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MODE OF SUBSTRATE BINDING AND SPECIFICITY FOR 

KETOHEXOKINASE ACROSS ISOZYMES IMPLIES AN INDUCED-FIT 

MECHANISM  

SO YOUNG BAE 

ABSTRACT 

Ketohexokinase (KHK), in an adenosine triphosphate (ATP) dependent reaction, catalyzes the 

first reaction in fructose metabolism, which converts the furanose form of D-fructose into 

fructose-1-phosphate. This enzyme has become a target for pharmacological development 

against fatty liver and metabolic syndrome. KHK exists in two isoforms, A and C, which differs 

by alternative splicing of exon 3 which encodes 45 out of 298 amino acids. Normally KHK 

exists as a homodimer and is comprised of an alpha/beta domain interlocking with a β-clasp 

domain. For KHK-C, there appear to be at least two conformations of the β-clasp domain. 

Previous work on KHK-A reveals it does not adopt the same conformations. A structure of the 

mouse KHK-A in its unliganded form is solved and shows that these two conformations also 

exist for KHK-A. Furthermore, this property is conserved across species. While crystals of 

human KHK-A in its unliganded form were grown, a structure was not achieved.  However, 

unpublished structures of human KHK-A in its unliganded form also shows different 

conformations in β-clasp domain when in juxtaposition with the same enzyme complex with 

vi 



 

ligands.  Defining the role of conformational changes in KHK-A is important, because this 

isozyme has been reported to have a role in cancer metastasis.  
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CHAPTER 1: INTRODUCTION 

Roles for KHK in Sugar Metabolism 

Human consumption of dietary sugars has experienced a spike in recent years, and 

is now a hallmark of what is called the western diet.  In the past decades, added sugar 

accounts for nearly 15% of the US diet (George et al., 2005). A variety of health problems 

have been blamed on this western diet, including type-2 diabetes (T2D), obesity, 

hypertension, heart disease, and non-alcoholic fatty liver disease (NAFLD) (Abdelmalek 

et al., 2012; Ouyang et al., 2008; Sheiham et al., 2015).  This places a significant financial 

burden on the US healthcare system with costs projected to exceed $100 billion by 2030 

(Tremmel et al., 2017). Sugar consumption is on the rise in other countries including most 

of large parts of India and Asia. While there are recommendations to just change the diet, 

these efforts have largely been unsuccessful and it lends credence to theories of sugar 

addiction (Johnson et al., 2011). 

As the first step of fructose metabolism, ketohexokinase (KHK) catalyzes, with 

ATP, the conversion of the β-anomer of D-fructose into fructose 1-phosphate (Fru1P) using 

ATP. The enzyme initiates the intracellular catabolism of sugar molecules and regulates 

glucose metabolism in the liver (Jensen et al., 2018). Parallel to the fructose metabolism 

pathway, the depletion of the ATP levels transiently occurs due to KHK catalysis and its 

subsequent activation of AMP deaminase, resulting in the build-up of the uric acid 
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(Johnson et al., 2013; Johnson et al., 2009; Stirpe et al., 1970).  It is thought that these 

increases in uric acid lead to potential mitochondrial dysfunction (Johnson et al., 2013; 

Lanaspa et al., 2012; Sanchez-Lozada et al., 2012).  Figure 1 shows these pathways with 

KHK (denoted as FK) utilizing ATP and the parallel degradation of ADP to uric acid.  

Figure 1.  Fructose metabolism in the liver (from (Nakagawa et al., 2020)).  Fructose 
and intermediates in catabolism are in yellow ovals, glucose and intermediates are in pink 
ovals, adenine-nucleotides are in light gray ovals, with end products in dark gray ovals. 
Enzymes in blue boxes; KHK (FK), aldehyde reductase (AR), glucokinase (GK), aldolase 
B (AldoB), triosekinase (TK), AMP deaminase-2 (AMPD). 

KHK is a critical entry point for fructose in these pathways, which were thought to operate 

mostly in the liver and kidney.  This was consistent with the expression of a liver and 
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kidney specific form of the enzyme, KHK-C (Bonthron et al., 1994; Diggle et al., 2009; 

Hayward et al., 1998).   

KHK Isozymes 

Soon after cloning the KHK gene, it became clear that exon 3 is alternatively spliced and 

results in the formation of two different enzymes, KHK-A and KHK-C. The isozymes 

differ by only 45 amino acids (135 nucleotides in exon 3) as a result of alternative mRNA 

splicing (see Appendix)(Hayward et al., 1998).  Using a probe for each isozyme (Hayward 

et al., 1998), it became apparent that one isozyme, KHK-C was expressed in a tissue 

specific way, appearing in liver, kidney, and small intestine, while KHK-A was expressed 

at low levels in most other tissues (Diggle et al., 2009).  Originally it was thought that 

KHK-A might not contribute to fructose metabolism and may be a pseudogene due to its 

relatively low activity in these tissues (Asipu et al., 2003; Funari et al., 2005; Weiser et al., 

1975).  This low activity was eventually determined as a Km effect, where KHK-C has a 

10-fold lower Km value than KHK-A (Asipu et al., 2003). The kinetic parameters of the

isozymes from human are shown in Table 1.  The affinity and capacity of KHK-C for 

Table 1. Kinetic Parameters of KHK across Isozymes and Species1 

1Data from (Asipu et al., 2003; Gasper, 2020) 
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fructose is much greater than KHK-A due to a much lower Km value.  Others have reported 

even larger differences between these values (0.73 mM for KHK-C vs 28.6 mM for KHK-

A (Futatsugi et al., 2020; Huard et al., 2017)). The low level of expression and a Km value 

higher than the physiological concentrations of fructose (Asipu et al., 2003), generated the 

thought that KHK-A was of little physiological consequence.  However, the production of 

two knockout strains for KHK, one with both isozymes missing and one with only KHK-

A missing (Diggle et al., 2009), showed the valuable role for KHK-A in mice. Mice fed a 

high fructose diet for several months showed signs of metabolic syndrome, whereas the 

complete KHK knockout mouse (missing both KHK-A and KHK-C) was resistant to these 

pathologies (Ishimoto et al., 2012).  The interesting effect was that the KHK-A-only 

knockout mice showed an even greater pathology.  This result revealed that KHK-A plays 

a buffering role for fructose on a chronically high fructose diet.  The KHK-A-only 

knockout mice forced all the ingested fructose to the liver accentuating the pathologies 

originating there. 

Recent literature reports that repressing KHK-C activity may serve as a therapeutic 

target to ameliorate Hereditary Fructose Intolerance (HFI) disease or fructose induced 

metabolic syndromes (Lanaspa et al., 2018). When the KHK-C isozyme in the liver is 

inhibited, less Fru1P is phosphorylated and cleaved by the downstream enzyme aldolase B 

into dihydroxyacetone phosphate (DHAP) and glyceraldehyde. This alleviates the 

significant adenosine triphosphate (ATP) depletion and consequential uric acid build-up 

(see Figure 1) aiding patients with inborn fructose intolerance disease.  Once less phosphate 

is sequestered in Fru1P, glycogen levels increase due to the now-available substrate for 
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glycogen phosphorylase b and the alleviation of the competitive inhibition of 

phosphoglucomutase by Fru1P (Cain et al., 1971; Thurston et al., 1974).  

Realizing that KHK-C might be a valuable drug target, major pharmaceutical 

companies and teams of scientists had been pursuing a potent inhibitor molecule for KHK. 

If inhibited sufficiently, uric acid is not accumulated, and mitochondria would not resort to 

fat synthesis (Gibbs et al., 2010; Gutierrez et al., 2021; Huard et al., 2017; Lanaspa et al., 

2018; Sanchez-Lozada et al., 2010) (see Figure 1).  For these reasons, this enzyme has 

become a target for pharmacological development against fatty liver and metabolic 

syndrome.  

Structural Relationships of KHK Isozymes 

As mentioned above, KHK exists in two isoforms, A and C, which differ by 

alternative splicing of exon 3 which encodes 45 out of 298 amino acids. Normally KHK 

exists as a homodimer and is comprised of α and β domain interlocking at the β-clasp 

domain (Figure 2) (Trinh et al., 2009).  

There is a total of 26 structures now deposited in the Research Collaboratory for 

Structural Bioinformatic PDB (rcsb.org) (Berman et al., 2000).  These are listed in Table 

2. Most of these structures are from human in complex with inhibitors and determined by

groups interested in drug development.  However, some of the first structural models were 

the human KHK-A and C isozymes with either substrate memetics bound or are so-called 

“apo” structures without any ligands bound. The structure of wild-type unliganded hKHK-

A (2HQQ), wild-type unliganded hKHK-C (3B3L), and wild-type hKHK-A co-complexed 
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Figure 2. Overall Structure of KHK. Panel A:  The dimeric human KHK-C is depicted 
in ribbon structure with its interlocking subunits, which is complexed with AMP-PNP and 
fructose (indicated with white arrows) at the active site shown as sticks. Chain A and B 
from PDBID:3NBV (Gibbs et al., 2010) are shown in green and yellow, respectively. The 
domains are identified with light-blue arrows. Panel B: the same depiction as in panel A, 
but depicted as space-filling model, except the region shown in red, which depicts the 
region of the protein encoded by alternative mRNA splicing of exon 3. 



Table 2. Summary of All the KHK Structures Deposited in the PDB. 
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with AMP-PNP (an ATP mimetic), and fructose (2HW1), which is called a “ternary” 

complex, were determined in 2007 (Trinh et al., 2009).  Gibbs et al. (2010) reported a 

ternary complex of hKHK-C with a proposed inhibitor.  The highly conserved structure 

and fold is depicted in Figure 2. 

The KHK isozymes are in the protein family called the pfkB family of carbohydrate 

kinases (Pfam, PF00294) (Sigrell et al., 1998; Titgemeyer et al., 1994).  Phospho 

fructokinase B family of carbohydrate kinases phosphorylate the hydroxymethyl groups of 

different sugar moieties, like two other families of sugar kinases, hexokinase and 

galactokinase. (Park & Gupta 2008). The enzymes in this family includes human homologs 

like ribose kinase and adenosine kinase, which along with KHK are the only members 

expressed in humans, and includes a pseudouridine kinase (Kim et al., 2021).  The family 

is often referred to as the ribokinase family as well (Park et al., 2008) and is distinct from 

the more well-known glycolytic kinases.  All members transfer a phosphate to an alcohol 

from ATP.  The common structural features include a central eight-stranded alpha/beta 

sandwich with an eight-stranded sheet flanked by five and three conserved helices. There 

is also often a beta-clasp domain.  

Roles for KHK-A 

While KHK-C is clearly responsible for the catabolism of fructose, the role of KHK-A is 

becoming more intriguing.  First, different pathologies cause a switch in expression from 

A to C via alternative splicing (Mirtschink et al., 2015).  Second, it has been shown to not 

only be a substrate for a protein kinase, but to act as a protein kinase in different conditions 
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(Xu et al., 2019).  This protein kinase activity has been proposed to explain the long-known 

association of fructose and breast-cancer metastasis (Kim et al., 2020; Zamora-Leon et al., 

1996).  Although more structures of the liver KHK-C isozyme have been determined, likely 

due to its identification as a pharmacological target, the structure and functions of KHK-A 

could be equally revealing and important.  One structure/function relationship is for 

changes in conformation of the β-clasp domain of KHK.  It appears that this domain from 

one subunit moves a critical Asp-27 into the active site of the other subunit of the dimer, a 

change that is correlated with fructose binding to the active site (Gasper, 2020).  A similar 

conformational change in this domain has been studied extensively for ribokinase using X-

ray crystallography (Sigrell et al., 1997, 1998; Sigrell et al., 1999), and led the authors to 

propose an induced-fit model for substrate binding.  There are much fewer reports of KHK-

A structures, and among this previous work are reports that KHK-A does not undergo the 

same conformational changes as KHK-C (Trinh et al., 2009).   

Aims of MA project 

Previous work had shown that there is no conformational change observed for 

KHK-A when solved with and without (unliganded) substrates bound (Trinh et al., 2009).  

Here it is shown that alternate conformations do indeed exist for KHK-A. Furthermore, 

this appears that these changes are conserved across species. Defining the role of 

conformational changes in KHK-A is important, because of the various roles reported for 

KHK-A in cellular pathology such as in cancer metastasis (Kim et al., 2020).  
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CHAPTER 2: MATERIALS AND METHOD 

Construction of mouse KHK-A expression plasmid 

A plasmid for expression of mouse KHK-A was commercially synthesized at 

Genewiz, Inc. (Order Number: 30-235096037).  The codons, 906 base-pairs in length, were 

optimized for expression in Escherichia coli, and inserted in the Nde I and Hind III sites of 

pET28a.  The reference sequences of the mRNA for mouse KHK-A and the alignment of 

the codon-optimized sequence with the reference sequence are shown in the Appendix. 

There were 223 base changes.  Plasmid DNA was attained and dissolved in TE (10 mM 

Tris-HCl, pH 8, 1 mM EDTA) to ~10 ng/µL.  DNA was used for transformation into the 

BL21(DE3) strain for expression and the DH5α strain for production of plasmid DNA for 

verification by gel electrophoresis and DNA sequence determination. The human KHK-A 

expression plasmid, also constructed in pET28a, was a gift from C. Gasper [cite thesis].The 

alignment of human and mouse KHK-A proteins (89% identical), as well as the KHK-C 

isozymes from both species, is shown in the Appendix. 

Bacterial Transformation 

Commercially purchased competent E. coli cells, BL21(DE3) or DH5α, were used 

to insert expression plasmids by transformation as recommended by the manufacturer 

(New England Biolabs). Briefly, cells (50 µL aliquots per reaction) were incubated with 1-

10 ng or plasmid DNA on ice for 40 min, then quickly heat shocked for 45 s at 42 °C. 
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Reactions were diluted with 2 mL of DYT media (1.6% (w/v) bactotryptone, 1% (w/v) 

yeast extract, and 0.5% (w/v) NaCl), and allowed to recover by incubation at 37 °C with 

shaking at 200 rpm for 30 min.  Various volumes of each reaction were spread on agar petri 

dishes containing YT-agar media (0.8% (w/v) bactotryptone, 0.5% (w/v) yeast extract, and 

0.5% (w/v) NaCl, plus 0.5% (w/v) bactoagar), and containing 50 µg/mL of kanamycin. 

Plates were dried beforehand by placing lids of plates slightly opened for 30 min under a 

Bunsen burner.  Transformations include control plates of reactions without any DNA and 

using 1 ng of pET28a supercoiled DNA.  Plates were placed in a 37 °C incubator for 16-

20 h. 

Plasmid Preparation 

Individual colonies of expression plasmids transformed into E. coli strain DH5α 

were picked from DYT plates and used to inoculate 2 L of DYT containing 50 µg/mL of 

kanamycin. The cultures were incubated at 37 °C with shaking at >200 rpm for 16-20 h. 

Cells were pelleted by centrifugation at 11,000g for 20 s. Plasmids were purified from cell 

pellets using a Promega Wizard SV Plus Miniprep Kit as instructed by the manufacturer. 

The procedure resulted in recovery of 1 µg DNA per 2 mL culture.  Purity and 

concentration of DNA was determined by agarose gel electrophoresis. 

Preparation of Permanent Stabs 

Individual colonies from DYT plates were picked and used to inoculate 5 mL of 

DYT containing 50 µg/mL of kanamycin. The cultures were incubated at 37 °C with 



12 

shaking at >200 rpm until mid-log phase growth was observed (OD600 0.5-1.5).  An aliquot 

of the culture 350 µL was mixed with 35 µL DMSO in a vial or tube and frozen 

immediately at –80 °C. 

DNA sequence determination 

Verification of pET28a plasmids containing cDNA of mouse KHK-A was 

performed by commercial DNA-sequence determination. Standard oligonucleotide primers 

for the T7 promoter and T7 termination sequences in pET28a were provided by Eurofins. 

A minimum concentration of 50 ng/µL of purified plasmid in a 10 µL of purified plasmid 

at was sent to Eurofins for sequencing.  

Agarose gel electrophoresis of DNA 

DNA samples were mixed with loading buffer (15% (w/v) glycerol, 1% (w/v) SDS, 

0.04% (w/v) xylene cyanol FF, 0.04% (w/v) bromophenol blue) at a 5:1 ratio, and loaded 

into wells of 1-1.5% (w/v) agarose in TAE (40 mM Tris, pH 8.1, 20 mM acetate, 1 mM 

EDTA). Gels were electrophoresed at 80-110 mV for an appropriate amount of time, and 

then stained by immersion in 0.5 µg/mL of ethidium bromide for 10-15 min. Gels were de-

stained for 10 min in dH2O, and visualized using a Gel Doc imaging system (Bio-Rad). 

DNA size and concentration were measured by comparing band running distance and 

intensity, respectively, to an aliquot of known DNA standard run on the same gel (Hi-Lo 

DNA Marker, Minnesota Molecular Inc.). 
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Expression verification 

Individual colonies of expression plasmids transformed into E. coli strain 

BL21(DE3) were picked from DYT plates and used to inoculate 10 mL of DYT containing 

50 µg/mL of kanamycin.  The cultures were incubated at 37 °C with shaking at >200 rpm 

until mid-log phase growth was observed (OD600 0.5-1.5).  An aliquot (1 mL) was removed. 

The expression was induced by addition of IPTG to a final concentration of 1 mM.  The 

cultures were incubated at 37 °C with shaking at >200 rpm for 4-24 h before another aliquot 

(1 mL) was removed.  Cells in aliquots were pelleted by centrifugation at 11,000g for 20 s 

and its wet pellet weight was determined. The typical wet weight of these 1 mL aliquots 

was 2.2 mg. Cells were lysed in 1 mL of 6XSDS sample buffer (250 mM Tris, pH 6.8, 10% 

(w/v) SDS, 0.5% (w/v) bromophenol blue, 50% (v/v) glycerol, and 715 mM β-

mercaptoethanol), and  0.5 µL (~ 1 ug) was used to load on a gel. Expression was 

determined by SDS- polyacrylamide gel electrophoresis (PAGE). 

SDS- polyacrylamide gel electrophoresis 

Protein samples were separated by electrophoresis using a discontinuous gel sy 

stem, consisting of a stacking gel (top layer) and a resolving gel (bottom layer) [(Laemmli 

1970)]. The stacking gel consisted of 5% (w/v) acrylamide/bis-acrylamide (29:1 ratio), 125 

mM Tris, pH 6.8, 0.1% (w/v) SDS, 0.1% (w/v) ammonium persulfate and 0.04% (v/v) 

TEMED. The resolving gel consisted of 12% (w/v) acrylamide: bis-acrylamide (29:1), 375 

mM Tris, pH 8.8, 0.1% (w/v) SDS, 0.1% (w/v) ammonium persulfate, and 0.06% (v/v) 

TEMED.  
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Protein samples were prepared for electrophoresis by combining a protein aliquot 

with  6xSDS sample buffer  at a 5:1 ratio for a total volume of 20 µL, heated at 95 °C for 

5 min, then loaded onto gel wells. Proteins of known size (Broad Range Molecular Weight 

Marker (Bio-Rad, Hercules CA) containing myosin (200 kD), β-galactosidase (116 kD), 

phosphorylase b (97.4 kD), serum albumin (66.2 kD), ovalbumin (45 kD), carbonic 

anhydrase (31 kD), trypsin inhibitor (21.5 kD), lysozyme (14.4 kD), and aprontinin (6.5kD), 

were included as a “Marker” set according to manufacturer’s instructions. Gels were 

electrophoresed for 35 min at 75 mV to move samples through the stacking gel, and then 

at 200 mV until the dye ran off the resolving gel.. Proteins were visualized by staining with 

AquaStain (BullDog Bio) according to the manufacturer’s instructions. 

Expression and Purification of Recombinant Ketohexokinase-A 

Cultures (1-2 L) in DYT media containing the resistant antibiotic, kanamycin, (50 

ug/mL) were inoculated with 3-5 single colonies of pET28a-based expression plasmids for 

either human or mouse KHK-A from a fresh YT plate containing the same antibiotic. The 

culture was incubated at 37 °C with shaking. The cell growth was monitored by media 

turbidity until the OD at 600 nm reached 0.8-0.85, whereupon IPTG was added to 1 mM. 

Induction continued at 30 °C with a shaking for 12-14 hr. Prior to induction and after 

induction, aliquots (~1 mL) were collected in a pre-weighed centrifuge tubes and the cells 

collected by centrifugation at 13400 rpm for 30 s. The net cell wet weight was calculated 

from the weight difference. After induction, cultures were centrifuged at 4000g at 4 °C for 

15 min, and the cell pellet was gently resuspended without creating foam at 4 °C in a 
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volume that was 2.5% of culture volume using a buffer containing 250 mM MOPS, 10 mM 

EDTA, 2 mM DTT, 1% (v/v) glycerol, 0.1 mg/mL DNAse, 0.1 mg/mL RNAse, and 10 

uL/mL Protease-Inhibitor Cocktail (Sigma). The cells were lysed using a French-pressure 

cell under 20,000 – 25,000 psi. The cell lysate was centrifuged at 37,000g for 30 minutes. 

As an alternative, the cell lysate could be ultracentrifuged at 50,000 rpm for 30 minutes to 

remove the ribosomes and cell debris to enhance the result in crystallography. Supernatant 

fraction was loaded onto a 5 mL pre-packed His TrapTM FF nickel column pre-equilibrated 

with binding buffer (10 mM HEPES, pH 7.5, and 20 mM imidazole) at 0.1 mL/min by 

creating a loop at 4 °C. The column was washed with 40-80 column volumes of binding 

buffer at ≤0.25 mL/min. The His-tagged protein was eluted with an elution buffer (10 mM 

HEPES, pH 7.5 plus 500 mM imidazole) at the flow rate of 1 mL/min by collecting 1.5 mL 

fractions.  Protein concentration was determined for each fraction [Bradford 1976] and 

peak fractions were combined after its activity was confirmed (see Protein Concentration 

Determination and Enzymatic Enzyme Assays).  

The most concentrated fractions were pooled and dialyzed (1 cm diameter 10,000 

MW cut-off) at 4 °C against >100x volume of dialysis buffer (10 mM HEPES, pH 7.5, 0.1 

mM DTT) for four hours or longer and repeated. Dialysate was centrifuged for 10 min at 

12,000g to remove any of the white precipitate. The activity of the supernatant fraction 

after dialysis was compared to the activity before concentration. The dialysate was 

concentrated to ≥10 mg/mL by ultrafiltration using an Amicon ultrafiltration apparatus 

using a 10 kDA MWCO membrane <75 psi.  
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Protein Concentration Determination 

Protein concentrations were determined by a Coomassie dye-binding assay 

(Bradford, 1976). The assays were preformed in a 1 mL plastic cuvette or a 96 well plate 

(final volume 250 µL), by combining 20 µL or 50 µL protein sample of appropriate dilution 

with either 980 µL or 950 µL, respectively, of Bradford reagent (0.01% Coomassie 

Brilliant Blue G-250, 4.7% EtOH, 8.5% phosphoric acid). Samples were incubated for 2-

5 min at room temperature, and absorbance read at 595 nm. Protein concentration was 

calculated from an equation derived from a standard curve (2-15 µg) with known 

concentrations of bovine serum albumin (BSA).   

Protein concentration of purified KHK was determined using its absorbance at 280 

nm.  Beer’s law was used with an absorptivity coefficient of 280E0.1% of 0.84 (Scheme I).  

The Absorptivity Coefficient was determined from converting from the predicted Molar 

Extinction Coefficient as follows:. 
26970 𝑚𝑚𝑚𝑚

𝑚𝑚𝑚𝑚𝑚𝑚𝑙𝑙∗𝑐𝑐𝑐𝑐
32000 𝑚𝑚𝑚𝑚

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
 (E0 1% is equivalent to 0.1 g/100 mL, or 1 

mg/mL).   

Schematics I. Protein Concentraton Calculation from Absorbtivity Coefficient. 

Enzymatic Activity Assays 

Activity of KHK was measured by using a coupled enzyme assay based on the 

oxidation of NADH [Scheme II]. Assays of 1 mL samples contained 33 mM TEA (pH 7.4), 
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100 mM KCl, 20 mM MgCl2, 0.3 mM NADH, 1.33 mM phosphoenolpyruvate (PEP), 4 

mM ATP, 70 mM D-Fructose, and ~1.0 U/mL of the coupling enzymes (pyruvate kinase 

(PK) and lactate dehydrogenase (LDH)). Dilutions of KHK enzyme preparations were 

chosen that gave a rate of ΔA340/min of 0.005 to 0.050, and absorbance was measured for 

5–30 min. The specific activity of each mouse and human KHK-A was confirmed by 

activity assay designed to contain excess concentrations of substrates >10 ⋅ Km [Asipu 

2007]. During each step of the purification, column elution, post-dialysis, post-

ultrafiltration by Amicon device or conical centricons, with 10,000 MWCO filter, the tests 

confirmed samples retained KHK activity. The ΔA340/min rates were converted to U/mg 

using Beer’s law and the molar extinction coefficient of NADH (6200 M-1cm-1), then 

multiplying by the volume (mL) of the assay and dividing by the amount of enzyme added 

(mg) to get µmol/min•mg, or U/mg (see Scheme III).  

Schematics 2. Schematics KHK Coupled Enzyme Assay 
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Schematics III. Specific Activity Calculation. 

Crystallography 

Given that the structure of mouse KHK-A has never been determined before, mouse 

KHK-A crystals were grown by the hanging-drop vapor diffusion method using PCT Pre-

crystallization Screen which included 4 different crystallization solutions (Hampton 

Research). A matrix of 4 different conditions at 6 different protein concentrations (8, 10, 

12, 14, 16, 18 mg/mL) were set-up to see if any crystallization of the protein. Then, high-

throughput Crystal Screen (Hampton Research, HR2-130), Index Screen (Hampton 

Research, HR2-134), and PEG/Ion Screen (Hampton Research, HR2-139) for further

screen of crystallization conditions by sitting-drop vapor diffusion methods using a 96-

well Intelli-Plate 96-3 LVR (Hampton Research). For all conditions a 0.7:1.2 ratio of 

protein to well solution was used to compose the total volume of 2 µL of sitting-drop 

equilibrated against 25 µL well reservoir. Crystals were grown at 17 °C. 

For human KHK-A unliganded crystal conditions were screened as described above 

for the mouse KHK-A. Hits from the PCT Pre-crystallization Screen were optimized by 

varying the Ammonium sulfate concentration (0.4 – 1.4 M in 0.2 increments).  
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X-ray Diffraction and Data Collection

X-ray diffraction data were collected at the BU-CIC using the Bruker AXS X8

Proteum-R diffractometer with a Microstar Cu rotating anode X-ray source and a 

PLATINUM135 charge-coupled device (CCD) area detector. The crystallographic data 

were collected under constant flow N2 cryo-stream at 100 K, while crystals were 

cryoprotected by 25% Glycerol and 75% mother liquor solution after a flash-freezing test. 

PROTEUM3 was used to determine the unit cell and strategy for data collection.  

Data Processing: Integration, Scaling, Phasing, and Refinement for Structural Solution 

The data were processed in PROTEUM3 using SAINT for integration, and 

SADABS for scaling. Then aimless and pointless were used to convert the reflection files 

into a single merged .mtz file. Either the .mtz or the .sca file were used as a proxy to 

determine the quality of the data using Xtriage. Then, the phases were solved by using 

PHENIX.phaser molecular replacement. A monomer model of native mouse KHK-C 

complexed with fructose and ADP (PDB:6P2D; [Gasper et al. 2020]) was used as a 

reference molecule for phasing. Confirming a good quality of single MR solution is 

assessed by a value in the thousands of Top LLG score and tens of TFZ score. The first 

round of refinement was done using PHENIX. Refine. This round one confirmed that the 

unbiased electron density map fits the 298 backbone residues of the protein, then waters 

were added. Then subsequent rounds of refinement were done to assure a decrease in the 

R free and R work in the refinement statistics. PHENIX. Molprobity were run with the 

final .pdb file as a validation.  
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CHAPTER 3: RESULTS 

The expression plasmids for mouse KHK-A were synthesized by Genewiz.  The 

human KHK-A expression plasmid was subcloned from a mammalian vector, pPAL7,  into 

pET28a previously (Gasper, 2020).  These were transformed into two different E. coli 

strains. DH5α cells were used to prepare plasmid DNA to verify the DNA sequence. The 

optimized sequence of the plasmid DNA encoded the reference sequence for the protein 

(see Appendix). BL21(DE3) cells were used for preparation of permanent stabs and testing 

of expression. Each KHK-A gene in pET28a(+) was induced with 1 mM IPTG for 12 hours 

and total cellular protein was separated by SDS-PAGE. The expression of mouse KHK-A 

from the pET28a(+) plasmid was clearly inducible (Figure 3, lanes 2-3).  

Sufficient quantities of KHK-A for crystallography was prepared from 2 L cultures 

followed by cell lysis and isolation by Ni-chelate chromatography as described in methods. 

Aliquots obtained during the purification were analyzed by SDS-PAGE along with the final 

product of purification (Figure 3, (lanes 4-7)). The pooled fractions from the column eluate for 

both mouse and human KHK-A, as well as the final concentrated preparation used 

crystallography, for were tested for activity and protein concentration (Table 3). The final 

yields were >60 mg. The increase in both activity and protein after dialysis was likely due to 

the high imidazole concentration [C Gasper, personal communication]. 
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Attempts at crystallography were performed using a number of conditions. 

Furthermore, Crystal screen, and an Index screen were attempted as described in methods. 

Each screen tested 96 different conditions. Both screens were unsuccessful; no crystals 

were found for either mouse and human KHK-A. However, a PEG/Ion screen yielded 11 

hits for mouse KHK-A (Figure 4).  The crystallization condition yielded >50 different 

crystals with dimensions of multiples of 0.1 mm. For example, the large crystal in Figure 

4B was 2 mm x 1.5 mm, the crystal in Figure 4G was 0.4 mm in height, and the crystals in 

Figure 4F were 0.3 mm in width for middle poly-crystal, 0.3 mm for the right-side auxiliary 

crystal, and 0.4 mm for the additional crystal on the right left corner of the well.  All these 

crystals formed within 21-27 days (crystals in Figure 4J took 27 days). The crystal in Figure 

4A was tightly bound to the concaved plastic bottom of the well plate and could not be 

recovered.   

Several crystals were looped for diffraction. When screened at BU-CIC, two cuboid 

crystals in Figure 4J didn’t diffract well and had insufficient intensity peak counts. The 

clear crystal in Figure 4B and 4C broke while looping for inclusion in a trip to SSRL. Both 

crystals in Figure 4D were mounted and screened on the same day at BU-CIC, but the 

crystal on the left, which was originally 0.3 mm in diameter, was deformed as part of it 

was exposed to the oil-droplet and was undergoing a phase change. A small breakage also 

was observed on the same crystal due to vibrational force from moving the plates. Most 

importantly, a satisfactory diffraction pattern for apo mouse KHK-A was obtained from 

the octahedron crystal shown in Figure 4H that is closest to the surface or skin of the  
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drop (see blue arrow in Figure 4H). Since a crystal in Figure 4H diffracted well data were 

collected, no further crystals were screened. 

Using PROTEUM3, PHENIX Xtriage, Phaser MR, and Refinement, a final 

structure was solved to a resolution of 1.85 Å. Mouse KHK-A crystallized in space group 

C 2221, with unit-cell parameters a= 42.2 Å, b=78.2 Å, c=149.8 Å, α= 90 °, β= 90 °, γ= 

90 °. See data-collection statistics in Table 4. The final apo mKHK-A structure model was 

solved as a monomer in the asymmetric unit (Figure 5). Figure 6 shows the electron density 

map created by the diffraction data caging the mouse KHK-A-specific residues, His112-

Ala113-Tyr114. This confirms that the expressed, purified and crystallized protein was 

indeed mouse KHK-A.  

As mentioned in Chapter 1, the analysis of this new structure involved the question 

of whether KHK-A, like KHK-C and other members of the pfkB family (Matthews et al., 

1998; Sigrell et al., 1998; Park & Gupta 2008), can undergo conformational changes in the 

β-clasp domain.  Figure 6 demonstrates these conformational changes and/or lack thereof.  

KHK-C in its unbound (unliganded) and bound (ternary) forms show a nearly 30° change 

in the angle of the β-clasp domain relative to the α/β domain (Figure 7A).  Whereas, as 

shown by Trinh et al. (2009), the KHK-A in its unbound (unliganded) and bound (ternary) 

form are superimposable (Figure 7B). 

When the mouse unliganded KHK-A structure was aligned similarly to the 

unliganded and ternary KHK-A structures as in Figure 7B, there was an observable change 

in the conformation of the β-clasp domain (Figure 8).  The alignment with the ternary 

human KHK-A shows over 10° change in conformation.  A similar alignment with the 



25 

Table 4. Crystallographic Data Collection and Refinement Statistics for Mouse 
KHK-A Unliganded Structure. 

*Statistics for the highest resolution shell are shown in parenthesis.  †Rmerge = ∑hkl∑i |Ii(hkl) – ⟨I(hkl)⟩|/∑hkl∑i 

Ii(hkl).

Mouse KHK-A Unliganded 
Source Microstar Cu rotating anode 
Detector PLATINUM135 CCD 
Wavelength (Å) 1.54 
Resolution range (Å) 21.94 – 1.85 (1.92 – 1.85)* 
Space group C 2221 
Cell dimensions and Refinement 

a, b, c (Å) 42.18, 78.22, 149.84 
a, b, g (°) 90, 90, 90 
Total reflections 43208 (4256) 
Unique reflections 21608 (2130) 
Multiplicity 2.0 (2.0) 
Completeness (%) 99.68 (99.95) 
Mean I/sigma (I) 30.19 (8.76) 
Wilson B-factor 13.72 
R-merge† 0.016 (0.076) 
R-meas 0.022 (0.107) 
CC1/2 1.00 (0.995) 
Reflections used in refinement 21570 (2535)* 
Reflections used for Rfree 1117 (124)* 
Rwork 0.188 (0.242)* 
Rfree 0.230 (0.303)* 

Number of atoms 
Non-hydrogen 2606 
Protein 2301 
Water 305 
Protein residues 298 

B factors (Å2) 
    Average 16.29 
    Protein 15.35 
    Water 23.24 
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Figure 5.  The Structure of Mouse Unliganded KHK-A. The 1.85 Å-resolution alpha-
carbon backbone is depicted as a ribbon structure with the β-clasp domain oriented at 
the top.  It is depicted as a monomer, which was the asymmetric unit.  
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Figure 6. Amino-acid Residues 112-114 of Mouse KHK-A. The 2Fo-Fc electron-
density map (blue cages) contoured at 0.7 σ for mouse KHK-A residues His112-
Ala113-Tyr114, which are specific for mouse KHK-A among KHK enzymes (see 
alignment in Appendix).  
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Figure 7. Overlays of Unliganded and Ternary Human KHK-C and KHK-A.  Panel 
A:  Chain A of unliganded KHK-C (green, PDBID:3B3L) and chain A of ternary KHK-C 
(orange, PDBID:3NBV) were aligned in PyMol and oriented as in Fig. 5A.  The degree of 
change in the β−clasp domain was quantified by measure of the angle between the carboxyl 
carbon of Asp27 (identified in white text) of each β-clasp in relation to a fulcrum point, the 
Cα of Val13, located at the N-terminus of β2 strand. The number is the angle value between 
the lines (yellow).  Panel B:  unliganded KHK-A (pink, PDBID:2HQQ) and ternary KHK-
A (light gray, PDBID:2HW1) were aligned as described in panel A.  
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Figure 8. Overlay of Unliganded Mouse KHK-A and Ternary Human KHK-A. The 
ribbon structures of mouse KHK-A (purple) (see Fig. 5) and ternary human KHK-A 
(light gray, PDBID:2HW1) were aligned and distinguished as described in Figure 7. 
When substrates are bound, the β-clasp rotates to a closed conformation by 10.9°(Panel 
A). The distance between the two carbonyl carbon of Asp27 is 5.3 Å. Demonstrated is 
that mouse KHK-A has the ability to make a conformational change unlike what was 
claimed by Trinh et al. (2009).  However, since this was a comparison between the 
mouse and human KHK-A, attempts were made to determine the human unliganded 
structure (Figure 9).  
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unliganded human KHK-A was the same (data not shown).  It appears that the unbound 

form of KHK-A from mouse has a different structure, or ability to change structure, than 

the human unbound form.  To distinguish whether this is due to a species difference or a 

different observation for KHK-A from what was published (Trinh et al. 2009), the crystals 

of human unliganded KHK-A were obtained but a structure was not achieved, since it has 

been solved previously. An unpublished deposited structure was used in the analysis. 

Purified human KHK-A was used for crystallography using the same screens as 

was performed for the mouse structure.  A PCT Pre-crystallization screen revealed a hit of 

human KHK-A crystals using condition B1 (0.1 M Tris-HCl, pH 8.5, 1.0 M ammonium 

sulfate) and was optimized with a 4 x 6 matrix as described in methods, but yielded no 

success.  A total of 292 different conditions were screened, and three were successful 

(Figure 9).   

Figure 9. Crystals of Unliganded Human KHK-A.  Purified human KHK-A was 
crystallized as described in Chapter 2 by sitting-drop vapor diffusion using either 0.15 M 
Cesium chloride and 15% w/v Polyethylene glycol 3350 (Panel A- fine cluster), or 0.02 M 
Calcium chloride dihydrate, 0.02 M Cadmium chloride hydrate, 0.02 M Cobalt (II) chloride 
hexahydrate and 20% w/v Polyethylene glycol 3350 (Panel B- needles), or 1.1 M 
Ammonium tartrate dibasic (Panel C- poly-crystaline, layered platelets) as well solutions. 
The crystals were observed using Olympus SZX12 stereo microscope under 37.5 
magnification. Pictures were taken using iPhone XR camera. 
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Interestingly, the human enzyme did not crystalize under any of the conditions 

under which the mouse KHK-A crystalized (see Figure 3).  Instead three different 

conditions were successful.  The crystallization conditions yielded micro (<0.1 mm) 

crystals, needles, and plates.  None of these were used for diffraction because there was an 

independently determined structure of human unliganded KHK-A already deposited in the 

PDB in 2006 (PDBID:2HLZ; W. M. Rabeh, W. Tempel, L. Nedyalkova, R. Landry, C. H. 

Arrowsmith, A. M. Edwards, M. Sundstrom, J. Weigelt, A. Bochkarev & H. Park, 

unpublished work).  This structure has four chains in the asymmetric unit with three 

different conformations of the β-clasp domain. 

All four chains from the unliganded human KHK-A structure (PDBID:2HLZ) were 

aligned with the mouse unliganded KHK-A structure (Table 5).  For each alignment, the 

angle between the α/β domain and the β-clasp domain was measured as well as the 

resulting distance between the Asp27 residues at the tip of the β-clasp domain.  Chains B 

and C had similar conformations with a 7° angle, whereas chain D had a 10° angle, similar 

to the difference between the ternary human KHK-A (PDBID: 2HW1) and the unliganded 

mouse KHK-A shown in Figure 7.  As shown in Figure 10, one of these human chains 

(chain A) adopts a very similar conformation to the mouse KHK-A.  These two structures 

have only a ~5° angle change with a distance at the slightly more than level as the resolution 

of the structure (1.8 Å, see Table 2).  Although the degree of the apparent conformational 

change in the β-clasp domain upon substrate binding for KHK-A (see Figure 7) was not as 

large as that of KHK-C (see Figure 6A), it’s clear that there is a conformational change and 

that it is not species specific. 
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Table 5. Different Conformations of the β-clasp Domain for 
Unliganded Human KHK-A1 (Chains A-D). 

1human KHK-A (PDBID:2HLZ) has four chains in the asymmetric unit. Each 
chain was aligned with mouse KHK-A and distinguished as described in Figure 7.  
2The distance between the two carbonyl carbons of Asp27 
3The angles between lines from the Cα of Val13 and the carbonyl carbon of Asp27
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Figure 10.  Unliganded Mouse KHK-A and Unliganded Human KHK-A have 
Similar Conformations.  The ribbon structures of unliganded mouse KHK-A (purple) 
(see Fig. 5) and chain A of unliganded human KHK-A (green, PDBID:2HLZ) were 
aligned and distinguished as described in Figure 8.  
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CHAPTER 4: DISCUSSION  

Previously, a case by Trinh et al. (2009) had been made that there is no significant 

change in overall conformation when comparing unliganded KHK-A and its ternary 

complex, which they supported by no evidence of (β-clasp) domain movement using 

DynDom (Trinh et al., 2009).  Furthermore, they supported this conclusion in the 

discussion, stating, “KHK-A does not undergo a conformational change upon substrate 

binding. Indeed, …. aminoimidazole riboside kinase with and without substrate have been 

shown not to undergo any conformational changes …. (Zhang et al., 2004)” (Trinh et al., 

2009).  Proposed here is to reassess Trinh et al.’s discounting of the “small rotation between 

domains” that corresponds to hinge motion, exposing the chemistry site, and to provide a 

new KHK-A model from a different species other than human. Here, the mouse KHK-A 

structural models without substrates bound, as well as a synthesized analysis of the some 

previously unpublished structures (Gibbs et al., 2010) show that there is a possibility of a 

conformational change in KHK-A.  

Correlation of fructose metabolism with cancer, first described for breast cancer 

(Zamora-Leon et al., 1996), and now for colorectal, esophageal, hepatic, and small-cell 

lung cancer have been reported (Deng et al., 2022; Kim et al., 2020; Li et al., 2016; Shen 

et al., 2022; Xu et al., 2019; Yang et al., 2021; Yau et al., 2017).  The recent work has 

shown that this pathology is associated specifically with KHK-A.  Other pathologies have 
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involved a switch from KHK-A to KHK-C, as was shown in cardiac hypertrophy 

(Mirtschink et al., 2015). The KHK-A isozyme appears to be of medical importance. 

One study by Kim et al. (2020) developed a mechanism behind this pathology. 

KHK-A is not expressed in the liver but is ubiquitously upregulated in human cancer cells, 

for example breast cancer.  The increase in metastasis was shown using MDA-MB-231 

cells. The cells were morphologically altered by F-actin rearrangement and an epithelial–

mesenchymal transition, which changed cell adhesion by suppressing the expression of E 

cadherin, when exposed to fructose.  Silencing the overexpression of KHK-A, attenuated 

the fructose-induced invasion.  Furthermore, the mechanism proposed involves 

cytoplasmic KHK-A entering the nucleus following fructose stimulation, which was 

mediated by LRRC59 (Leucine-rich repeat-containing protein 59) and KPNB1 

(Karyopherin Subunit Beta 1).  In the nucleus, KHK-A phosphorylates YWHAH (a form 

of a 14-3-3 ETA protein) at Ser25 and YWHAH recruits SLUG to the E-cadherin promoter, 

triggering cell migration.  This protein kinase activity has also been reported to 

phosphorylate and up-regulate PRPS1 in oesophageal squamous cell carcinoma (Kim et 

al., 2020; Yang et al., 2021).  Others have shown the role of oxidative stress in the 

activation of KHK-A (versus KHK-C) expression (Xu et al., 2019) wherein KHK-A is 

itself phosphorylated at the KHK-A-specific residue Ser80 (see Appendix). It has been 

reported that AMPK (5’-adenosine monophosphate-activated protein kinase) 

phosphorylates KHK-A at Ser80 (Xu et al., 2019).  It seems clear the KHK-A has some 

specific functions that are distinct from KHK-C.  Both isozymes represent clear targets for 

medicinal chemistry with disease pathologies, and in particular the role, if any, of substrate-
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induced conformational changes in these activities highlights the importance of such 

studies. 

As mentioned in the introduction, ribokinase is in the same pfKB family (Bork et 

al., 1993; Hansen et al., 2007) of carbohydrate kinases. The conserved residues across all 

enzymes in the family, are two motifs, 1) a GG near the N-terminus and a DTXGAGD near 

the C-terminus (shown highlighted in green) [see Appendix]. Most importantly, it is a 

structurally homologous to KHK, while it only has 19% sequence similarity.  Despite the 

low sequence homology, Adenosine Kinase (AK) and Ribokinase (RK) share structural 

homology by large. For both AK and RK, the hinge motions by 30 ° and 17°, subsequently, 

were detected upon each substrate sugar binding. The subsequent binding of the nucleotide 

induced a comparatively a less drastic but equally essential change  were observed  done 

the unliganded versus the substrate-bound forms (Matthews et al., 1998; Schumacher et al., 

2000; Sigrell et al., 1998). Ribokinase has been studied crystallographically with the 

implications of conformational changes by induced-fit changes upon binding its substrate. 

According to Sigrell et al. (1999) the sugar substrate, ribose, initially binds to an open 

active site and displaces water to form the more closed form of the β-clasp domain from 

the opposite subunit onto the active site (for the monomer it appears more open). This small 

conformational change affects the close-by nucleotide binding site, potentially increasing 

the affinity for the second-substrate binding. At that point, after closure of the active-site 

lid, the ribose is close enough for a nucleophilic attack on the γ-phosphate of ATP. 

Sigrell et al. (1999) proposed that ribokinase operates in sequential ordered mode 

by induced-fit binding during their catalysis.  The similar mode of binding and induction 
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of the nucleotide binding for Toxoplasma gondii adenosine kinase is shown by Schumacher 

et al., in 2000. On the other hand, while KHK has a good deal of sugar specificity (Adelman 

et al., 1967; Bais et al., 1985; Raushel et al., 1973), it reportedly used a sequential random 

kinetic mechanism (Raushel et al., 1973), as depicted in Figure 11.  Although, this report 

did not show the data, KHK may also exhibit a similar ordered substrate-binding mode. 

Subsequent studies, testing substrate induced-fit binding (mode of conformational change) 

may be conducted to see the differences of snap shots of the unliganded (open) form, the 

single substrate (open or closed), and the ternary (open or closed).  These studies could be 

supported by binding studies (SPR, equilibrium dialysis),  spectroscopic (NMR and CD) 

analysis, and activity kinetics studies. 

Figure 11. Diagram of KHK Kinetic Mechanism. The Sequential-random kinetic 
mechanism of KHK (modified from (Gasper, 2020)). 
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APPENDIX 

Figure 1S. Genewiz Expression Plasmid Sequences 
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