedum spec. 

Sehoheptulose was isolated according to a modified protocol of Schmidt et al 

(Schmidt et al., 1998). Briefly, Leaves of Sedum Spec. were grinded and mixed 

with an equal volume of water. Crude leave mix was pressed and the liquid 

passed through a 0.45 µm filter. Pre-cleared extract was incubated for 10 min at 

37°C with activated carbon. After removal of carbon the extract was 

concentrated by vacuum centrifugation. Concentrate was deproteinized by 

mixing with 50°C pre-heated absolute EtOH. The resulting solution was cleared 

by centrifugation and again concentrated by vacuum centrifugation. For further 

removal of contaminants the extracts were passed over a Dowex AG1X8 

(HCO3
- form) column and concentrated. The final Sedoheptulose preparation 

was ~90% pure as measured by NMR analysis (Figure S1).  

 

Biochemical characterization of Shpk activity. 

To calculate Michaelis-Menten constants for recombinant Shpk preparations 

and Km values for both substrates we used the ADP Quest Assay (DiscoveRx) 

to indirectly measure S-7P formation. The Principle of this assay is to measure 

ADP accumulation over time. Standard curves for ADP allowed us to calculate 

S-7P generation in absolute values. Furthermore we performed a radioactive 

kinase assay by incubating recombinant Shpk with [32P]-ATP in kinase reaction 
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buffer (pH 7.6) containing 25 mM HEPES, 20 mM KCl, 10 mM MgCl2, 10 mM 

ATP and 10 mM Sedoheptulose for 15 minutes at 30°C. The reaction mixture 

was resolved on thin layer chromatography plates (Merck) and developed with 

MeOH:Chloroform:H20 (5:5:1) and subsequently exposed to film. 

 

Purification and characterization of Sedoheptulose-7P 

For preparative generation of S-7P we incubated 10 mM Sedoheptulose with 8 

µg/ml recombinant Shpk in a kinase reaction buffer pH 7.6 containing 25 mM 

HEPES, 20 mM KCl, 10 mM MgCl2 and 10 mM ATP overnight at 30°C. The 

reaction mixture was applied on a Bio-Gel P2-column (Bio-Rad; 40cm length, 

1.6cm in diameter), flushed with water (LiChrosolv Merck) and flow-through 

fractionated in 0.5ml intervals. Each fraction was tested for the presence of S-

7P by thin layer chromatography in junction with anisaldehyde/H2SO4 stain. S-

7P containing fractions were pooled and lyophilized for further NMR analysis.  

 

Nuclear Magnetic Resonance (NMR)  

NMR spectra were recorded at 297 K on a Bruker DPX 400 instrument at 

400.13 MHz for 1H, 100.62 MHz for 13C and 161.97 MHz for 31P using a 5 mm 

broad band probe with z-gradients. The sample contained freeze dried material 

dissolved in 600 l of D2O in a 5 mm NMR tube. The ppm scales were 

calibrated to 2,2-dimethyl-2-silapentane-5-sulfonic acid for 1H (0.00 ppm), 

external 1,4-dioxane for 13C (67.40 ppm) and H3PO4 for 31P (0.00 ppm). NMR 

spectra were recorded using Bruker standard homo-nuclear pulse programs as 

COSY and mlevph. For hetero-nuclear experiments, Bruker standard pulse 

programs were used as HSQC for one bond 1H/13C and 1H/31P correlations and 

HMBC for multiple bond proton-carbon correlations. All homo-nuclear and 
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hetero-nuclear spectra were recorded with 1k x 1k data points and zero filled in 

both dimensions. 

 

3D-Modelling and docking experiments of Shpk  

The model of Shpk was built based on the 3D structure of Xylulose Kinase 

(PDB code: 2ITM) by using MODWEB for homology and comparative modeling 

of protein three-dimensional structures (Eswar et al., 2003; Pieper et al., 2009). 

The generated model was further optimized and validated by employing a 

Molecular Dynamics simulation using Gromacs (Lindahl et al., 2001) by 

applying the following procedure: We immersed the generated model into an 

artificial water bath of 120 Å side length allowing for a minimum distance of 20 Å 

(Omasits et al., 2008) between box boundary and Sedoheptulose. We applied 

periodic boundary conditions. Subsequently, we performed an energy 

minimization of the system using a steepest decent method as implemented in 

Gromacs and then increased the system temperature up to 310°K. Finally, we 

carried out a Molecular Dynamics simulations for a real-time of 25 ns and 

performed the RMSD calculations using the built-in analyses tools of Gromacs 

(Figure S4B). For Sedoheptulose positioning within Shpk we employed an 

automated docking tool AutoDock Vina (Trott and Olson, 2010) to identify 

receptor – ligand interactions. First, we positioned an optimized Sedoheptulose 

model into the cavity of Shpk and then defined flexible AA within close proximity 

to Sedoheptulose (W125, Q126, D257, L258, S279, V280 and L282). AutoDock 

Vina was adjusted to following parameters: exhaustiveness = 400, num_modes 

= 15, energy_range = 60. Flexible docking was calculated for 15 

Sedoheptulose/flexible-AS coordinates, which resulted in a binding affinity 

range of sedoheptulose to the Shpk model between -7.6 to -6.8 kcal/mol. 
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Protein structures were graphically illustrated with PyMOL from Delano 

Scientific LLC (www.pymol.org) or UCSF Chimera (Pettersen et al., 2004). S-7P 

depicted in reaction scheme (Figure 2D) was obtained from a crystal structure 

of Sedoheptulose-7-phosphate Isomerase in complex with S-7P (PDB code: 

2I22). 

 

Western blot 

Total cell lysates were prepared by harvesting cells in cell lysis buffer (50 mM 

Tris-HCl pH 7.6, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100). Tissue samples 

were lysed in RIPA buffer (50 mM Tris-HCl pH 7.6, 150 mM NaCl, 1 mM EDTA, 

, 1% IGEPAL CA-630, 1% sodium deoxycholate, 0.1% SDS) containing 

protease and phosphatase inhibitors (1 mM PMSF plus Complete Mini and 

PhosSTOP; Roche). Cell or tissue lysates were cleared by centrifugation at 

10,000g for 20 minutes. Protein concentrations were determined using the BCA 

assay kit (Pierce). Lysates were boiled for 5 minutes in 1X protein sample 

loading buffer (Invitrogen) containing 5% β-Mercaptoethanol. Samples were 

resolved on 4-12% polyacrylamide gels (Invitrogen) and transferred to PVDF 

membranes (Bio-Rad). After overnight blocking with 5% non-fat dry milk in 

0.05% Tween-20 Tris-buffered saline, blots were incubated with an antibody 

against Carkl/Shpk (ab69920, Abcam Inc.). Antibody-antigen complexes were 

visualized using horseradish peroxidase-conjugated antibodies against rabbit or 

mouse IgG (7076 and 7074, Cell Signaling) and SuperSignal West Pico and/or 

Femto chemiluminescent substrate (Pierce). To confirm equal protein loading, 

blots were re-probed with mouse monoclonal antibody targeting ß-Actin (A5316, 

Sigma). ImageJ software (National Institutes of Health) was used for 

quantitative densitometric analysis of gel band intensities. 
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2D Western blot and dephosphorylation assays 

Total cell lysates were made by harvesting cells in RIPA buffer containing 

Complete protease inhibitor and PhosSTOP phosphatase inhibitor (Roche). Cell 

lysates were cleared by centrifugation at 10,000 g for 20 minutes. For Shpk 

dephosphorylation assay cells were lysed in NEB3 buffer (New England 

Biolabs) containing 1% Triton-X100 and protease inhibitors. Lysates were 

cleared as above and treated with or without calf intestine phosphatase (CIP; 

New England Biolabs) for 60min at 37°C. Proteins were precipitated by 

MeOH/Chloroform extraction and reconstituted in SBII buffer (7 M Urea, 2 M 

Thiourea, 2% CHAPS, 100 mM DTT, 0.2% ampholytes, protease inhibitors 

(Amersham) and PhosSTOP phosphatase inhibitors (Roche). Protein 

concentrations were determined using the Bradford assay (Bio-Rad). 250 µg 

Protein in 155 µl was used to rehydrate one ZOOM strip pH 4-7 (Invitrogen). 

Isoelectric focusing was achieved by 30 V for 1 h, 50 V for 1 h, 250 V for 20 

min, 450 V for 20 min, 750 V for 20 min and 2000 V for 40 min. Strips were first 

equilibrated/reduced in EB buffer (6 M Urea, 50 mM Tris pH 8.8, 2% SDS and 

20% Glycerol) supplemented with 100 mM DTT and secondly alkylated in EB 

buffer containing 2% iodoacetamide. Strips were mounted on NuPAGE 12% 

Bis-Tris gels (Invitrogen) to resolve the second dimension and subsequently 

transferred to PVDF membranes (Bio-Rad). Antibody based detection of Shpk 

was achieved as described above. ImageJ software (National Institutes of 

Health) was used for quantitative densitometric analysis of spot intensities. 
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Silver Stain 

Recombinant Carkl/Shpk protein was resolved on 4-12% polyacrylamide gels 

(Invitrogen) followed by over night fixation in 50% MeOH / 10% acetic acid. Gel 

were washed two times for 10min in 50% MeOH and subsequently sensitized 

with a incubation in 0.02% Sodium thiosulphate for 30sec. and two times shortly 

rinsed with H2O. Staining was performed in the dark for 20min with a 0.1% 

silver nitrate solution which was freshly prepared. After a short wash with H2O 

gels were developed in a 3% sodium carbonate solution containing 0.05% 

formaldehyde. Reaction was stopped by incubation with 1% acetic acid. 

 

Site directed mutagenesis 

Expression plasmids PinPoint Xa_Shpk (bacterial expression) and pShpk 

(eukaryotic expression), containing the mouse Shpk cDNA were mutated using 

the QuickChange site directed mutagenesis kit II according to the manufacture 

instructions (Stratagene). Tryptophan at position 125 (W125) and glutamine at 

position 126 (Q126), both in the pocket of Shpk, were mutated to an aspartic 

acid (D125) and to a lysine (K126) to generate the following plasmids: PinPoint 

Xa_Shpk-W125D, PinPoint Xa_Shpk-Q126K, pShpk-W125D, pShpk-Q126K. 

Furthermore, we generated recombinant Shpk with a mutated ATPase domain 

by replacing threonines 14 and 15 (T14/T15) to methonine (M14) and lysine 

(K15) residues forming PinPoint Xa_Shpk-T14M/T15K plasmid. 

 

FACS 

Cells were stimulated with or without LPS (100 ng/ml) for 24 h. For staining, 

cells were washed with staining buffer (1% FBS and 0,1% sodium azide in PBS) 

and blocked with specific anti-Fc receptor antibody (anti-CD16/32 mAb, 
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BioLegend). After 15 minutes of incubation at room temperature, fluorescently 

labeled monoclonal antibody (FITC-labeled) targeting MHC class II mAb 

(Invitrogen) was added in 100 µl of staining buffer for 30 min at 4°C in darkness, 

followed by extensive washing. More than 0.5x105 cells were analyzed by flow 

cytometry (FACSCalibur™; BD Biosciences). Surface marker analysis was 

performed using FlowJo software (Tree Star, Inc.). 

 

Confocal laser scanning microscopy 

Stable Shpk_eGFP macrophages were cultured in tissue culture treated glass 

slides (BD Falcon). Briefly, for immunofluorescence microscopy, cells were 

washed twice in PBS and exposed to pre-chilled methanol at -20°C for 45 

seconds. Methanol was removed quickly and the coverslips were washed three 

times with PBS. Fixed cells were blocked overnight at 4°C or 2 hrs at RT with 

blocking solution (2% BSA in PBS). Incubation with rabbit polyclonal anti-G6PD 

(ab993, AbCam), -tubulin and ß-Actin (T5168 and A5316 Sigma-Aldrich) was 

performed at RT for 2h followed by four washing steps with PBS 0.05% Tween. 

Alexa-594 conjugated goat anti-rabbit or anti-mouse antibody (Molecular 

Probes) was added for 2h at RT in the dark. Nuclei were visualized with DAPI 

(Sigma-Aldrich). Slides were mounted with moviol and dried overnight at RT in 

the dark. Specimens were then examined using a Zeiss LSM5 laser scanning 

Microscope (Carl Zeiss Optics).  

 

Luciferase reporter assay 

PathDetect NFB cis-reporting luciferase plasmid for measuring transcription 

factor activation contained a basic TATA box in addition to five repetitive NFB 

enhancer element binding sites (Stratagene). RAW264.7 cells were seeded into 
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48well plates and transfected one day thereafter at 1.0 µg/well of reporter 

construct using Superfect reagent (Qiagen) according to the manufacturer’s 

instructions. 24 hours later, cells were treated with or without LPS (100 ng/ml). 

After 8 hours, protein extracts were quantified and assessed for luciferase 

activity (Promega) according to manufactur’s instructions.  

 

Cytokine measurements 

TNF- and IL-6 levels in cell culture supernatants were measured using Mouse 

TNF-/Tnfsf1a and IL-6 Quantikine ELISA Kits purchased from R&D 

Biosystems according to the protocol provided by the manufacturer. 

 

Electron spin resonance 

We employed CMH (1-Hydroxy-2,2,5,5-tetramethyl-pyrrolidine-3-carboxylic acid 

methyl ester) spin probe (Noxygen) to measure absolute superoxide generation 

rates of macrophages after activation (Figure S3A). Cells (4x106/ml) were 

incubated with or without LPS (100ng/ml) in ESR-Krebs HEPES Buffer 

(Noxygen). After two hours of incubation DTPA (0.2 mM) and CMH (2 mM) 

were added to cells. Twenty microliters of the incubated cell suspension were 

aspirated into a Teflon tube (0.9 mm ID) and transferred to a flexline dielectric 

resonator ER4118X-MD5 (Bruker). Electron spin resonance measurements 

were started 2 min after mixing at room temperature using a Bruker EMX 

spectrometer with the following parameters: microwave frequency 9.685 GHz, 

modulation frequency 100 kHz, modulation amplitude 1 G, time constant 0.082 

sec, center field 3446 G, scan rate 71 G/min, sweep 100 G, sweep time 84 s, 

receiver gain 2 104. Always five consecutive scans were recorded and from 

the increase in the peak-to-peak intensity of the middle line from the resulting 



 64

nitroxyl radical CM the CHM oxidation rates were calculated. Absolute CM 

concentrations were obtained by comparison with a calibration curve 

constructed from different CP (3-carboxy-proxyl) concentrations.  

 

Metabolomic analysis 

Cells were grown in 150mm dishes and harvested after three PBS washes by 

centrifugation. The pellet was then frozen in liquid nitrogen and thawed in ice 

water to aid in cell lysis. Extraction solvent, which consisted of 100 µl of ice-cold 

80/20 methanol/water containing 10µM 13C6-citric acid and 13C2-succinic acid as 

internal standards, was added to the cell pellet, and the pellet was disrupted by 

probe sonication using a Branson Sonifier 450 (Danbury, CT) set at 20% duty 

cycle and 40% output power. The sample was sonicated for 20 seconds, 

followed by a 30 second rest period and then 20 additional seconds of 

sonication. The sample was then centrifuged at 14000g at 4°C for 10 minutes, 

and the supernatant was transferred to an autosampler vial for analysis by LC-

MS. 

Samples prepared as described above were separated via hydrophilic 

interaction liquid chromatography (HILIC) and detected online using tandem 

mass spectrometry (MS/MS). The HILIC separation was carried out using an 

Agilent 1200 Rapid Resolution LC system (Agilent, Santa Clara, CA) and a 

Phenomenex Luna NH2 (3 µm, 150 mm x 2.1 mm i.d.) column (Phenomenex, 

Torrance, CA). Mobile phase A was acetonitrile, and mobile phase B was 5 mM 

ammonium acetate in water, adjusted to pH 9.9 with ammonium hydroxide 

solution. The gradient was 60%/40% (A/B) to 100% B over 18 minutes, followed 

by a 0.3-minute hold at 100%B. The mobile phase was returned to 60%/40% 

(A/B) over 0.2 minutes and was held for 17.5 minutes for re-equilibration. The 
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flow rate was 0.25 ml/min and the column temperature was held at 25°C. 8µl of 

sample were injected for each analysis. 

The LC system was coupled on-line to an Agilent 6410 Triple Quadrupole mass 

spectrometer with electrospray ionization (ESI) source. The spray voltage was 

set to -4.0 kV in negative ion mode. The desolvation gas flow rate was 10 L/min, 

the desolvation gas temperature was 350°C, and the nebulizer pressure was 40 

psi. The LC-MS system was controlled using Agilent MassHunter Data 

Acquisition software. Compounds were detected using multiple reactions 

monitoring (MRM) mode with a 50 ms dwell time per transition. Prior to 

performing LC-MS analyses, the MS/MS transitions were optimized for 

detection of metabolite intermediates by flow injection analysis of authentic 

standard compounds.  

 

Human and Murine in vivo models of Endotoxemia 

We employed banked human PBMCs mRNA samples from a previously 

published study (Marsik et al., 2006). Briefly, volunteers were admitted to the 

study ward at 8:00 AM after an overnight fast. Throughout the entire study 

period, participants were confined to bed rest and kept fasting for 8.5 hours 

after LPS infusion. Participants received an intravenous bolus containing 2 

ng/kg LPS (National Reference Endotoxin, Escherichia coli; U.S. 

Pharmacopeia). Blood samples were collected by venipuncture into vacutainer 

tubes containing EDTA (ethylenediaminetetraacetic acid) anticoagulant (Becton 

Dickinson) before LPS infusion and thereafter at the times indicated for PBMCs 

isolation (n=6). For sub lethal murine in vivo endotoxemia, we injected 50 µg/kg 

LPS (Sigma) into tail-vain of male C57BL/6J mice. We subsequently purified, by 

mixing 1:1 vol. 2% dextran with EDTA blood, PBNCs from mice before and after 
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LPS injection (n=3-4). Liver, spleen and kidney were harvested from the same 

animals for RNA isolation. All animal experiments were carried out according to 

an ethical animal license protocol and contract approved by the Medical 

University Vienna.  

 

Statistical Analyses 

All data unless otherwise indicated are shown as mean values ± standard error 

of the mean (SEM) and tested statistical using two-tailed Student’s t test or 

ANOVA. All figures and statistical analyses were generated using GraphPad 

Prism 4. p < 0.05 was considered to indicate statistical significance. 
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Figure S1: NMR spectrum of isolated Sedoheptulose. De-proteinized and 

concentrated plant extract from Sedum spec. was passed over a Dowex AG1X8 

(HCO3
- form) column. After repeated concentration the final Sedoheptulose 

preparation (in D2O) was subjected to NMR analysis (400.13 MHz for 1H NMR 

spectrum). Free Sedoheptulose existed as a tautomeric mixture of -furanose 

(major isomer) and minor amounts of -furanose and -pyranose forms. 
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Figure S2: Shpk Tissue Expression panel; alternative normalization. 

Tissue expression of Shpk either normalized to ß-Actin or to Rplp0 expression 

resulted in a similar Shpk expression profile (Shpk/ß-Actin blue line; Shpk/Rplp0 

red line; n=3). Each set was expressed as fold change to thymus Shpk 

expression. Changes in Shpk expression profile due to the choice of 

housekeeping genes were observed only in the following tissues: Jejunum, 

parotid gland and tissues from the male reproductive system and the brain 

(indicated by arrow).  
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Figure S3: Superoxide measurement in macrophages. (A) CMH reaction 

scheme. CMH is a high cell permeable and non-toxic spin probe for the 

quantification of released intracellular superoxide (O2
.-) production. The 

resulting nitroxyl radical is resistant to reduction by Vitamin C and thiols. The 

half-life time of nitroxyl radical in biological environment is about 4h (Fink and 

Dikalov, 2002). (B) The total O2
.- production of macrophage before and after 

activation with LPS. Control cells (pCtrl) or either overexpressing wild-type Shpk 

(pShpk) or the catalytic inactive form W125D (pShpk W125D) were stimulated 

for 2hrs with 100ng/ml LPS and then analyzed by ESR for O2
.- production. Data 

represents means ± SEM of four independent experiments; ns= not significant, 

**p < 0.01 
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B)

N

OH

O

O

N

O  

O

O

+  O2
.- + H+ +  H2O2



 78

Figure S4: Generation of a Shpk 3D Model. We generated a structural 3D 

homology model of murine Shpk to gain detailed insight into its mechanistic 

action. A) Represents the immersed Shpk 3D model in an artificial water bath of 

120 Å side lengths. B) RMSD calculations of WT Shpk and mutant 

Shpk_W125D for Molecular Dynamics simulations (real-time of 25 ns). 
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Figure S5: Shpk Sequence Alignment of multiple species. Shpk amino acid 

sequence is highly conserved among a variety of animals (e.g. human to mouse 

identity 87.2%). Homology table was generated with AlignX, a component of 

Vector NTI 11.0 (Invitrogen). Conserved amino acids were illustrated in blue 

and identical in red.   

                  1                                               50 
     Human    (1) ---MAARPITLGIDLGTTSVKAALLRAAPDDPSGFAVLASCARAARAEAA 
Chimpanzee    (1) ---MAAPPITLGIDLGTTSVKAALLRAAPDDPSGFAVLASCARAARAEAA 
     Mouse    (1) ---MASRPVTLGIDLGTTSVKAALLEAAPSLPSGFVVLASCARAARAE-- 
       Rat    (1) ---MTSRPVTLGIDLGTTSVKAALLEAAPGHPSGFVVLASCARAAGAET- 
   Chicken    (1) MEGGPDSVCVLGIDLGTTSVKAALVVGTE---RGQVVAESCSRETQAYT- 
       Cow    (1) -AVMAARSVTLGIDLGTTSVKAALVEAALGDPSGFVVLASCARAAQAETA 
       Dog    (1) ---MAARVVTLGIDLGTTSVKAALLEAAPGHPPGFVVLASCARAARAEA- 
 
                  51                                             100 
     Human   (48) VESAVAGPQGREQDVSRILQALHECLAALPRPQLRSVVGIGVSGQMHGVV 
Chimpanzee   (48) VESAVAGPQGREQDVSRILQALHECLAALPRPQLRSVVGIGVSGQMHGVV 
     Mouse   (46) TESAVAGPQGREQDVTRIIQALNECLDALPRQQLQRVRGIGVSGQMHGIL 
       Rat   (47) -ESAAAGPQGREQDVTRIIQALNECLDALPPRQLQRVGAIGVSGQMHGIL 
   Chicken   (47) -SSVEAGLQGMEQDSRRIIRALNECLAALPQQQLQRVSHIGISGQMHGIV 
       Cow   (50) AQSAAAGPQGQEQDVKRIIQALHECLAALPRQQLRKVCGIGVSGQMHGVM 
       Dog   (47) ----AA-PQGQEQDVSRIIQALNECLAALPRQLLQEVCGIGVSGQMHGVM 
            

                  101                                              150             
     Human   (98) FWKTGQGCEWTEGGITPVFEPRAVSHLVTWQDGRCSSEFLASLPQPKSHL 
Chimpanzee   (98) FWKTGQGCKWTEGGVTPVFEPRAVSHLVTWQDGRCSSEFLASLPQPKSHL 
     Mouse   (96) FWKAGQGCEWMEGGPAFVFEPRAVSHLVTWQDGRCNSSFLASLPKPDSHL 
       Rat   (96) FWKTGQGCEWTERGSAPVFEPRAVSHLVTWQDNRCNSGFLASLPKPASHL 
   Chicken   (96) FWKRDQGCKWTEGGTGPIFEPEEVSHLVTWQDGRCSPAFLSSLPLPQSHI 
       Cow  (100) FWKTGQGCAWTEGGAAPVFEPRAVSHLVTWQDGRCSSEFLASLPQPESHL 
       Dog   (92) FWKTDQGCEWREGRVSPVFEPGAVSHLVTWQDGRCSSGFLASLPQPESHL 
 
                  151                                            200 
     Human  (148) SVATGFGCATIFWLLKY---RPEFLKSYDAAGTIHDYVVAMLCGLPRPLM 
Chimpanzee  (148) SVATGFGCATIFWLLKY---RPEFLKSYDAAGTIHDYVVAMLCGLPRPLM 
     Mouse  (146) SVATGFGCATIFWLLKN---SPEFLKSYDAAGTIQDYVVAMLCGLPRPLM 
       Rat  (146) SVATGFGCATIFWLLKN---SPEFLKSYDVAGTIQDYVVAMLCGLPRPLM 
   Chicken  (146) SLATGFGCATIYWYLKQ---SPDFLKSYDAAGTIHDYVVAMLCDLKKPLM 
       Cow  (150) SVATGFGCATIFWLLKN---SPEFLKSYDTAGTIHDYVVAMLCGLARPLM 
       Dog  (142) SVASGFGCATIFWLLKNRKTSPELLKSYDAAGTIHDYVVAMLCGLPRSLM 
 
                  201                                            250 
     Human  (195) SDQNAASWGYFNTQSQSWNVETLRSSGFPVHLLPDIAEPGSVAGRTSHMW 
Chimpanzee  (195) SDQNAASWGYFNTQSQSWNVETLRSSGFPVHLLPDIAEPGSVAGRTSHMW 
     Mouse  (193) SDQNAASWGYFNTQSQSWNLDTLEKAGFPIHLLPDIAEPGSMAGRTSHTW 
       Rat  (193) SDQNAASWGYFNTQSQSWNSDILQMAGFPTHLLPDIAEPGSLAGRTSHTW 
   Chicken  (193) SVQNAASWGYFNSRNKSWNTDILKKSGFPVHLLPEVGDPGSIAGRTICAW 
       Cow  (197) SDQNAASWGYFNTRSQSWNLEILRAAGFPVQLLPDVAEPGSVAGRTSQAW 
       Dog  (192) CDQNAASWGYFNTQSQSWNLEILRASGFPVHLLPDIAEAGSVAGRTSRAW 
 
                  251                                            300 
     Human  (245) FEIPKGTQVGVALGDLQASVYSCMAQRTDAVLNISTSVQLAASMPSGFQP 
Chimpanzee  (245) FEIPKGTQVGVALGDLQASVYSCMAQRTDAVLNISTSVQLAASMPSGFQP 
     Mouse  (243) FEIPKGTQVGIALGDLQASVYSCMGQRTDAVLNISTSVQLAASMPVGFQP 
       Rat  (243) FEIPAGTEVGVALGDLQASVYSCMGQRTDAVLNISTSVQLAASMPVGFQP 
   Chicken  (243) HGIPKGTKVGIALGDFQCSVYSCLTERTDAVLNISTSAQLTISMPSGFQP 
       Cow  (247) FEIPRGTQVGVALGDLQASVYSCMAQKTDAVLNISTSVQLVASMPSGFQP 
       Dog  (242) FEIPKGTPVGVALGDLQASVYSCMAKRTDAVLNISTSVQLATSMPSGFQP 
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             301                                            350 
     Human  (295) AQTPDPTAPVAYFPYFNRTYLGVAASLNGGNVLATFVHMLVQWMADLGLE 
Chimpanzee  (295) AQTPDPTAPVAYFPYFDRTYLGVAASLNGGNVLATFVHMLVQWMADLGLE 
     Mouse  (293) LQTPDPAAPVAFFPYFDRTYLGVAASLNGGNVLATFVHMLVQWMADLGLE 
       Rat  (293) PQTPDPAAPVAFFPYFDRTYLGVAASLNGGNVLATFVHMLVQWMTDLGLE 
   Chicken  (293) PETPDPSSAVTYFPYFDGDYLAVAASLNGGNVLATFVDMVAQWTEELGFQ 
       Cow  (297) PETPDPAAPVAYFPYFDRTYLAVAASLNGGNVLATFVHMLVQWMADLGLQ 
       Dog  (292) AQTPDPAAPVTYFPYFDRTYLAVAASLNGGNVLATFVHMLVQWMMDLGLE 
 
                  351                                            400 
     Human  (345) VEESTVYSRMIQAAVQQRDTHLTITPTVLGERHLPDQLASVTRISSSDLS 
Chimpanzee  (345) VEESTVYSRMIQAAVQQRDTHLTITPTVLGERHLPDQLASVTRISSSDLS 
     Mouse  (343) VEESTVYSRMIQAAAQQKDTHLTITPTVLGERHLPDQLASVTRISSSDLS 
       Rat  (343) VEESTVYSRMIQAAAQQKDTHLTITPTVLGERHLPDQLASVTRISSSDLS 
   Chicken  (343) IQESAIYAKIIKAALDQNDSHLSVRPTLFGERHIPDQLASVASIAASELS 
       Cow  (347) VEESMVYSCMIQAAAQQRDTCLTITPTVLGERHLPDQLASVTGISSSDLS 
       Dog  (342) VEESTVYSRMIQAAAQQRDTCLTITPTVLGERHLPDQLASVTRISSSDLT 
 
                  401                                            450 
     Human  (395) LGHVTRALCRGIVQNLHSMLPIQQLQDWGVERVMGSGSALSRNDVLKQEV 
Chimpanzee  (395) LGHVTRALCRGIVQNLHSMLPIQQLQEWGVERVMGSGSALSRNDVLKQEV 
     Mouse  (393) LGHVTRALCRGIVQNLHSMLPFQQLKEWGVARVVGSGSALSRNEVLKQEV 
       Rat  (393) LGHVTRALCRGIVQNLHSMLPFQQLQEWGVERVVGSGSALSRNEVLKQEV 
   Chicken  (393) LGHVTRAVCRGVIENLCSMLPVQRLMETGVRRILGSGSALARNEVLRQEV 
       Cow  (397) LGHVTRALCRGIVQNLHSMLPFRQLREWGVERVIGSGSALSRNEVLKQEV 
       Dog  (392) LGHVTRALCRGIVQNLHSMLPFQQLKEWGVERVIGSGSALSRNEVLKQEV 
 
                  451                            484 
     Human  (445) QRAFPLPMSFGQDVDAAVGAALVMLRRHLNQKES 
Chimpanzee  (445) QRAFPLPMSFGQDVDAAVGAALVMLRRHLNQKES 
     Mouse  (443) QRAFPFPVCFGQDVDAAFGAALVMLQRDLSQKEP 
       Rat  (443) QRAFPFPVCFGQDVDAAFGAALVMLRRDIS---- 
   Chicken  (443) ERILPFPVVYGKDVDAAVGAAMVMFHRK------ 
       Cow  (447) QRAFPLPVSYGQDVDAAVGAALVMLQRSLSQQKS 
       Dog  (442) QRAFPFPVSFGQDVDAAVGAALVMLQKNLNQRES 
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Figure S6: IL6 and TNF mRNA expression in Shpk deficient cells. LPS 

induced IL-6 and TNFa expression in Shpk shRNAmir expressing cells (miShpk, 

indicated by red bars) and in control cells (LMP, black bars; see also Fig 3A). 

LPS (100ng/ml) elicited TNF and IL6 mRNA expression were measured 2hrs 

after stimulation by real-time PCR. (A) In miShpk cells we found TNF mRNA 

significantly increased in resting but not in activated macrophages. IL-6 mRNA 

expression was significantly increased in miShpk cells after activation by LPS 

(B). In resting miShpk macrophages we observed a moderate but not significant 

increase in IL6 mRNA compared to LMP cells. Data represents means ± SEM 

of at least three independent experiments; **p < 0.01, ***p < 0.001 

 
 
 
A)          B) 
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Figure S7: Shpk expression in Kidney after endotoxemia. Kidney 

homogenates of mice, which received an i.v. injection of 50µg/kg LPS or vehicle 

control, were tested for Shpk expression at indicated times. Similarly to the 

effects of LPS on Shpk expression in murine primary or transformed 

macrophages as well as liver and spleen tissue (Figure 26), we observed a 

significant but moderate reduction in Shpk message in the kidney beginning 1hr 

post stimulation with maximal mean reduction at 24 hrs. This was specific to the 

kidney as mRNA isolated from the liver and spleen of the same animals showed 

a recovery in Shpk expression after 24 hrs. Data represents means ± SEM; 

n=3-4; *p < 0.05, **p < 0.01. 
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Figure S8: Shpk Co-Localization before and after Macrophage activation. 

We evaluated Shpk protein distribution and co-localization in RAW264.7 cells 

stably expressing Shpk_eGFP in very low amounts. We have shown that Shpk 

co-localize with G6PD (FIG 2G). (A) As many metabolic enzymes, Shpk co-

localized with -tublin. (B) Cellular distribution of Shpk could be disrupted by 

nocodazol (20µM) treatment for 30min, indicating that Shpk was attached to 

microtubule filament. (C and D) In response to LPS, Shpk was partially 

relocated from cytosol/ER to the cell membrane (indicated by arrows) in respect 

to unstimulated cells. A very similar LPS induced membrane-lining could be 

observed for G6PD, which is known to localize to the membrane adjacent to 

microtubule filaments (Petty et al., 2005). Co-localization of Shpk and G6PD 

after LPS stimulation is shown in (D). Cellular localization of Shpk, i.e. after 

activation, is in agreement with previously published data on G6PD which has 

been shown to be attached to microtubules near the cell membrane and in 

close proximity to the glucose transporter and other cytoskeleton-associated 

metabolic enzymes (Kindzelskii et al., 2002; Vertessy et al., 1997; Volker and 

Knull, 1997).  
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Supplementary Table 1: Kinase Screen Results 
 
                                                                   
 

Gene symbol 
GenBank 

Accession CloneType   Rep1 Rep2 Rep3   Mean SD 

MAPK1 NM_138957 ProteinKinase  5 7 9  7 1.91 

MAPK8 NM_002750 Protein Kinase   8 11 22   13 7.31 

MAP2K3 NM_002756 Protein Kinase   6 -1 -4   0 4.91 

CSNK1E NM_001894 Protein Kinase   -10 -8 -2   -7 4.51 

MAPK14 NM_139012 Protein Kinase   33 30 33   32 1.65 

MAP2K5 NM_145160 Protein Kinase   -5 6 23   8 13.92 

MAP2K2 NM_030662 Protein Kinase   18 7 11   12 5.60 

MAP2K4 NM_003010 Protein Kinase   17 8 33   19 12.88 

CSK NM_004383 Protein Kinase   9 -30 2   -6 20.83 

DAPK3 NM_001348 Protein Kinase   11 11 25   16 7.68 

PTK9 NM_002822 Protein Kinase   23 26 18   22 4.18 

MAPK13 NM_002754 Protein Kinase   11 -17 13   3 16.91 

MAPK11 NM_002751 Protein Kinase   -7 -15 -18   -13 5.66 

CDK7 NM_001799 Protein Kinase   -17 -16 -7   -13 5.52 

CDK4 NM_000075 Protein Kinase   -7 -15 -16   -13 4.74 

CDK5 NM_004935 Protein Kinase   -15 -17 -44   -25 16.11 

STK3 U60206 Protein Kinase   -16 -25 -22   -21 4.69 

SSTK NM_032037 Protein Kinase   -20 -23 -16   -19 3.68 

CSNK2A1 NM_001895 Protein Kinase   -2 -6 -13   -7 5.72 

TOPK NM_018492 Protein Kinase   -1 -1 -1   -1 0.12 

CSNK1A1 NM_001892 Protein Kinase   7 4 -5   2 6.35 

PIP5K1C BC011138.1 Non-protein Kinase 0 1 5   2 2.98 

UCK1 BC015547.1 Non-protein Kinase 3 -9 -11   -6 7.59 

PLAU BC013575.1 Non-protein Kinase -8 -19 -3   -10 8.25 

AK5 BC012467.1 Non-protein Kinase 3 -1 -7   -2 5.03 

AK3L1 BC013771.1 Non-protein Kinase 4 3 13   7 5.68 

FLJ11159 BC000953.2 Protein Kinase   -17 -9 3   -8 10.14 

MAP3K7 BC017715.1 Protein Kinase   -7 -3 11   0 9.46 

LCK BC013200.1 Protein Kinase   -1 -6 -3   -3 2.65 

DKFZP586B1621 BC001341.1 Non-protein Kinase -4 -1 6   0 4.84 

NDUFA10 BC003417.1 Non-protein Kinase 0 -11 -3   -5 5.35 

PANK3 BC013705.1 Non-protein Kinase -15 -14 -6   -12 4.82 

RAF1 BC018119.1 Protein Kinase   -15 -18 -8   -14 4.83 

PAK4 BC011368.1 Protein Kinase   -6 -8 7   -2 8.48 

CDK9 BC001968.1 Protein Kinase   1 -9 -4   -4 5.07 

MVK BC016140.1 Non-protein Kinase -2 14 19   10 10.89 

LIMK2 BC013051.1 Protein Kinase   9 3 7   6 3.20 

SGK BC001263.1 Protein Kinase   -9 0 9   0 9.30 

ITPK1 BC018192.1 Non-protein Kinase 5 11 2   6 4.28 

MAP3K11 BC011263.1 Protein Kinase   4 12 18   11 6.72 

FLJ14813 BC009107.1 Protein Kinase   10 21 12   14 5.54 

IHPK2 BC001864.1 Non-protein Kinase 14 27 28   23 7.70 

DGUOK BC001121.1 Non-protein Kinase 0 -10 -4   -5 5.32 

GSK3B BC000251.1 Protein Kinase   -4 -16 2   -6 9.13 

TRAP1 BC002994.1 Non-protein Kinase -2 -11 -6   -6 4.36 

 
Effect on TNF 

secretion  

  (change to control in %)  
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NME2 BC002476.1 Non-protein Kinase -12 -12 -2   -9 5.70 

PRKRA BC009470.1 Non-protein Kinase 3 -16 -7   -7 9.50 

CHEK2 BC004207.1 Protein Kinase   -28 -26 -21   -25 3.68 

NEK6 BC004209.1 Protein Kinase   -8 -17 -10   -12 4.39 

PRKCZ BC008058.1 Protein Kinase   -6 -10 6   -4 8.37 

TRB2 BC002637.1 Protein Kinase   4 -5 -6   -3 5.32 

AD034 BC006104.1 Protein Kinase   -2 0 12   4 7.24 

PRPS1 BC001605.1 Non-protein Kinase 4 -1 -2   0 2.79 

PLK BC003002.1 Protein Kinase   -7 1 13   2 9.77 

DYRK2 BC006375.1 Protein Kinase   -4 -8 -3   -5 2.61 

FASTK BC000377.1 Protein Kinase   -4 -2 4   -1 3.75 

NME3 BC000250.1 Non-protein Kinase 0 -5 -14   -6 7.32 

GCK BC001890.1 Non-protein Kinase 3 6 0   3 2.72 

TAF9 BC007426.1 Non-protein Kinase 16 16 10   14 3.05 

MPP1 BC002392.1 Non-protein Kinase -5 3 7   2 6.24 

PMVK BC006089.1 Non-protein Kinase 7 4 -5   2 5.95 

AK1 BC001116.1 Non-protein Kinase -5 4 5   1 5.46 

PCK2 BC001454.1 Non-protein Kinase 0 3 -4   -1 3.21 

NAGK BC001029.1 Non-protein Kinase -9 -7 4   -4 7.12 

SPHK2 BC006161.1 Non-protein Kinase 4 4 -1   2 3.16 

STK12 BC000442.1 Protein Kinase   -3 7 3   2 4.61 

ARAF1 BC002466.1 Protein Kinase   15 14 25   18 6.00 

HRI BC006524.1 Protein Kinase   5 11 28   15 12.15 

H11 BC002673.1 Protein Kinase   18 14 29   20 8.11 

NBP BC006354.1 Non-protein Kinase 9 9 18   12 5.05 

FLJ10986 BC000610.1 Non-protein Kinase 10 6 14   10 3.87 

PI4KII BC003167.1 Non-protein Kinase 12 12 28   17 9.34 

RPS6KB2 BC000094.1 Protein Kinase   24 38 31   31 7.17 

AKT1 BC000479.1 Protein Kinase   21 28 43   31 11.04 

DTYMK BC001827.1 Non-protein Kinase -8 0 9   1 8.36 

CLK3 BC002555 Protein Kinase   16 15 45   25 17.22 

SNK BC013879.1 Protein Kinase   20 39 26   29 9.53 

RPS6KA2 BC002363.1 Protein Kinase   35 41 37   38 3.34 

PFKM BC000534.1 Non-protein Kinase 33 43 38   38 4.67 

PDK2 BC005811.1 Protein Kinase   16 6 33   18 13.64 

GALK1 BC001166.1 Non-protein Kinase -19 8 21   3 20.49 

OSR1 BC008726.1 Protein Kinase   37 29 46   37 8.70 

RIPK2 BC004553.1 Protein Kinase   -16 19 14   6 18.96 

PKM2 BC007640.1 Non-protein Kinase 3 9 17   10 7.30 

STK16 BC002618.1 Protein Kinase   0 17 20   12 11.08 

NRBP BC001221.1 Protein Kinase   45 52 65   54 9.94 

KHK BC006233.1 Non-protein Kinase 51 57 68   58 8.69 

PIK4CB BC000029.1 Non-protein Kinase 39 51 60   50 10.63 

CKMT1 BC006467.1 Non-protein Kinase 51 51 75   59 13.91 

HK1 BC008730.1 Non-protein Kinase 59 47 63   57 8.43 

PFKP BC002536.1 Non-protein Kinase 53 56 64   57 5.72 

EKI1 BC006111.1 Non-protein Kinase 27 6 12   15 10.37 

MAPKAPK3 BC007591.1 Protein Kinase   30 35 34   33 2.68 

SPHK1 BC008040.1 Non-protein Kinase 51 45 50   49 3.14 

CKB BC019281.1 Non-protein Kinase 42 9 15   22 17.86 

NME4 BC004880.1 Non-protein Kinase 2 -21 -21   -13 13.29 

PIP5K1A BC007833.1 Non-protein Kinase 34 36 19   30 9.17 
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PCTK3 BC011526.1 Protein Kinase   7 -12 1   -2 9.88 

C20orf64 BC009727.1 Protein Kinase   -2 -12 -10   -8 5.05 

PHKG2 BC002541.1 Protein Kinase   6 7 5   6 0.93 

UMPK BC002906.1 Non-protein Kinase 14 17 21   17 3.75 

STK15 BC006423.1 Protein Kinase   25 22 28   25 3.34 

MGC8407 BC005828.1 Protein Kinase   4 4 5   4 0.48 

DDR1 BC008716.1 Protein Kinase   4 25 30   20 13.57 

CKM BC007462.1 Non-protein Kinase 8 25 34   23 12.95 

MATK BC003109.1 Protein Kinase   -10 18 3   4 14.31 

BCKDK BC007363.1 Protein Kinase   0 -7 -15   -8 7.49 

GALK2 BC005141.1 Non-protein Kinase -12 -18 -10   -13 4.28 

PMS1 BC008410.1 Non-protein Kinase 28 18 28   24 5.90 

PCTK1 BC001048.1 Protein Kinase   11 -1 4   5 5.62 

NME7 BC006983.1 Non-protein Kinase 22 -6 7   8 13.86 

RET BC004257.1 Protein Kinase   2 -4 5   1 4.89 

PFKL BC007536.1 Non-protein Kinase 11 9 -9   4 10.90 

FGR BC002836.1 Protein Kinase   -9 -13 -15   -12 2.74 

ADK BC003568.1 Non-protein Kinase -5 1 28   8 17.72 

PDXK BC000123.1 Non-protein Kinase 1 -4 -6   -3 3.47 

FLJ23356 NM_032237 Protein Kinase   3 -2 -6   -2 4.85 

CAMK1 NM_003656 Protein Kinase   -13 -31 -32   -26 10.87 

STK22D NM_032028 Non-protein Kinase 12 7 28   16 10.53 

LIMK1 NM_002314 Protein Kinase   -2 -18 -8   -9 8.05 

DLG5 U61843 Non-protein Kinase -8 -18 -13   -13 4.89 

PIK3CB NM_006219 Non-protein Kinase -3 -16 -15   -11 7.25 

PRKG1 NM_006258 Protein Kinase   -10 -18 -20   -16 4.84 

PRKCD NM_006254 Protein Kinase   -45 -25 -24   -31 11.96 

PRKCL2 NM_006256 Protein Kinase   2 -7 -3   -3 4.37 

TRA1 NM_003299.1 Non-protein Kinase -41 -38 -31   -37 4.86 

HIPK3 AF305239 Protein Kinase   33 27 20   26 6.62 

PIP5K1B NM_003558 Non-protein Kinase 12 5 12   9 4.23 

DGKG NM_001346 Non-protein Kinase 18 9 -1   9 9.82 

ATR NM_001184 Protein Kinase   19 18 18   19 0.63 

STK10 NM_005990 Protein Kinase   18 11 7   12 5.38 

RPS6KA3 NM_004586 Protein Kinase   18 1 29   16 14.16 

RPS6KA6 NM_014496 Protein Kinase   33 19 20   24 7.68 

PIK3CA U79143 Non-protein Kinase 25 11 31   23 10.21 

ERK8 NM_139021 Protein Kinase   12 3 11   9 4.74 

STK22C NM_052841 Protein Kinase   1 2 11   5 5.61 

MAPK3 BC013992 Protein Kinase   24 13 28   22 7.59 

GUK1 BC009914.1 Non-protein Kinase -9 -14 -6   -10 4.42 

STK11 BC007981.1 Protein Kinase   57 28 29   38 16.32 

C20orf97 BC019363.1 Protein Kinase   -4 -10 -5   -6 3.25 

ACVR1B BC000254.1 Protein Kinase   1 -21 -25   -15 13.98 

CDK2 BC003065.1 Protein Kinase   1 -20 7   -4 13.85 

CNP BC006392.1 Non-protein Kinase -21 -21 -6   -16 8.59 

FLJ10349 BC007815.1 Non-protein Kinase 14 -11 26   10 18.93 

PRKCI NM_002740 Protein Kinase   -20 -9 -14   -15 5.51 

CHEK1 NM_001274 Protein Kinase   -7 25 42   20 24.68 

STK17A NM_004760 Protein Kinase   -20 -12 -12   -15 4.37 

LYN NM_002350 Protein Kinase   -6 -8 8   -2 8.63 

AKT3 NM_005465 Protein Kinase   -13 -8 -31   -17 12.57 
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CDK6 NM_001259 Protein Kinase   -15 -16 -28   -19 7.06 

FRK NM_002031 Protein Kinase   -18 -14 -14   -15 2.12 

CAMK2A NM_171825 Protein Kinase   -24 -24 -30   -26 3.45 

MAPKAPK2 NM_004759 Protein Kinase   -23 -32 -30   -28 4.74 

MAP3K8 NM_005204 Protein Kinase   -14 -6 -24   -15 8.68 

PRKAA1 AF100763 Protein Kinase   -20 -14 -16   -17 2.94 

GPRK7 NM_017572 Protein Kinase   -25 -17 -26   -22 4.78 

ITK NM_005546 Protein Kinase   -31 -35 -17   -27 9.54 

GPRK5 NM_005308 Protein Kinase   -9 -3 5   -2 7.32 

TEC NM_003215 Protein Kinase   -24 -16 -8   -16 8.18 

PGK2 NM_138733 Non-protein Kinase -10 -13 6   -6 10.32 

PSKH1 XM_043047 Protein Kinase   2 6 -1   3 3.32 

LOC51231 NM_016440 Protein Kinase   15 2 4   7 6.98 

PI4K2B NM_018323 Non-protein Kinase -15 -16 -10   -14 2.95 

PKMYT1 U61843 Protein Kinase   -10 -3 1   -4 5.75 

ACVRL1 NM_000020 Protein Kinase   -7 -7 19   2 14.97 

AK2 NM_001625 Non-protein Kinase -22 -17 -18   -19 2.20 

BLK NM_001715 Protein Kinase   -7 -10 5   -4 7.79 

SUDD NM_003831 Protein Kinase   -10 1 -21   -10 11.32 

PCTK2 BC033005 Protein Kinase   -3 4 -1   0 3.32 

FN3K NM_022158 Non-protein Kinase -16 -14 -19   -16 2.79 

TXK NM_003328 Protein Kinase   -3 14 18   10 11.15 

CKLiK NM_020397 Protein Kinase   11 5 1   6 5.08 

MGC35392 XM_058333 Non-protein Kinase -37 -34 -22   -31 7.92 

TGFBR2 NM_003242 Protein Kinase   -18 -15 -16   -16 1.51 

SGK2 NM_016276 Protein Kinase   -20 -19 -9   -16 5.65 

CHKL NM_005198 Non-protein Kinase -23 -25 -22   -23 1.57 

VRK1 NM_003384 Protein Kinase   -20 -15 -12   -16 3.70 

MGC42105 XM_094437 Protein Kinase   -10 -2 18   2 14.48 

STK38 NM_007271 Protein Kinase   -8 -8 7   -3 8.48 

CAMK1G NM_020439 Protein Kinase   -23 -20 -12   -18 5.62 

PIP5K2C NM_024779 Non-protein Kinase -18 -26 -3   -15 11.88 

DCK NM_000788 Non-protein Kinase -17 -11 -8   -12 4.52 

ACVR1 NM_001105 Protein Kinase   -9 -15 -17   -14 4.52 

NEK7 NM_133494 Protein Kinase   -26 -20 -22   -23 2.90 

PIM1 NM_002648 Protein Kinase   -29 -29 -8   -22 12.35 

PRPS2 NM_002765 Non-protein Kinase 10 23 24   19 7.39 

GK NM_000167 Non-protein Kinase -31 -23 -7   -20 12.36 

FLJ10842 NM_018238 Non-protein Kinase -15 -14 -24   -18 5.88 

IKBKE NM_014002 Protein Kinase   -13 -14 0   -9 7.77 

LOC169505 XM_095725.4 Non-protein Kinase -7 -13 -22   -14 7.68 

EPHA4 NM_004438 Protein Kinase   -7 -4 -16   -9 6.46 

DGKA NM_001345 Non-protein Kinase 2 -3 -10   -3 6.11 

CARKL BC020543.1 Non-protein Kinase -27 -32 -39   -33 6.15 

NME1 BC000293.1 Non-protein Kinase -34 -30 -30   -31 2.46 

MLH1 BC006850.1 Non-protein Kinase 7 18 14   13 5.52 

PIK4CA BC018120.1 Non-protein Kinase 1 -13 -14   -9 8.31 

FLJ20574 BC014794.1 Protein Kinase   -18 -28 -30   -25 6.30 

SGKL BC015326.1 Protein Kinase   -17 -23 -21   -21 2.94 

PDK3 BC015948.1 Protein Kinase   -17 -29 -25   -24 5.69 
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Supplementary Table 2: Primers used for mRNA expression analysis by 
Q-RT PCR. 
 
 

Gene Forward Primer (5’ to 3’) Reverese Primer (5’ to 3’) 
   
MOUSE   

ß-Actin TAGACTTCGAGCAGGAGATGGC CCACAGGATTCCATACCCAAGA 

Carkl/Shpk CAGGCCAAGGCTGTGAAT GCCAGCTGCATCATAGGACT 

IL-10 GCCAGAGCCACATGCTCCTA GTCCAGCTGGTCCTTTGTTTG 

IL-6 GGATACCACTCCCAACAGACCT GCCATTGCACAACTCTTTTCTC 

IL-1 CTCTAGAGCACCATGCTACAGAC  TGGAATCCAGGGGAAACACTG 

IL-1 TGTGCAAGTGTCTGAAGCAGC TGGAAGCAGCCCTTCATCTT 

TNF GAACTGGCAGAAGAGGCACT AGGGTCTGGGCCATAGAACT 

TNFsf15 TCCCCGGAAAAGACTGTATG GCCATCCCTAGGTCATGTTC 

MIF CTGCACCGCTGTTCTTTGAG ATTTCTCCCGGCTGGAAGGT 

IL-13R ATGGCTTTTGTGCATATCAGATG CAGGTGTGCTCCATTTCATTCTA 

IL-4R GAGTGAGTGGAGTCCTAGCATC GCTGAAGTAACAGAACAGGC 

TLR4 TCTGGCATCATCTTCATTGTCC GCGATACAATTCCACCTGCTG 

CD11b CAAGTGCCTGTCACACTGAGC TGCAACAGAGCAGTTCAGCAC 

Cxcl2 AGTGAACTGCGCTGTCAATG TTCAGGGTCAAGGCAAACTT 

MIP-1a (Ccl3) CACGCCAATTCATCGTTGAC  CATTCAGTTCCAGGTCAGTG 

MCP-1 (Ccl2) AGGTCCCTGTCATGCTTCTG TCTGGACCCATTCCTTCTTG 

MCP-3 (Ccl7) AGGATCTCTGCCACGCTTC CCCACACTTGGATGCTGAA 

Rplp0 GCCAATAAGGTGCCAGCTGCTG GAGGTCTTCTCGGGTCCTAG 

   

HUMAN   

Carkl/Shpk GCCAAAGCTGGAACGTAGAG CGAGGTGCTGATGTTGAGAA 

ß-Actin CGCGAGAAGATGACCCAGATC TCACCGGAGTCCATCACGA 

TNF CAGCCTCTTCTCCTTCCTGA CAGCTTGAGGGTTTGCTACA 
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Abstracts 

 

Haem arginate infusion stimulates haem oxygenase-1 expression in 

healthy subjects. 

 

Doberer D, Haschemi A, Andreas M, Zapf TC, Clive B, Jeitler M, Heinzl H, 

Wagner O, Wolzt M, Bilban M. 

 

BACKGROUND AND PURPOSE Haem oxygenase 1 (HO-1) is an inducible 

protein that plays a major protective role in conditions such as ischaemia-

reperfusion injury and inflammation. In this study, we have investigated the role 

of haem arginate (HA) in human male subjects in the modulation of HO-1 

expression and its correlation with the GT length polymorphism (GT(n) ) in the 

promoter of the HO-1 gene.  

EXPERIMENTAL APPROACH In a dose-escalation, randomized, placebo-

controlled trial, seven healthy male subjects with a homozygous short (S/S) and 

eight with a long (L/L) GT(n) genotype received intravenous HA. HO-1 protein 

expression and mRNA levels in peripheral blood monocytes, bilirubin, 

haptoglobin, haemopexin and haem levels were analysed over a 48 h 

observation period.  

KEY RESULTS We found that the baseline mRNA levels of HO-1 were higher 

in L/L subjects, while protein levels were higher in S/S subjects. HA induced a 

dose-dependent increase in the baseline corrected area under the curve values 

of HO-1 mRNA and protein over 48 h. The response of HO-1 mRNA was 

more pronounced in L/L subjects but the protein level was similar across the 

groups. CONCLUSIONS AND IMPLICATION HA is an effective inducer of HO-1 

in humans irrespective of the GT(n) genotype. The potential therapeutic 

application of HA needs to be evaluated in clinical trials. 

 

Br J Pharmacol. 2010 Dec;161(8):1751-62. 
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Drosophila genome-wide obesity screen reveals hedgehog as a 

determinant of brown versus white adipose cell fate. 

 

Pospisilik JA, Schramek D, Schnidar H, Cronin SJ, Nehme NT, Zhang X, Knauf 

C, Cani PD, Aumayr K, Todoric J, Bayer M, Haschemi A, Puviindran V, Tar K, 

Orthofer M, Neely GG, Dietzl G, Manoukian A, Funovics M, Prager G, Wagner 

O, Ferrandon D, Aberger F, Hui CC, Esterbauer H, Penninger JM. 

 

Over 1 billion people are estimated to be overweight, placing them at risk for 

diabetes, cardiovascular disease, and cancer. We performed a systems-level 

genetic dissection of adiposity regulation using genome-wide RNAi screening in 

adult Drosophila. As a follow-up, the resulting approximately 500 candidate 

obesity genes were functionally classified using muscle-, oenocyte-, fat-body-, 

and neuronal-specific knockdown in vivo and revealed hedgehog signaling as 

the top-scoring fat-body-specific pathway. To extrapolate these findings into 

mammals, we generated fat-specific hedgehog-activation mutant mice. 

Intriguingly, these mice displayed near total loss of white, but not brown, fat 

compartments. Mechanistically, activation of hedgehog signaling irreversibly 

blocked differentiation of white adipocytes through direct, coordinate modulation 

of early adipogenic factors. These findings identify a role for hedgehog signaling 

in white/brown adipocyte determination and link in vivo RNAi-based scanning of 

the Drosophila genome to regulation of adipocyte cell fate in mammals. 

 

Cell. 2010 Jan 8;140(1):148-60. 
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Natural killer T cell dysfunction in CD39-null mice protects against 

concanavalin A-induced hepatitis. 

 

Beldi G, Wu Y, Banz Y, Nowak M, Miller L, Enjyoji K, Haschemi A, Yegutkin 

GG, Candinas D, Exley M, Robson SC. 

 

Concanavalin A (Con A)-induced injury is an established natural killer T (NKT) 

cell-mediated model of inflammation that has been used in studies of immune 

liver disease. Extracellular nucleotides, such as adenosine triphosphate, are 

released by Con A-stimulated cells and bind to specific purinergic type 2 

receptors to modulate immune activation responses. Levels of extracellular 

nucleotides are in turn closely regulated by ectonucleotidases, such as 

CD39/NTPDase1. Effects of extracellular nucleotides and CD39 on NKT cell 

activation and upon hepaticinflammation have been largely unexplored to date. 

Here, we show that NKT cells express both CD39 and CD73/ecto-5'-

nucleotidase and can therefore generate adenosine from extracellular 

nucleotides, whereas natural killer cells do not express CD73. In vivo, mice null 

for CD39 are protected from Con A-induced liver injury and show substantively 

lower serum levels of interleukin-4 and interferon-gamma when compared with 

matched wild-type mice. Numbers of hepatic NKT cells are significantly 

decreased in CD39 null mice after Con A administration. Hepatic NKT cells 

express most P2X and P2Y receptors; exceptions include P2X3 and P2Y11. 

Heightened levels of apoptosis of CD39 null NKT cells in vivo and in vitro 

appear to be driven by unimpeded activation of the P2X7 receptor. 

CONCLUSION: CD39 and CD73 are novel phenotypic markers of NKT cells. In 

turn, CD39 expression [corrected] modulates nucleotide-mediated cytokine 

production by, and limits apoptosis of, hepatic NKT cells. Deletion of CD39 is 

protective in [corrected] Con A-induced hepatitis. This study illustrates a 

[corrected] role for purinergic signaling in NKT-mediated mechanisms that result  

in liver immune injury. 

 

Hepatology. 2008 Sep;48(3):841-52. 
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Heme oxygenase and carbon monoxide initiate homeostatic signaling. 

 

Bilban M, Haschemi A, Wegiel B, Chin BY, Wagner O, Otterbein LE. 

 

Carbon monoxide (CO), a gaseous second messenger, arises in biological 

systems during the oxidative catabolism of heme by the heme oxygenase (HO) 

enzymes. Many  biological functions of HO, such as regulation of vessel tone, 

smooth muscle cell proliferation, neurotransmission, and platelet aggregation, 

and anti-inflammatory and antiapoptotic effects have been attributed to its 

enzymatic product, CO. How can such diverse actions be achieved by a simple 

diatomic gas; can its protective effects be explained via regulation of a common 

signaling pathway? A number of the known signaling effects of CO depend on 

stimulation of soluble guanylate cyclase and/or activation of mitogen-activated 

protein kinases. The consequences of this activation remain unknown but 

appear to differ depending on cell type and circumstances. The majority of 

studies reporting a protective role of CO focus on pathways initiated by the 

pathological stimulus (e.g., lipopolysaccharide, hypoxia, balloon injury, tumor 

necrosis factor alpha, etc.) and its consequential modulation by CO. What has 

been less studied is the manner in which CO exposure alone modulates the 

molecular machinery of the cell so that a subsequent stress stimulus will elicit a 

homeostatic response as opposed to one that is chaotic and disordered. CO 

potentially interacts with other intracellular hemoprotein targets, although little is 

known about the functional significance of such interactions other then the 

known targets including mitochondrial oxidases, oxygen sensors, and nitric 

oxide synthases. The earliest response of a cell exposed to low concentrations 

of CO is clearly an increase in reactive oxygen species formation that we define 

as oxidative conditioning. This has important consequences for inflammation, 

proliferation, mitochondria biogenesis, and apoptosis. Within this review, we will 

highlight recent research on the molecular events underlying the physiologic 

effects of CO-which lead to cytoprotective conditioning. 

 

J Mol Med. 2008 Mar;86(3):267-79. 
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Cross-regulation of carbon monoxide and the adenosine A2a receptor in 

macrophages. 

 

Haschemi A, Wagner O, Marculescu R, Wegiel B, Robson SC, Gagliani N, 

Gallo D, Chen JF, Bach FH, Otterbein LE. 

 

Adenosine and heme oxygenase-1 (HO-1) exert a wide range of anti-

inflammatory and immunomodulatory actions, making them crucial regulatory 

molecules. Despite the diversity in their modes of action, the similarity of 

biological effects of adenosine and HO-1 led us to hypothesize a possible 

interrelationship between them. We assessed a potential role for HO-1 in the 

ability of adenosine or 5'-N-ethylcarboxamidoadenosine (NECA), a stable 

adenosine analog, to modify the response of LPS-stimulated macrophages. 

Adenosine and NECA markedly induced HO-1 and blocked LPS-induced TNF-

alpha production via adenosine A2aR-mediated signaling; blocking of HO-1 by 

RNA interference abrogated the effects of adenosine and NECA on TNF-alpha. 

HO-1 overexpression or exposure to carbon monoxide (CO), a product of HO-1 

enzymatic activity, resulted in augmented A2aR mRNA and protein levels in 

RAW264.7 cells and primary macrophages. The induction of A2aR expression 

by HO-1 or CO resulted in an increase in the sensitivity to the anti-inflammatory 

effects of adenosine and NECA, which was lost in macrophages isolated from 

A2aR-deficient mice. Moreover, a decrease in cAMP levels upon NECA 

stimulation of naive macrophages was counterbalanced by CO exposure to up-

regulate A2aR levels. This implies adenosine receptor isoforms switch as a 

selective modification in macrophage phenotype. Taken together, these data 

suggest the existence of a positive feedback loop among adenosine, HO-1, CO, 

and the A2aR in the chronological resolution of the inflammatory response. 

 

J Immunol. 2007 May 1;178(9):5921-9. 
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Carbon Monoxide suppresses inflammatory gene expression in 

macrophages via PPAR SUMOylation and UCP2 

 
Haschemi A, Chin BY, Jeitler M, Esterbauer H, Wagner O, Bilban M and 

Otterbein LE 

 

Carbon monoxide (CO) dampens pro-inflammatory responses in a peroxisome 

proliferator-activated receptor -γ (PPARγ) and p38 mitogen-activated protein 

kinase (MAPK) dependent manner. Previously, we demonstrated that CO 

inhibits lipopolysaccharide (LPS)-induced expression of the proinflammatory 

Early growth response-1 (Egr-1) transcription factor in macrophages via 

activation of PPARγ. In this study, we further characterize the molecular 

mechanisms by which CO modulates the activity of PPARγ to suppress LPS-

induced Egr-1 expression in macrophages.  We demonstrate that CO enhances 

SUMOylation of PPARγ which is contingent upon ROS generation involving 

uncoupling protein-2 (UCP-2) in the mitochondria. We hypothesized that CO-

induced SUMOylation of PPARγ is essential for suppression of LPS-induced 

Egr-1 expression in RAW 264.7 macrophages. The ability of CO to inhibit 

PPAR-dependent Egr-1 expression was lost in SUMOylation-defective (i.e. 

lysine-to-arginine) PPARγ mutants. Ectopic expression of PPARγ-K365R 

partially abolished CO-mediated suppression of LPS-induced Egr-1 promoter 

activity while ectopic expression of PPARγ-K77R had no effect on the ability of 

CO to inhibit Egr-1 promoter activity. In addition, blockade of p38 MAPK with 

the selective inhibitor SB203580 abolished inhibition of Egr-1 expression in LPS 

activated macrophages. UCP2-knockout (UCP2-KO), but not wild-type bone-

marrow derived macrophages produced significantly less ROS in response to 

CO. Furthermore, CO was unable to repress LPS-induced Egr-1 expression in 

UCP2-KO, versus wild type macrophages. Collectively, these results suggest 

that the mechanism by which CO inhibits LPS-induced Egr-1 expression 

involves in part UCP2-mediated ROS generation to increase PPARγ-

SUMOylation and, importantly delineate SUMOylation as one of the 

mechanisms by which CO regulates the inflammatory response. (Submitted) 
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Sedoheptulose Kinase Regulates Glucose Metabolism and Immune Cell 

Polarization.  

 

Arvand Haschemi, Paul Kosma, Lars Gille, Bernhard Knapp, Christoph Jandl, 

Shahzada Amir, Charles Burant, Jaehong Park, Martin Bilban, Harald 

Esterbauer, Leonardo Brizuela, Leo E. Otterbein, Oswald Wagner 

 

Regulation of the innate immune response and the metabolic 

requirement of cells to deal with environmental stress is complex and remains 

poorly understood. Here we screened a kinases collection in an endotoxin-

stimulated macrophage activation assay to identify new signaling pathways 

involved in immune regulation. We identified a novel carbohydrate kinase, 

which we characterized as a mammalian Sedoheptulose kinase (Shpk) and as 

novel enzyme of the Pentose Phosphate Pathway. Macrophage activation 

resulted in Shpk mRNA down-regulation and post-translational modification. 

This regulation was required to polarize macrophages into effector cells as 

manipulation of Shpk expression resulted in improper macrophage activation. 

Collectively, our data identify the essential function of Shpk in metabolism and 

for the first time report on an interface fundamental for coordinating bio-

energetic adjustments in shaping immune cell function. The functional duality of 

Sedoheptulose kinase underscores the notion that the apparatus involved in the 

polarization of innate immune cells, is intimately linked to basic cellular 

metabolism. (Submitted) 

 


