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SUMMARY Y 

Cytidinee triphosphate (CTP) synthetase is one of the key-enzymes in the pyrimidine 

nucleotidee anabolic pathways. The activity of this enzyme is increased in various malig-

nanciess including acute lymphocytic leukemia (ALL). In this study we investigated the 

activityy of CTP synthetase in various human blood cells isolated from healthy volun-

teerss by density centrifugation and elutriation centrifugation. We also investigated the 

mRNAA expression of CTP synthetase in lymphocytes and monocytes. The highest acti-

vityy of CTP synthetase was found in thrombocytes (6.48 nmol CTP/mg/hr), followed 

byy that of monocytes (2.23), lymphocytes (1.69), granulocytes (0.52) and erythrocy-

testes (0.42). The activity of CTP synthetase in whole blood samples was intermediate 

(1.27).. The mRNA expression of CTP synthetase in monocytes was comparable to that 

observedd in lymphocytes. 
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INTRODUCTION N 

CTPP synthetase (EC 6.3.4.2) catalyzes the formation of CTP from uridine triphosphate 

(UTP)) with the concomitant deamination of glutamine to glutamate. CTP synthetase is 

regardedd as the rate-limiting enzyme for the synthesis of CTP via both the pyritnidine 

nucleotidee de novo pathway and the uridine salvage pathway. In addition, CTP can also 

bee synthesized directly via the cytidine salvage pathway catalyzed by uridine/cytidine 

kinasee and nucleoside mono- and diphosphate kinases (figure 1). 

Cytosinee nucleotides play an essential role in various metabolic processes, inclu-

dingg the synthesis of membrane phospholipids and the intracellular signal transduction 

pathways.. Furthermore, cytosine nucleotides provide the necessary precursors for the 

synthesiss of RNA and DNA. Tumour cells in general exhibit a high need for nucleotides 

ass the overall cell metabolism is enhanced to facilitate cell proliferation. Therefore, the 

activitiess of many anabolic key-enzymes controlling the purine and pyrimidine meta-

bolismm are increased in tumour cells compared to non-malignant cells (1). The activi-

tyy of CTP synthetase proved to be closely related to cellular proliferation in malignant 

andd certain non-malignant tissues (1). In addition the activity in tumour cells was sub-

stantiallyy higher compared to their non-malignant counterparts with an equal prolife-

rationn rate (1). Therefore, the increased activity of CTP synthetase in tumour cells 

seemss to be linked not only to the proliferation rate of the cells, but also to the pro-

cesss of malignant transformation (1). CTP synthetase activity has been measured in 

variouss malignant tissues in humans and animals and a high activity has been found 

inn rat hepatoma, human renal cell carcinoma, Hodgkin's disease and some types of 

Non-Hodgkinn lymphoma (1-3). The enzyme activity was also found to be increased in 

leukemicc cells of adults with ALL (3). This observation is in line with an in situ study of 

fluxess of radiolabeled uridine and cytidine in a MOLT-3 lymphoblastic cell line (4), 

demonstratingg that the preferential pathway for the synthesis of CTP proved to be via 

CTPP synthetase, whereas proliferating non-malignant T-lymphocytes (with an equal 

proliferationn rate) predominantly utilized the cytidine salvage pathway for the synthe-

siss of CTP (4). In a previous study we studied the enzyme activity in leukemic cells of 

childrenn with ALL, and showed the presence of a high CTP synthetase activity in these 

lymphoblastss (6.76 nmol CTP/mg protein/hr) compared to non-malignant quiescent 

lymphocytess (1.69 nmol CTP/mg protein/hr) (27). Since the enzyme activity seems 

too be specifically increased in malignancies, CTP synthetase might be an attractive tar-

gett for a new therapeutic approach. Inhibitors of CTP synthetase have been developed 

andd proved to have a growth-inhibiting effect on several malignant cell-lines, amongst 
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otherss an acute non-lymphocytic leukemia (ANLL) cell-line (5) and a T-lymphocytic 

leukemicc cell-line (6). 
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FigureFigure  1. A schematic  overview  of  pyrimidine  de novo  synthesis  and salvage  pathways. 

ClutamineClutamine  is  a pyrimidine  precursor,  which  can be metabolized  via  several  steps  into  UMP, 

whichwhich  in  turn  can be phosphorylated  to  UDP and UTP. CTP synthetase  (nr.  1 in  the figure)  cata-

lyzeslyzes  the conversion  of  UTP into  CTP (predominant  pathway  in  various  malignancies).  The right 

trunktrunk  represents  the cytidine  salvage  pathway,  where  cytidine  is  phosphorylated  into  CTP by 

threethree  consecutive  steps,  catalyzed  by uridine/'cytidine  kinase  (nr.  2), nucleoside  monophos-

phatephate  kinase  (nr.  3) and nucleoside  diphosphate  kinase  (nr.  4). 

Ribonucleotidee concentrations have been determined in the various non-malignant 

bloodd cell types (7). The highest CTP concentrations were found in monocytes and 

(eosinophilic)) granulocytes, an intermediate concentration in lymphocytes and a very 

loww CTP concentration in erythrocytes and platelets (7). So far, the activity of CTP syn-

thetasee in normal non-malignant blood cells has not been studied in detail. Therefore, 

wee determined the activity of CTP synthetase and mRNA expression in various blood 

cellss from healthy volunteers. The level of enzyme activity in the various cell types 

mightt indicate to some extent the degree of expected toxicity of inhibitors of CTP syn-

thetasee on these cell types. 
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MATERIALL AND METHODS 

Chemical s s 

Alll chemicals were of analytical grade. Percoll was purchased from Pharmacia (Uppsala, 

Sweden).. NaH2P04, K2C03, HCIO4, Tris, L-glutamine, EGTA, MgCI2, D-glucose, triso-

diumcitrate,, NH4CI, KHCO3 were obtained from Merck (Darmstadt, Germany). 

Phosphoenolpyruvatee (PEP), pyruvate kinase, dithiotreitol were purchased from 

Boehringerr Mannheim GmbH Biochemica (Mannheim, Germany). Phenylmethyl-

sulphonyll fluoride, ATP, UTP, GTP, CTP, and BSA were obtained from Sigma Chemicals 

Coo (St. Louis, MO, USA). Isoton was obtained from Coulter Diagnostics (Krefeld, 

Germany)) and Triton X-100 and saponine were obtained from BDH Biochemicals 

(Poole,, England). CD 11 b microbeads for magnetic cell sorting were purchased from 

Miltenyii Biotec (Bergisch Gladbach, Germany). The human plasma solution was obtai-

nedd from CLB (Amsterdam, The Netherlands). 

Isolatio nn of bloo d cell types 

Bloodd samples of five healthy donors were separated by Percoll density centrifugation. 

AA Percoll 1.077 g/ml solution was made by the following procedure: 7.5 ml of a 1.44 

MM NaCl-0.1 M NaH2P04 solution was added to 92.5 ml Percoll (1.13 g/ml). Of this 

solutionn 57.2 ml was added to 10 ml of human plasma solution, 10 ml of 147 mM tri-

sodiumcitratee (Na3C6H507) and 22.8 ml phosphate buffered saline (PBS) (140 mM 

NaCl,, 9.2 mM Na2HP04, 1.3 mM NaH2P04) yielding a final pH, density and osmo-

larityy of the Percoll solution of 7.4, 1.077 g/ml and 290 mOsm, respectively. After col-

lectionn the EDTA-anticoagulated blood samples of 5 healthy volunteers were diluted 

1:11 with "supplemented PBS"", pH 7.4, containing 140 mM NaCl, 9.2 mM Na2HP04, 

1.33 mM NaH2P04, 5 mM glucose, 0.2% (w/v) bovine serum albumin, 13 mM triso-

diumcitrate,, 5 mM EDTA. The diluted cell suspension was centrifuged at 200 g at room 

temperaturee for 10 min, after which the platelet-enriched plasma was discarded. The 

remainingg cell pellet was again diluted 1:1 with the "supplemented PBS" and was care-

fullyy layered on top of a 1.077 g/mL Percoll solution with a 2:1 volume ratio. After cen-

trifugationn at 800 g at room temperature for 20 min, the interphase containing the 

mononuclearr cells was collected, diluted with "supplemented PBS" to a final volume 

off approximately 12 ml and centrifuged at 800 g for 8 min. The pellet was resuspen-

dedd in 5 ml icecold lysis buffer (8.29 g/L NH4CI, 1.0 g/L KHCO3, 37.2 mg/L EDTA, pH 
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7.4)) in order to lyse the contaminating erythrocytes. After 5 minutes of lysis, 9 ml of 

coldd ) "supplemented PBS" was added and the solution was centrifuged at 200 g 

att C for 8 min. The cell pellet was washed once with "supplemented PBS" and a 

secondd time with PBS containing 5 mM glucose, and the final cell pellet was resus-

pendedd in PBS containing 5 mM glucose. Cells were counted with a Coulter Counter 

ZFF cellcounter, in isoton solution, which contained 3.3 * 10"5 % (v/v) Triton X-100 and 

6.77 * TO"3 % (w/v) saponine for the counting of granulocytes, lymphocytes and mono-

cytes. . 

Thee mononuclear cell suspension was further separated into monocytes and lym-

phocytess by magnetic cell sorting (MACS, Miltenyi, Germany) using anti-CD 11 b mono-

clonall MACS beads (8,9). The cells, that were bound to the coiumn in the magnetic 

field,, consisted of monocytes and the unbound eluting cells were the lymphocytes. 

Granulocytess were isolated by lyzing twice the erythrocytes of the cell pellet, obtained 

afterr centrifugation of the blood sample on Percoll, as described above. The solution 

wass centrifuged at 200 g at 4 C for 5 min. and the resulting pellet was washed once 

withh "supplemented PBS" and once with PBS containing 5 mM glucose. Viability of the 

variouss cell types was assessed by the trypan blue exclusion test (10) and cell purity 

wass assessed by microscopic examination of cytospin preparations stained with Jenner 

Giemsa. . 

Inn addition to these five purified monocyte, lymphocyte and granulocyte samples, 

bloodd cell types (monocytes, lymphocytes, granulocytes, erythrocytes and thrombocy-

tes)) were isolated from the buffy coats of additional 8 healthy adult blood donors by 

aa Percoll density (1.077 g/ml) centrifugation step followed by elutriation centrifugation 

(11). . 

Afterr separation, cell samples for the determination of the CTP synthetase activity 

(5-100 * 106 cells) were shortly centrifuged (11000 g, , 7 sec), after which the 

supernatantt was discarded and the cells were frozen in liquid N2 and stored at C 

CTPP synthetas e assay 

Cellss were solubilized by sonicating three times (10 sec, output 8.5 Watt, Vibracell, 

Sonicss & Materials, Inc., Danbury, Massachusetts, USA) at a concentration of 30 * 106 

cells/mll for monocytes, 40 * 10^ cells/ml for granulocytes and lymphocytes, 200 * 

1066 cells/ml for erythrocytes, 500 * 106 cells/ml for full blood and 1 * 109 cells/ml 

forr thrombocytes in a buffer containing 35 mM TrisMops (pH 7.9), 1 mM EGTA, 2.5 

mMM phenylmethylsulphonyl fluoride and 10 mM dithiotreitol. The samples were kept 
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onn ice, after which the homogenate was centrifuged and the CTP synthetase activity 

wass measured in the supernatant by the method described by Van Kuilenburg et al. 

(12). . 

Usingg this assay, the nucleoside triphosphates were separated by anion-exchange 

highh performance liquid chromatography (HPLC), on a Whatman Partisphere SAX 4.6 

** 125 mm column (5 urn particles) and Whatman 10 * 2.5 mm SAX guard column, 

underr isocratic elution conditions using a 0.594M NaH2P04 (pH 4.55) buffer at a flow 

ratee of 1 ml/min. The retention times were 2.9, 4.2, 5.1 and 6.9 minutes for UTP, CTP, 

ATPP and GTP, respectively. Response factors were calculated using an external standard 

containingg these compounds. The detection of the ribonucleotides was performed at 

aa wavelength of 280 nm (12). The HPLC system consisted of a Gilson 231 XL and 402 

samplingg device, a Perkin Elmer Binary LC 250 pump, a model 480 Waters LambdaMax 

LCC Spectrophotometer, a Nelson 900 series Interface and Nelson PC Integrator 

Softwaree (version 5.1.5). 

Thee protein content of the cell homogenate was determined using the modified 

Lowryy method (13) with bovine albumin as the standard. 

Preparatio nn of RNA and hybridisatio n condition s 

Totall cellular RNA was isolated with the guanidinium thiocyanate method (14). RNA 

(100 ug) was subjected to electrophoresis through a 1.0% agarose, 2.2 M formaldehy-

dee gel using standard conditions (15) and transferred to a Qiabrane filter, which was 

incubatedd overnight in a buffer containing 1.5 M NaCl and 0.15 M Na3C5H507, pH 

7.0.. Fixating of the RNA was performed by baking at C for 2 h. The Northern blots 

weree hybridised to 32P-CTP labelled probes, obtained via random priming labeling. 

Thee human CTP synthetase 5' probe consisted of the Hindlll-EcoRI fragment from the 

pBluescriptt SK- plasmid coding for the nucleotides 1-712 of the cDNA sequence. The 

glyceraldehyde-3-phosphatee dehydrogenase probe containing the full length coding 

regionn consisted of the 1.4 kb EcoRI-Hindlll fragment cloned in a pBlue-script SK- pla-

smid.. The Northern blots were prehybridised at C for 30 min in the presence of 0.5 

MM Na2HP04 (pH 7.2), 7% SDS and 1 mM EDTA. Hybridisation of the Northern blots 

withh the radiolabelled cDNA probes was performed in the presence of single stranded 

herringg testis DNA at a final concentration of 100 ug/ml at 65 C for 16 h. The filters 

weree washed twice with SSC (0.15 M NaCl; 0.015 M Na3C6H507 , pH 7.0) at C for 

200 min. Signals corresponding to either CTP synthetase or GAPDH expression were 

quantifiedd using a phosphoimager (Molecular Dynamix). 
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Statistic s s 

Thee differences between the mean activities of CTP synthetase of the various blood 

cellss were analyzed by the non-parametric Mann-Whitney test for 2 independent sam-

ples,, using the Statistical Package for the Social Sciences (SPSS 6.0.1 software version). 

RESULTS S 

Thee specific activity of CTP synthetase, expressed as nmol CTP/mg protein/hr  1 SD, 

whichh is independent of cell volume, showed the highest value in thrombocytes (6.48 

 0.64, n=8), followed by monocytes (2.23  1.97, n=l 1), lymphocytes (1.69  0.92, 

n=13),, granulocytes (0.52  0.35, n=13) and erythrocytes (0.42  0.20, n=8) (figu-

ree 2). A large variation was observed in all cell types, except thrombocytes. Regarding 

thee mean specific activity of each cell type (figure 2), significant differences exist 

betweenn thrombocytes on the one hand and monocytes (p=0.0007), lymphocytes 

(p=0.0001),, granulocytes (p=0.O002) and erythrocytes (p=0.0008) on the other 

hand,, and between monocytes on the one hand and granulocytes (p=0.0059) and 

erythrocytess (p=0.0064) on the other hand and between lymphocytes on the one 

handd and granulocytes (p=0.0001) and erythrocytes (p=0.0002) on the other hand. 

However,, the differences between lymphocytes and monocytes, and between granu-

locytess and erythrocytes are not statistically significant. 
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AA Figure  2. The CTP synthetase  activity  of  the various  blood  cells  expressed  as nmol  CTP/mg 

protein/hr.protein/hr.  The arrows  with  p-values  represent  the major  significant  differences  of  CTP syn-

thetasethetase  activity  between  several  cell  types. 

Thee CTP synthetase activity in non-separated full blood samples yielded an inter-

mediatee enzyme activity of 1.27  0.17 nmol CTP/mg protein/hr (n=5)f compared to 

thee activity of CTP synthetase in the separated cell types. This phenomenon is in accor-

dancee with the blood cell distribution and the relative contribution of each cell type to 

thee estimated CTP synthetase activity in full blood. 

Purifiedd lymphocytes and monocytes obtained from 4 healthy volunteers were stu-

diedd by Northern blot analysis. CTP synthetase mRNA expression was related to gly-

ceraldehyde-3-phosphatee dehydrogenase (GAPDH) mRNA as a marker of total cellu-

larr mRNA expression. This ratio showed a similar mRNA expression of CTP synthetase 

inn both lymphocytes (mean CTPS/GAPDH ratio of 3.23  0.32) (mean  1SD, expres-

sedd in arbitrary units) and monocytes (3.20  0.27) (figure 3), which is in line with 

thee equality of specific activity of CTP synthetase in both cell types. 

DISCUSSION N 

Majorr differences exist in the CTP synthetase activity of the various blood cell types of 

healthyy blood donors. The lowest CTP synthetase activity was observed in erythrocy-

tes,, which is compatible with the fact that cytosine ribonucleotides are hardly detecta-

blee in these cells (7), and that erythrocytes do not contain either a nucleus or mito-

chondriaa (16). Lacking the facilities and the needs for DNA- and RNA-synthesis, mature 

erythrocytess probably do not need high levels of CTP. Surprisingly, a high CTP synthe-

tasee activity was observed in platelets, which seems to be in apparent contrast with the 

loww CTP concentration (12 pmol/107 cells) that has been found in platelets (7). 

However,, it should be noted that the cell volume of platelets is much smaller compa-

redd to that of leukocytes. When expressed per ug of protein, and thus independent of 

celll number and cell volume, a significant amount of CTP (0.31 pmol CTP/ug protein), 

appearss to be present in platelets, which is still lower than the CTP-concentration in 

lymphocytess (0.52 pmol CTP/ug protein) (7). The ratio of 0.6 of the CTP concentra-

tionss in platelets and lymphocytes observed by De Korte et al. is much lower than the 

ratioo of 3.8 of the CTP synthetase activity of platelets and lymphocytes observed in our 

study.. However, in lymphocytes the synthesis of CTP occurs predominantly via the sal-
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vagee of cytidine and not via CTP synthetase (4). 

FigureFigure  3: Northern  blot  analysis  of  CTP synthetase  mRNA expression  compared  to  CAPDH-

mRNA.mRNA.  Each lane represents  either  mRNA isolated  from  lymphocytes  (L) or  monocytes  (M) of  4 

differentdifferent  donors.  The ratio  of  CTP synthetase  versus  CAPDH mRNA is  similar  in  monocytes  and 

lymphocytes. lymphocytes. 

Severall hypotheses may exist for a high CTP synthetase activity and a high CTP-turn-

overr in platelets. Firstly, the CTP synthetase activity, that we observed in anucleated pla-

telets,, might be a remaining activity of the precursors of platelets, i.e. megakaryocytes, 

thatt do contain a nucleus. This hypothesis is in line with the observed short decay of 

thee mRNA encoding for CTP synthetase (24-48 hours) (17) and the relatively long 

lifespann of platelets (9-13 days) (18). Secondly, CTP might be rapidly utilized for the 

CTP-dependentt production of certain phospholipids, like phosphatidylcholine and 

phosphatidylethanolaminee (19,20), that are continuously being synthesized in plate-

letss (21). Finally, although the fact that platelets do not contain a nucleus, it was 

demonstratedd that platelets contain 4 molecules of mitochondrial DNA per cell (16), 

andd proved to be capable of mitochondrial DNA- and RNA-synthesis (1), and therefo-

ree require (deoxy)ribonucleotides. 
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Whetherr a high activity of CTP synthetase in platelets predicts an increased or decre-

asedd susceptibility towards inhibitors of CTP synthetase, remains the question. In two 

differentt lymphoblastic cell-lines, resistance to the CTP synthetase inhibitor cyclopen-

tenylcytosinee (CPEC) was associated with a higher activity of CTP synthetase (23,24). 

Thiss might be in line with the phase I clinical trial with CPEC, where only a mild throm-

bocytopeniaa was observed with the highest CPEC plasma concentration (25). In con-

trast,, the incubation of leukemic samples of pediatric patients with CPEC showed a sig-

nificantt linear correlation between the activity of CTP synthetase in these leukemic cells 

andd the sensitivity to CPEC, as measured by the degree of CTP depletion (26). 

Thee low CTP synthetase activity in granulocytes was surprising. Their nucleotide 

contentt per 10^ cells and per mg protein is comparable to the other types of leuco-

cytess (7). Granulocytes certainly have high ribonucleotide needs in order to fulfil their 

RNA-synthesizingg duties, as granulocytes produce various proteolytic proteins. 

Probably,, granulocytes synthesize CTP predominantly by means of the cytidine salva-

gee pathway and hardly require the CTP synthetase pathway. Whether or not this salva-

gee pathway is also preferred by myeloid precursors in the bone marrow, remains to be 

determined.. The haematologic toxicity in the phase I trial with CPEC (25) showed only 

moderatee neutropenia with the higher treatment dosages, which might be in agree-

mentt with a low CTP synthetase activity. 

Thee high CTP synthetase activity found in monocytes is in agreement with the rela-

tivelyy high CTP concentration found in monocytes (7). However, the wide variation in 

enzymee activity is remarkable. This interperson variation might indeed exist, but we 

cannott rule out the possibility that this variation has been caused by a temporary in-

creasee in enzyme activity, due to in vivo activation or to ex vivo activation, as monocy-

tess might easily become activated during the isolation process. 

Activationn is probably not the sole explanation for the observed variation in CTP 

synthetasee activity in lymphocytes, for the enzyme activity is not as high as the activi-

tyy of CTP synthetase that we observed in T-lymphocytes isolated from healthy donors, 

andd activated in vitro by anti-CD3 monoclonal antibody and 11-2 stimulation (27). The 

meann enzyme activity in these proliferating T-lymphocytes was 5.0 nmol CTP/mg pro-

tein/hr. . 

Soo far, the mRNA expression of CTP synthetase has never been published. The obser-

vedd mRNA expression in monocytes is equal to that measured in lymphocytes, which 

iss in agreement with the fact that the activity of CTP synthetase is comparable in both 

celll types. 
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Thee CTP synthetase activity of all types of blood cells, except thrombocytes, proved to 

bee much lower than the CTP synthetase activity that was observed in leukemic cells of 

childrenn with ALL (6.8 nmol/mg/h) or ANLL (5.3 nmol/mg/h) (27,28), which might 

implyy a low toxicity of inhibitors of CTP synthetase on leukocytes. In a clinical trial with 

CPECC (25), it was shown that the overall haematologic toxicity was only mild to mode-

rate.. Unfortunately, no information is available about the CTP synthetase activity in non-

malignantt bone marrow (BM) cells, and thus the potentially toxic effect of CPEC on 

humann BM. Large quantities of BM samples are necessary to measure the activity of 

CTPP synthetase in the various BM cell types, and these quantities are not easy to obtain. 

Thee in vitro proliferation inhibitory effect of CPEC on human BM cells has been studied 

(29)) showing that CPEC concentrations, that induced a (reversible) neutropenia in vivo 

(25),, inhibited the process of myeloid colony forming units (CFU) in vitro (29). Lower 

CPECC concentrations might have a mild or no myelotoxic effect, but a sufficient thera-

peuticc anti-leukemic effect. The large differences in CTP synthetase activity between 

malignantt and non-malignant blood white blood cells (27) suggest that inhibition of 

CTPP synthetase may provide a new therapeutic approach for the treatment of children 

withh either ALL or ANLL. 

Concluding,, this report is the first to describe the CTP synthetase activity and mRNA 

expressionn in the various blood cells. Thrombocytes proved to have a high CTP syn-

thetasee activity, reflecting their high needs for cytosine ribonucleotides. In the leuco-

cytess the enzyme activity is low, reflecting a low CTP requirement or a preference for 

thee cytidine salvage pathway. Finally, the mRNA expression of CTP synthetase is simi-

larr in lymphocytes and monocytes. 
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