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In t roduc t io n n 

1.1. Introduction 

Thee transfer of phosphoryl groups from one entity to another is one of the most im-

portantt processes inside a cell and is controlled by kinases and phosphatases. Hundreds 

off pathways are controlled by this reversible process of protein phosphorylation-

dephosphorylation.. I t is a key mechanism for regulating such activities as cell differen-

tiationn and proliferation, gene expression, and many metabolic processes. Examples of 

suchh processes are the biosynthesis of building blocks for RNA and DNA and the control 

off the glycogen synthetase/phosphorylase pathway. The class of enzymes involved in the 

hydrolysiss of phosphate-ester bonds (EC 3.1.3.), the phosphatases, is therefore crucial t o 

life.. Enzymes that belong to this family are reviewed in (1-3, 79, 80) and depicted in 

Tablee 1.1. 

Tablee 1 .1 : Classif ication of phosphatases (1, 79, 80). 

Phosphatase e metals s 

Highh molecular weight acid 

phosphatase e 

Proteinn tyrosine phosphatase 

Alkalinee phosphatase 

Purplee acid phosphatase 

Ser/Thrr protein phosphatase 

Inositoll monophosphatase 

Fructose-1,6-bis-- phosphatase 

Inorganicc pyrophosphatase 

Phospholipasee C 

Noo metals 

ZnZnMg g 

FeFee or FeZn or FeMn 

FeZnn or FeMn or MnMn 

MnMnn or MgMg 

MnMnn or Zn 

MnMnn or MgMg 

ZnZn n 

mechanismm ^_ _ __ 

2-stepp mechanism via a phospho-histidine intermediate 

2-stepp mechanism via a phospho-cysteine intermediate 

2-stepp mechanism via a phospho-serine intermediate 

Directt transfer to water 

Directt transfer to water 

Directt transfer to water? 

Directt transfer of water? 

Directt transfer to water 

Directt transfer to water? 

Naturee invented several ways to overcome the problem of hydrolyzing the thermody-

namicallyy very stable phosphate ester bond. Protein tyrosine phosphatases only hydro-

lyzee substrates with an extra electron-withdrawing group, such as a phenylgroup. Other 

non-metal-containingg phosphatases, such as the high-molecular weight acid phospha-

tases,, have apparently found another way to overcome this problem. For the least 

reactivee substrates, the alkyl phosphate esters, it may be possible that metals are 

introducedd in the proteins to overcome this problem (1). Members of both classes will be 

discussedd in this chapter with special emphasis on the metal-containing phosphatases. 

2.2. Non-metal-containing  phosphatases 

2 . 1 .. High molecular weight acid phosphatases 

Highh molecular acid phosphatases (HMWAP) are enzymes with a molecular mass 

higherr than 40 kDa and an acid pH opt imum, from 2.5 to 6. They are found in a wide 

varietyy of organisms, ranging from humans to mushrooms, and from E. coli to Drosophila 

melanogastermelanogaster (4-13). A conserved sequence motif, RHGXRXP, is present in the prostatic, 

lysosomal,, E. coli, and yeast acid phosphatase (14). The most thoroughly studied are the 

enzymess from rat and from human prostate. A physiological role for HMWAP in humans 

iss down-regulation of prostate cell growth suggesting a possible role in prostate cancer 

(15,(15, 16), while the plant HMWAP are proposed to function in seed germination (17). 

Littlee is known regarding regulation of expression (18). These acid phosphatases are also 
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Chapte rr  1 

namedd histidine phosphatases because of their use of a phosphohistidine intermediate 

(19). (19). 

AA few crystal structures of HMWAP with a resolution of approximately 3 A have ap-

peared.. The human prostate HMWAP (20, 21) is crystallized as a dimeric protein with and 

withoutt tar t rate, the two subunits each contain an active site region. The single polypep-

tidee form is essentially inactive and a two-subunit is necessary for catalytic activity (22, 

23).23). A tartrate inhibited complex of rat HMWAP was crystallized (24-26), the structures 

withh the transition state analogues vanadate and molybdate (27) were also determined. 

Bothh proteins are, as could be expected f rom an 80 % sequence identity, very similar. 

Thee active site is located in a large open cleft between the two domains and contains two 

histidines,, an aspartic acid, and several arginines which is confirmed by EXAFS analysis 

off a Cu substituted form (28). Mutagenesis studies of active site residues (e.g. Arg, His, 

Asp)) (12, 29-31) have provided insight in the role of these residues in the catalytic 

mechanism.. I t was already known that a phosphoryl-enzyme intermediate in which a 

histidinee residue plays an important role was formed during catalysis (32), and that the 

reactionn proceeds with overall retention of configuration (33). 

Thee mechanism (Figure 1.1) involves the nucleophilic attack of a histidine forming a 

stablee phosphohistidine. Two arginines stabilize the substrate, and an aspartic acid 

donatess a hydrogen to the leaving alcohol. In the second, rate-determining step, a water 

moleculee functions as a nucleophile and phosphate is released from the active site (3). 

Figuree 1.1: Catalytic mechanism of high molecular weight acid phosphatases. Adapted from (3, 32). 
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In t roduct io n n 

2.2.. Protein tyrosine phosphatases 

Thee protein tyrosine phosphatases (PTP) (34-38) specifically dephosphorylate phos-

photyrosinee proteins. They are identified by their sensitivity to tartrate, their insensitivity 

too okadaic acid, their lack of metal dependence, and their total loss of activity upon 

mutationn of an active site cysteine residue {39, 40). Based on function, structure and 

sequence,, these phosphatases can be grouped into three main families, the low molecu-

larr weight, high molecular weight (including receptor- and nonreceptor PTPs), and the 

duall specific PTPs. Despite the fact that there is little sequence homology between the 

threee groups, they share a common sequence motif (41, 42). 

Thee low molecular weight PTPs have a molecular mass of approximately 18 kDa and 

havee been found in a variety of organisms. They also include the so-called low molecular 

weightt acid phosphatases (3) because of their same molecular mass, and substrate 

preference.. Their function is unknown (41, 43), but recently it was suggested that in 

vertebratess they are involved in the ephrin signaling pathway (44). Other studies on 

Alzheimer'ss disease suggested a role in the regulation of epidermal growth factor recep-

tor-dependentt transmembrane signaling by dephosphorylation of the phosphorylated 

receptorr (45-47). The high molecular weight PTPs, with a mass of 30 kDa, are involved 

inn a wide range of signaling pathways (34, 37) while the dual specific PTPs, named after 

theirr ability to hydrolyze serine, threonine, and phosphotyrosine proteins, are involved in 

thee regulation of cell cycle and spermatogenesis processes (34, 48, 49). The crystal 

structuress of native, mutant, and oxyanion-bound, low molecular weight PTPs (50-57), 

highh molecular weight PTPs (39, 58-66) and dual specific PTPs (67-69) show an active 

sitee that is structurally identical. Three conserved residues are crucial in the catalytic 

Figuree 1.2: Proposed reaction mechanism of protein tyrosine phosphatases. Adapted from (34) 
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Chapte rr  1 

mechanismm and are common to all the PTPs: a cysteine, an aspartic acid, and an arginine 

residue. . 

Thee catalytic mechanism (34, 70-74) used by the PTPs (Figure 1.2) is well established. 

I tt is a two-step mechanism in which each step is accompanied by an inversion of con-

f igurat ionn at the phosphorus atom. First, a phosphate binding loop (P-loop) is formed for 

posit ioningg of the substrate to which the anionic phosphate oxygens hydrogen bond. The 

conservedd cysteine thiolate which has a pKa much lower than that of free cysteine due to 

hydrogenn bonding to the side chain of the conserved serine or threonine residue (75), 

funct ionss as the nucleophile. Nucleophilic attack results in the formation of a phospho 

enzymee intermediate through a trigonal bipyramidal transition state characteristic of an 

SN22 reaction. The conserved aspartic acid side chain donates a proton to the leaving 

groupp (71, 76) and the arginine stabilizes the transition state (72). Reversible inactiva-

t ionn is observed after incubation with hydrogen peroxide, and the addition of reducing 

agentss such as glutathione reestablishes the activity, suggesting a possible mechanism 

forr in vivo control of these enzymes (77). In the second step, which is rate l imit ing, the 

phosphoenzymee intermediate is attacked by a water molecule, forming a non-covalent 

enzyme-phosphatee complex (73, 78). Finally, inorganic phosphate is released from the 

enzyme. . 

3.3. Metal-containing  phosphatases 

Thee metal-containing phosphatases use a di- or trinuclear metal site to catalyze hy-

drolysiss of phosphate-esters. They include the alkaline, purple acid, and Ser/Thr phos-

phatases,, as well as 5'-nucleotidase, inositol monophosphatases, and D-fructose 1,6-

bisphosphate-1-phosphatasee (1, 2, 79, 80). Reaction occurs either via a single-step 

conversionn with inversion of configuration at the phosphorus (as for purple acid phos-

phatase)) or via a two-step process with retention of configuration (as for alkaline phos-

phatase).. This section will discuss the first three phosphatases, with special emphasis on 

thee purple acid phosphatases. The Ser/Thr protein phosphatases, which are closely 

relatedd to PAP, are also of major concern since several structural studies have been 

performedd on this enzyme. Some general features concerning metal-assisted enzymatic 

catalysis,, as well as phosphate ester hydrolysis, will be presented. 

3.11 Effect of metals on catalysis 

Approximatelyy 30% of all proteins and enzymes use metals as cofactors for their bio-

logicall function. "Biological" metals include magnesium, calcium, almost all members of 

thee f irst transition metal series, and molybdenum, tungsten, cadmium, and mercury. The 

metalss are usually bound to amino acid side chains by coordinate covalent bonds and 

theirr properties, such as electronic structure, redox potential, and stereochemistry are 

modulatedd by the protein. In addition, ligands may be present that are not derived from 

thee protein (exogenous), such as water, hydroxide, oxide, sulfide, buffer components 

suchh as acetate, and spectroscopic probes such as carbon monoxide (81). The involve-

mentt of metals in the catalytic process has several advantages over non-metal catalyzed 

reactions:: (a) they lower the pKa of a water molecule providing a better nucleophile; (b) 
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In t roduct io n n 

theyy correctly position the nucleophile for attack; (c) they enhance the electrophilicity of 

aa bound substrate molecule; and (d) they can assist in leaving group stabilization (82). 

Waterr is the most frequently found exogenous ligand in metallo proteins and contrib-

utess heavily to the catalytic process of metal-containing enzymes. The pKa of this ligand 

iss affected in several ways (83, 84). 

1)) Coordination of water to a metal results in a significant decrease in its pKa, since the 

positivelyy charged metal stabilizes the conjugate base of the ligand. For example the pKa 

off water is lowered from 14 to 10.1 for the hexaaquo complex of ferrous ion. 

2)) The decrease in pKa correlates with a decrease in ionic radii and increase in effective 

nuclearr charge. Thus the pKa of the hexaaquo complex of Zn 2 + is 9.6 vs. 10.1 for the pKa 

off the hexaaquo complex of ferrous ion. 

3)) Moreover, metals with higher oxidation states will further decrease the pKa. For 

examplee a pKa of 2.2 is found for the first deprotonation of [Fe(H20)6 ]3 + vs. 10.1 for the 

[Fe(H20)6 ]2 ++ ion (85). 

4)) If the coordination number of a metal decreases a concomitant decrease in pKa is 

observed.. For example the pKa of coordinated water in the complexes [Zn(NH3)5OH2 ]2 + , 

[Zn(NH3)4OH2 ]2 + ,, and [Zn(NH3)3OH2 ]2+ is 6.5, 6 . 1 , and 5.7, respectively (86). 

5)) The coordination of (non-exogenous) ligands influences the charge of the metals, and 

thereforee the pKa of the coordinated water. Coordination of negatively charged residues 

suchh as aspartate neutralizes the positively charged metal ions thereby increasing the 

pKaa values, while neutral residues like asparagine have little effect. 

6)) Finally the interaction of water with 2 metals will further decrease the pKa. 

Anotherr factor that should be considered in metal assisted catalysis is the ligand ex-

changee rate. In general, water exchange rates are very fast for mono- and divalent metal 

ions,, while for tr ivalent metal ions they are substantially slower (106 to 109 for mono-

andd divalent, 0 to 102 for trivalent) (83). Reactions with two metal ions can be 102-103 

timess faster than those involving a single metal (82). In the active form of purple acid 

phosphatasee both metals are found in different oxidation states, a ferric and a ferrous 

ion.. Because of the weak coupling due to a bridging carboxylate group (87, 88), it is 

possiblee that both metals function more or less independently in different steps in the 

mechanisticc sequence. 

3.22 Metal-assisted enzymatic phosphate ester hydrolysis 

Severall mechanistic possibilities for the hydrolysis of a phosphate ester at a dinuclear 

activee site are depicted in Figure 1.3 (80). In (a) the leaving group is stabilized by one 

metal,, while the other generates the nucleophile. Coordination of the substrate to a 

metall ion, while the other metal generates the nucleophile is depicted in (b). In (c) and 

(d)) the substrate is bound in a bidentate manner, bridging both metals, and either a 

monodentatee coordinated nucleophile or a bridging nucleophile attacks the phosphorus. 

Forr purple acid phosphatase mechanisms (b) and (d) are proposed (89, 90) while all 

mechanismss have been proposed for the protein phosphatases (91-95). 

11 1 



Chapte rr  1 

Figuree 1.3: Possible mechanisms used by binuclear metal containing phosphatases. Adapted from (80) 
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3.3.. Alkaline phosphatase 

Thee most well-studied phosphatase is alkaline phosphatase (AP), which occurs in pro-

andd eukaryotes {96-103). I t is a metal enzyme involving a di-zinc magnesium active site. 

Thee E. co//enzyme is a homo-dimer (2x47 kDa) that bears a significant sequence 

homologyy (20-30%) with the mammalian APs. The key metal binding interactions are 

preservedd through identical or analogous interactions. Although the catalytic mechanism 

iss wel understood, their physiological role is only moderately understood. AP plays a role 

inn bone mineralization (104-106) and is colocalized with osteopontin (107). A knock-out 

mousee provides clear evidence that osteoblasts differentiate normally, but are unable to 

init iatee mineralization in vitro (108). A role in pathological mineralization such as dys-

trophicc and vascular calcification has also been suggested (106). Furthermore, the 

increasedd expression levels of AP in serum of patients with diabetes, arthrit is, and 

mult iplee sclerosis suggest that the increase in AP closely reflects the abnormal activation 

off T lymphocytes that is common in autoimmune diseases (109). Co-expression with PAP 

iss found in human monocytes that differentiate into macrophages, dendritic cells and 

osteoclastss (110), and a role in cell division, specifically increasing tumor cell growth, has 

beenn suggested (111). Finally, a role as zinc marker in humans is proposed (112). 

Crystall structures of native (113-116), native complexed with oxyanions (116-119), and 

mutantt APs (116, 118, 120-122) from E. coli as well as the first structure of a human AP 

(113)(113) have been published. Together with several mutagenesis (123-125) and mecha-

nisticc studies (121, 122, 126-130), these results have led to a detailed mechanism in 

whichh the roles of the metals and active site residues have been elucidated (Figure 1.4) 

(116).(116). In this mechanism, formation of the enzyme-substrate complex involves coordi-

nationn of the ester oxygen to Z n l and additional interactions between the non-bridging 

oxygenn atoms of the substrate with Zn2 and the guanidinium group of A rg l66 . Ser l02 

occupiess the position opposite the leaving group. Upon binding of the phosphate ester, 

thee Mg-coordinated hydroxide ion acts as a general base to deprotonate Ser l02 0 T fo r 

nucleophilicc attack on the phosphorus atom. The formation of the covalent enzyme-

phosphatee intermediate (E-P) results in inversion at the phosphorus center and the loss 

off the leaving group (RO~). A nucleophilic hydroxide ion coordinated to Z n l attacks the 

12 2 



Introductio n n 

Figuree 1.4: Catalytic mechanism used by alkaline phosphatases. Reprinted with permission from (116). 
Copyrightt (2001) Academic Press. 
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covalentt E-P intermediate, causing a second inversion of configuration at the phosphorus 
center,, forming the non-covalent enzyme-phosphate complex (E»P{). The water molecule 
coordinatedd to Mg now acts as a general acid, donating a proton to Serl02 or alterna-
tivelyy to inorganic phosphate for release. 

3.4.. Purple acid phosphatase 

3.4.1.3.4.1. Introduction 
Purplee acid phosphatase (PAP) (79, 80, 131-133), also named tartrate resistant acid 

phosphatasee (TRAP) {134) or type 5 acid phosphatase (AcP5; EC 3.1.3.2) or band 5 acid 
phosphatase,, is an enzyme with: 

 a binuclear metal active site containing iron, zinc or manganese 
 a distinct pink to purple color due to a broad absorption band between 500 to 560 nm 
 an acidic to slightly acidic pH optimum 
 insensitivity to tartrate inhibition, unlike other phosphatases 

PAPP was "discovered" in the early fifties when it was isolated from bovine spleen 
(135).(135). At that time it was not known that the protein was purple; this was discovered in 
19600 (136, 137). More than ten years later, in 1973, it was shown that 1 atom of iron 
wass present per protein molecule (138). A similar glycoprotein, found in pig uterine fluids 
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Chapte rr  1 

(139)(139) was also shown to display a purple color (140), the origin of the purple color could 

onlyy be speculated upon. I t was believed that it had something to do with the presence 

off the iron, but other known iron-containing proteins did not show such an absorption 

band.. In 1980 the presence of a paramagnetic Fe center was proven by EPR 

spectroscopyy at low temperatures (141). Although two irons per enzyme molecule were 

foundd by others (142, 143), it was proposed that the EPR spectrum was due to a 

mononuclearr iron center. In 1982, however, it was unambiguously proven that a spin-

coupledd mixed-valent Fe3+Fe2+ site is present (144). 

Thiss observation placed PAP into the family of the diiron proteins, a well-known 

enzymee family in bioinorganic chemistry. Other members of this rather novel family are 

(133,(133, 145-148): ribonucleotide reductase, an enzyme involved in the first step of DNA 

synthesiss (149-151); methane monooxygenase, an enzyme present in methanotrophs 

thatt catalyzes the insertion of a single oxygen atom from dioxygen (152-157), and other 

oxygenasess such as alkene monooxygenase (158); hemerythrin (159), an oxygen 

t ransportt protein that is found in a variety of marine invertebrates; rubrerythrin, with a 

sofarr unknown funct ion; and stearyl acyl carrier A9-desaturase, a protein responsible for 

thee conversion of saturated to unsaturated fatty acids (160, 161). 

Inn all these enzymes the redox state of the diiron site varies during catalysis, and in 

thatt way they are different from PAP. With respect to the hydrolytic function, PAP might 

resemblee more the binuciear manganese, nickel, or zinc containing metalloenzymes such 

ass arginase, urease, and aminopeptidase (80, 84). PAP is only active in a mixed-valent 

Fe3+Fe2++ state; the oxidized Fe3+Fe3+ form is inactive (162). This uncommon feature and 

itss purple color caused researchers to explore the kinetics and spectroscopic 

characteristicss of PAP. In the 1980's and 1990's the protein was extensively 

characterizedd to gain insight into its structure and mechanism. Only recently more 

at tent ionn has been given to its physiological function, especially its in vivo localization 

andd its mode of action. I t appears as if this uncommon enzyme may have more than one 

physiologicall function. The release of three X-ray structures of a mammalian PAP is a 

blessingg for those performing mechanistic studies on PAP with the ultimate goal to 

developp very specific inhibitors. 

3.4.2.3.4.2. Molecular properties 

Purplee acid phosphatases have been identified in a wide range of sources. The enzyme 

iss found in mammals, plants, and micro-organisms (132, 133). All contain the conserved 

activee site residues (Figure 1.5). 

Inn mammals the best characterized PAPs are isolated from bovine spleen (BSPAP) and 

pigg uterine fluids (Uf). Other organisms in which PAP has been identified are mice (163), 

rabbitss (164), rats (165), and humans (166). The tissues in which PAP is found are 

diverse.. Initially the protein was known to be present in macrophages and osteoclasts, in 

spleenn (135, 137, 167-169), placenta (166, 170, 171), lung (172, 173), blood serum due 

too leakage from organs (174-176), and bone (177-180). However, it was recently shown 

thatt PAP is more widely expressed in mammalian tissues (181). Histochemical and 

hybridizationn studies showed that the enzyme is present in, among others, skin, 

epitheliall surfaces, gastrointestinal tract, and internal cavities including stomach and 

intestines.. A more detailed discussion of its function is given in the following section. All 

thesee enzymes have a molecular weight of approximately 35 kDa, are glycosylated, have 
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ann isoelectric point around 9, and are optimally active at a slightly acidic pH. Some 

mammaliann enzymes (those from bovine spleen, rat bone, and human spleen and bone) 

aree purified as proteolytically cleaved or two-subunit proteins, with fragment masses of 

166 and 20 kDa (169, 173, 182-184) although they are transcribed as single polypeptides 

(185).(185). In contrast, Uf and the recombinant expressed human (186, 187), rat (180, 188) 

andd mouse (187) PAP are isolated as single polypeptide proteins. N-terminal sequencing 

showedd that proteolytic cleavage occurs in a region that is suggested to be an exposed 

loopp in the vicinity of the binuclear active site (183). The catalytic activity of PAP 

increasess substantially upon proteolysis with a concomitant increase in pH opt imum; the 

molecularr basis for these effects is unknown (189). The sequence identity of mammalian 

PAPss is high; almost 90 % of the primary structure is shared by all members of the 

mammaliann family (132, 180, 190-192). 

Figuree 1.5: Sequence alignment of known PAPs. Reprinted from (215). Copyright (2000), with permission 
fromm Elsevier Science. 
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Plantt purple acid phosphatases are homodimers with a molecular mass of 2x55 kDa. 

Theyy are found in red kidney bean (KBPAP) (131, 133), sweet potato (193-195), yellow 

lupinee (196), soybean (197), rice (198), spinach (199), peanuts (200), Easter lily (197), 

duckweedd (201), and Arabidopsis thaliana (202, 203). Two different forms have been 

identified,, one with one Fe and one Zn in the active site, and one with with Fe and Mn as 

thee active site metals (193, 204-207). Primary sequences of plant PAPs are known for 

KBPAP,, sweet potato, rice, Arabidopsis thaliana, soybean, and duckweed. A third family 

off plant PAPs has recently been characterized and is more similar to the mammalian 

PAPs;; the sequence similarity between Uf and this family varies between 50 and 80 %. 

Thee molecular mass is approximately 35 kDa, and their secondary structure closely 

resembless that of mammalian PAPs (203, 208). 

Fromm microorganisms, an acid phosphatase from Aspergillus ficuum with a mass of 85 

kDaa has been isolated and shown to contain all active site residues involved in metal 

binding.. A homologous sequence was found in Aspergillus nidulans (209-212). Recent 

searchess of the available databases revealed the occurrence of PAP-like sequences in 

Plantss (A) 

Plantt (B) 

Microorganisms s 
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MycobacteriumMycobacterium tuberculosis, Mycobacterium leprae and Synechocystis sp. {213). An acid 

phosphatasee was also found in Neurospora crassa {214). No homologous genes could be 

foundd during extensive searches in the genomes of Drosophila, Saccharomyces and 

severall other bacterial sources {213, 215). 

3.4.3.3.4.3. Physiological function 

Thee role of purple acid phosphatase was and still is unclear. However, the field of 

funct ionn and regulation of PAP, recently reviewed by Oddie et al. {215), is moving fast. 

PAPP displays a broad substrate specificity towards a large group of phosphoproteins 

{132,{132, 186), not directly linking it to a specific function. The ability to transfer iron to 

transferr inn suggests that the single polypeptide form of PAP can function in iron transport 

inn pregnant pigs {216-219). This role is supported by the observation that uteroferrin is 

associatedd with transferrin in various stages of pregnancy {220). A third reported 

characteristicc feature of PAP is that it is able to form reactive oxygen species, 

presumablyy via Haber-Weiss-Fenton chemistry {186, 221). Until recently, however, no 

quanti tat ivee information on this ability has been published and it is therefore an 

unexploredd area in PAP research. Together with the observation that elevated levels of 

PAPP are found in patients with Gaucher disease {168, 222, 223), hairy cell leukemia 

{169,{169, 224-226), AIDS {227), and Paget's disease {175, 228), the characteristics 

mentionedd above suggest that PAP most probably has more than one function. 

Thee gene of PAP in humans is located on chromosome 19 {192). Its expression is 

regulatedd by iron, hemin, and protophorphyrin {215, 229-231). PAP seems to be 

synthesizedd on the endoplasmic reticulum {232) and transported intracellular^ either 

destinedd for secretion, as shown for osteoclasts by a PAP-knockout mouse {233), or 

directedd to lysosomes, as in macrophages. 

Inn bone, its predominant location is the resorption vacuole {234), which suggests that 

itt is secreted by osteoclasts to the site of active bone resorption. The protein osteopontin 

(OPN)) is involved in anchoring the osteoclast to bone via the integrin receptor {235), 

result ingg in bone resorption {236); osteopontin has been shown to be one of the best 

substratess for two-subunit PAP {189, 237). Dephosphorylation of osteopontin inhibits 

bonee resorption, resulting in a disturbed bone resorption/mineralization ratio and 

osteoporosis.. This was observed in a transgenic mouse overexpressing PAP {238), which 

exhibitedd an increased rate of bone resorption. The opposite, increased bone 

mineralizationn resulting in mild osteopetrosis, is observed in a PAP knockout mouse 

{239).{239). The active form of PAP in this process could either be the two-subunit form or the 

singlee polypeptide form. The former is expected because several cysteine proteases, such 

ass the cathepsins, are present in the same compartment as PAP {189). Thus, PAP is a 

regulatorr of osteoclast attachment to bone and plays a very important role in 

osteoporosis,, a potentially threatening disease to the elderly. 

Littlee is known about the function of PAP outside the skeletal system, although the 

presencee of PAP in macrophages suggests a role in the immune response {240). The 

abil i tyy to form reactive oxygen species {186) that could function in microbial defense 

strengthenss this assumption. Moreover, the previously mentioned elevated levels of PAP 

inn macrophages in Gaucher's disease and hairy cell leukemia, as well as the presence of 

PAPP in serum, where it is complexed with oc2-macroglobulin {241) and acting as a disease 

markerr {176, 242), are other indications for a role in inflammatory responses. In fact, 
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Bunee et al. recently reported a study of the clearance of a microbial pathogen in PAP 

knockoutt mice compared to wild-type mice (240). They observed a 24 hour lag phase in 

clearancee of viable bacteria together with an increase in the expression of lysosomal acid 

phosphatasee in the PAP null mice compared to the wild-type, providing clear evidence of 

aa macrophage defect caused by the absence of PAP activity. 

Ass mentioned earlier, an in situ hybridization and immunohistochemical study showed 

thatt PAP is also present in tissue such as skin and epithelial surface in dendritic cells 

{181,{181, 243). I t could function in regulating intracellular signaling pathways including 

traffickingg of MHC Class II-containing vesicles involved in antigen presentation. A 

possiblee in vivo substrate of PAP in the immune response could be osteopontin, also 

knownn as Eta-1 (244), which has been identified as a key cytokine in type-1 immune 

responses. . 

Anotherr astounding finding is that PAP is present in small ganglion cells, in a-motor 

neuronss in the spinal cord, and in Purkinje cells of the cerebellum (245). The localization 

off PAP in the same cell types as protein phosphatases (PP) suggests a functional 

relationshipp between PAP and members of this family. Moreover a role for PAP in nitric 

oxidee metabolism has been suggested (246) which is supported by the co-localization 

withh nitric oxide synthase-1 (356). Based on these observations it has been proposed 

thatt PAP may be involved in pathological processes such as Alzheimer's disease (245). 

Inn conclusion, PAP does not have a single function in vivo, but is involved in several 

processes.. Unraveling this important characteristic of this uncommon enzyme will be one 

off the main targets of future PAP research. 

3.4.4.3.4.4. Spectroscopic properties 

Duee to the metals in PAP, a variety of spectroscopic techniques have been used to 

specificallyy probe the diiron site. Resonance Raman studies (247-250) showed the origin 

off the purple color; four symmetric bands due to tyrosyl-vibration are observed : C-H 

bendingg (1168 cm"1); C-0 stretching (1285 cm"1); and first and second ring stretching 

(15033 and 1603 cm"1). The C-0 stretching band shifts upon reduction, but does not 

changee in intensity, which suggests that only the ferric ion is coordinated by one tyrosine 

(247).(247). The presence of these vibrations in FeZn-Uf support this conclusion (249). Several 

bandss are observed at lower frequency and a band at 575 cm"1 is assigned to an Fe-O-

Tyrr stretching. A major difference between the reduced and oxidized form is that the 

intensityy of a 521 cm"1 vibration is increased 2-fold in the reduced form. Since it is the 

onlyy mode whose intensity is sensitive to the oxidation state of the adjacent iron atom, it 

mayy involve a contribution from a bridging ligand, such as a carboxylate (248). Recently, 

aa H2
180 sensitive shoulder of the 521 cm"1 signal, which downshifts 20 cm"1 upon addition 

off arsenate, was assigned to the bridging Fe3+-u-OH vibration. However this shift did not 

appearr to take place when phosphate was used (250). In the UV-Vis spectrum, the 

positionn of the absorbance maximum (Amax; £«4000 M"1 cm'1) is characteristic for the 

oxidationn state and for the bound anions. Reduced PAP has a maximum at 515 or 536 

nmm (only for "high salt" BSPAP; BSPAP is isolated in two different forms, with a Amax at 

5155 nm which is called "low salt" (251) or with a Amax at 536 nm which is called "high 

salt"" (252). "High salt" BSPAP is only obtained after purification under high salt 

concentrations)) while the oxidized species absorbs at 550-560 nm. Addition of anions 

suchh as phosphate, arsenate, molybdate, tungstate, and fluoride shifts the absorbance 
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maximumm to higher wavelength for the f irst two, while a shift to lower wavelength is 

observedd for the latter three anions (188, 205, 251-255). A combination of CD and MCD 

spectroscopiess (254) confirmed that both iron centers are six-coordinated and bridged by 

aa u-hydroxo group. Upon binding of the oxyanion phosphate (1) the exchange coupling, 

J,, decreases; (2) the u-OH bridge to Fe2+ bonding strength increases; and (3) the Tyr to 

Fe3++ donor interaction increases. These findings suggest that the bridging hydroxide 

wouldd be labilized and more strongly bonded to the Fe2+ making it, as a " terminal" Fe2+ 

boundd hydroxide, a better nucleophile. 

Thee active mixed-valent Fe3+Fe2+ state has a paramagnetic S=1/2 ground state that 

allowss the use of spectroscopies such as electron paramagnetic resonance (EPR), 

electron-nuclearr double resonance (ENDOR), electron-spin echo envelope modulation 

(ESEEM)) (256), and paramagnetically shifted ^ -nuc lea r magnetic resonance (NMR) 

spectroscopy.. EPR provided evidence that a mixed-valent diiron center is present in the 

activee enzyme (144), while the oxidized paramagnetically coupled Fe3+Fe3+ protein is EPR 

silentt due to an S=0 ground state. The EPR signal from proteolytically cleaved BSPAP and 

singlee polypeptide Uf are not identical. The former has g x y z=1.86;1.73;1.58 (144), while 

thee latter exhibits a spectrum with gxyz= 1.94; 1.74; 1.59 (141). For BSPAP a pH 

dependencee of the EPR was found (248, 257), with a pKa,app of 4.4 to 4.6. This pKa 

correspondss to pKa4 found in kinetics studies and is attributed to the deprotonation of 

thee nucleophilic metal-bound water. Magnetic susceptibility measurements for KBPAP and 

BSPAPP (258) at these pHs indicated that no dramatic changes in the coupling constant, J, 

occur.. Oxidation results in a doubling of J for BSPAP, from -4.4 to -9.6 cm"1 at pH 5.2, 

whilee for KBPAP this is not observed (258). Earlier measurements on the oxidized form 

gavee a coupling constant around -J > 100, in agreement with a u-oxo-bridge (248). 

AA major problem in these studies is that most of them were performed under non-

opt imall conditions. In fact, the pH optima of both Uf and BSPAP were determined under 

non-saturatingg conditions, resulting in a pH optimum substantially lower than under 

saturat ingg conditions. The observed optimum for Uf was 4.9 at 10 mM substrate (140, 

259)259) while measurements at 50 mM substrate showed that the opt imum for Uf and 

BSPAPP shifted half a pH unit to higher pH (M. Pinkse, M Merkx, B.A. Averil l, unpublished 

results)(260).. EPR showed that in FeZn-BSPAP phosphate apparently does not bind to 

thee ferric site at the active pH. Only at very high phosphate concentrations ([PO4 ]>100 

mM)) was an effect observed, while with high salt FeFe-BSPAP the characteristic spectrum 

inn EPR was already lost at 12.5 mM phosphate. Rapid freeze quench EPR experiments at 

pHH 6.5 with p-NPP, however, showed a mixture of features that closely resemble the 

spectraa of Uf and high salt BSPAP (260). Moreover, inhibition experiments of Uf with 

phosphatee display an exponential curve, when Kj is plotted as function of pH, with no 

detectablee pKa (261), suggesting that phosphate is not a strong inhibitor in the pH region 

wheree the enzyme is active. At pH < 5.0 and a temperature of 2 K, a broad EPR signal 

wass observed in FeFe-Uf-P04 with gx y z=1.17; 1.51; 2.30 (249, 262), which may also 

havee been present in the rapid freeze quench EPR spectra. In FeZn-Uf-P04 the EPR signal 

iss broadened when [1 70]phosphate is used, providing direct evidence for coordination of 

phosphatee to the ferric site (249). Magnetic susceptibility measurements at these pH's 

gavee a two-fold reduction in the coupling constant upon addition of phosphate (258). The 

addit ionn of oxyanions such as molybdate results in a dramatically changed EPR spectrum, 

f romm rhombic to an axial species (249, 263), with no change in coupling constant (258). 
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Paramagneticallyy shifted NMR for Uf {264-266), BSPAP (264) and KBPAP (267) 

showedd several features that were assigned to the coordination of tyrosine and 

histidines.. At pH 3 new signals appeared, indicative of a relatively slow conformational 

changee coupled to protonation of the enzyme. The addition of phosphate could not be 

studiedd because it resulted in the loss of the NMR spectrum, while the addition of other 

oxyanionss resulted in small shifts in the spectrum. 

Thee presence of iron makes PAP a suitable target for Mössbauer spectroscopy. 

Analysiss of spectra of reduced and oxidized PAP provided insight in the oxidation state of 

thee metals (248, 268-270). Moreover the Zn and Hg substituted form of Uf showed that 

thee ferric site remains unperturbed upon metal substitution (270). I t was also observed 

thatt upon addition of phosphate the quadrupole splitting decreases (270) indicative of a 

moree symmetric electric field surrounding the metals. 

Thee zinc-substituted form of Uf (250, 271), BSPAP (272), KBPAP (273), and sweet 

potatoo PAP (274) and their oxyanion-inhibited forms have been extensively studied by 

extendedd X-ray absorption fine structure (EXAFS). The metal ions are separated by 3.0-

3.44 A and coordinated by several 0 - and N-donors in the first ligand sphere. Molybdate 

andd tungstate asymmetrically bridge the metals (Zn-XOn distance 3.6-3.7 A, Fe-XOn 

distancee 3.2 A), while phosphate was found to bridge symmetrically (3.2 A). In FeFe-Uf 

(275)(275) a relatively large distance (3.5 A) is found between the two iron atoms. A p-oxo 

bridgee in the oxidized form was excluded and a bridging carboxylate was suggested, 

whichh had also been implicated by ^ -NOESY (276). 

Finallyy model structures have been prepared that can help with the interpretation of 

spectroscopicc data (145, 277-283). 

3.4.5.3.4.5. Crystal structures 
AA lot of effort has been put into the elucidation of a crystal structure of PAP. In 1994 

X-rayy crystal diffraction experiments on human PAP crystals failed because of poor 

diffraction.. In 1995 the crystal structure of a plant PAP (KBPAP) was published (284), 

whichh was slightly improved after a year together with the publication of two structures 

withh phosphate and tungstate bound (89). KBPAP is a homodimer with a mass of 110 

kDa.. Each monomer consists of two domains, of which the C-terminal domain contains a 

p-a-p-a-pp motif. The active site residues are situated at the C-terminus of five of six 

strands,, as is also found in the PPs (92-94, 285-287). With this structure the sequence 

homologyy earlier proposed between the PPs and the PAPs was confirmed (288). I t took 

anotherr four years before the first structure of a mammalian PAP was published. In 1999 

thee structures of native Uf at 1.55 A resolution (289), and of recombinant rat PAP at 2.2 

AA and at 2.7 A resolution were published (290, 291). The structure of oxidized uteroferrin 

att 1.5 A resolution showed a highly symmetrical spherical protein, with dimensions of 

4 5 x 4 5 x 4 00 A, consisting of a double p-sheet sandwich surrounded by a-helixes (Figure 

1.6)) (289, 292). The loops connecting the secondary structure elements provide all but 

onee of the side chains for the binuclear metal center. Based on this high symmetry, it 

wass suggested that Uf may have evolved by gene amplification, as has been proposed 

forr the dinickel protein urease (80). A disulfide bond is found between residues Cys l42 

andd Cys200, as in the 2.7 A resolution recRPAP structure, and in all three structures PAP 

iss glycosylated on asparagine 97. The active site of oxidized Uf at pH 5.0 (292) is 

structurallyy similar to that of FeZn-KBPAP (89, 284) and is located on the surface of the 
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Figuree 1.6: The 3-D structure of Uf (1UTE) 

protein,, where it is easily accessible by substrates. One difference is the distance 

betweenn the ferric ion and the tyrosine residue, in mammalian PAPs this distance is 1.95-

2.000 A, while in FeZn-KBPAP 2.20 A is found, which could be a result from a lower 

resolution.. The distance between the two iron ions is 3.31 A, and both metal ions have 

ann octahedral coordination. 

Thee structure of the active site is depicted in Figure 1.7, with the distances between 

thee residues given in A. The metal ions are bridged by a hydroxide ion, and no additional 

waterr molecules are found within 5 A distance from the metal ions. However, the 

bidentatee bound phosphate is surrounded by water molecules, implying water 

coordinationn to the metals upon phosphate removal. In the 2.2 A resolution recRPAP 

structure,, which is crystallized at pH 7.0 (293), a sulfate ion is bound in a monodentate 

fashionn to the ferrous site of the oxidized Fe3+Fe3+ site. This coordination is different from 

thee KBPAP structures (80, 284) and is explained as a potentially active structure of the 

enzymee substrate complex, as proposed based on BSPAP studies (260). In this structure, 

however,, an additional zinc ion is found, bound to one of the substrate coordinating 

residuess and to sulfate. Since zinc is a known inhibitor of PAP (184) the observed 

structuree could also represent an inhibited state of the enzyme-substrate complex. Also 

inn this structure one of the substrate coordinating histidines (histidine 195) is moved 

awayy f rom its original position thereby providing less interaction with the substrate. This 

effectt is similar to that observed for APP with Hg bound, in which one of the substrate 
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Figuree 1.7: Active site of Uf with distance between the residues in A 

coordinatingg arginines is moved 1 A (286). The 2.7 A resolution recRPAP structure (290) 

couldd not provide more information on this issue because phosphate was modeled into 

thee structure due to the low resolution. What can be observed in this structure is that the 

coordinatedd tyrosine is rotated compared to the other available PAP structures. 

Inn all PAP structures two residues involved in substrate coordination are present 

besidess asparagine (284, 289-291); these are two conserved histidines, His92 and 

His l95,, which are approximately 5 A from the diiron site. Histidine 92 could be involved 

inn leaving group protonation, although Lindqvist et al. propose that a nearby conserved 

aspartatee is more likely to act as a proton donor, as in the high molecular weight acid 

phosphatasess (291). The distance from the leaving group oxygen to this residue is, 

however,, 8-9 A, which is not in favor of such a proposed role. The crystal structure of a 

secondd plant PAP is awaiting publication; the preliminary crystallization and X-ray 

diffractionn data have recently appeared (294). 

Thus,, several structures of mammalian PAPs are now available, but none of them 

involvess a high-resolution structure of an active form. The proteins are either oxidized 

and/orr crystallized at a non-optimal pH. Although the structures of the plant PAPs, which 

havee a redox-inactive FeZn active site, do not suffer from oxidation, they are crystallized 

att pH 5, which is also a full pH unit away from their opt imum (pH 6) (205, 295). 

3.5.. Ser/Thr protein phosphatases 
Thee Ser/Thr protein phosphatases (PPs) are metalloenzymes that are divided in two 

families,, the so called PPP and PPM family. Both families contain a binuclear metal site: 

FeFe,, FeZn, FeMn or MnMn in the PPP family and a MnMn site in the case of the PPM 

family.. Both families do not have any sequence similarity, but the X-ray structures of 

bothh classes showed that the tertiary structure is strikingly similar. The general picture of 
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thee catalytic mechanism for both families is believed to be the same. In this section the 

proteinn phosphatases will be discussed with special emphasis on the well-studied 

memberss of the PPP family. Other members of the protein phosphatases are PP4 (296-

300),300), PP5 (301-303), PP6 (304-306), and PP7 (307-309). 

3.5.1.3.5.1. Introduction 

Thee best characterized members of the Ser/Thr PP family are PP1, PP2A, PP2B (also 

knownn as calcineurin, CaN) and PP2C (PPM family). PP2C functions in eukaryotes, among 

others,, in the reversal of the protein kinase cascades that are activated by stress. The 

structuree of PP2C shows an N-terminal domain with 6 a-helixes and 11 p-strands. The 

catalyticc site is located on top of the protein with two Mn2+ ions coordinated by four 

conservedd aspartate residues, one nonconserved glutamate residue, and six water 

molecules,, of which one is bridging. A metal-coordinated water molecule is probably 

involvedd as nucleophile in the catalytic mechanism of this class of the protein 

phosphatases,, as in the PPPs and the PAPs (287). 

Thee difference between PP1, PP2A, and CaN is their different sensitivity to various 

proteinn inhibitors and their cofactor dependencies. PP1 is inhibited by inhibi tor-1, its 

homologuee DARPP-32 (when phosphorylated), and inhibitor-2. Both PP1 and PP2A are 

specificallyy inhibited by natural toxins such as okadaic acid, microcystin, and nodularin, 

whilee CaN is weakly inhibited by these substances. CaN is the target of the 

immunosuppresivee drugs FK506 and cyclosporin in association with the cis-trans peptidyl 

isomerasess FKBP12 and cyclophilin. 

PP11 is involved in the control of multiple cellular functions, such as glycogen 

metabol ism,, muscle contraction, cell cycle progression, neuronal activities and the 

splicingg of RNA. CaN consists of an A subunit, including the catalytic domain and the 

bindingg site for calmodulin, and a B-subunit. The protein is strictly dependent on Ca2+ for 

act ivi ty,, and it is involved in the control of T-cell activation by dephosphorylation of the 

transcriptionn factor IMFTA1, one of the early proteins in the T-cell activation pathway. 

Recentlyy an important role in the transition from intermediate-term to long-term memory 

hass been proposed (310). In general one can say that the members of the PPP family are 

heavilyy involved in all kinds of regulatory mechanisms in the cell (37). 

Severall mechanisms for regulation of PPPs have been proposed. One involves the 

redoxx sensitivity of the active site metal ions (311). Another regulation mechanism, 

involvingg the bridging of two cysteine residues, is suggested based on the reversible 

inactivation/activationn by hydrogen peroxide/thioredoxin. Due to the oxidative effect of 

H202 ,, two closely spaced cysteine thiols form a bridge that results in inactive protein; 

uponn reduction, the free thiols are formed, resulting in active enzyme (312). In protein 

Tablee 1.2: Numbering of the active site residues of PPs and PAP 

Humaann PAP KBPAP 
Asp l 44 0S2 Aspl35 
His22 33 N52 His325 
Tyr5 55 OH Tyr l67 
Asp522 052 Aspl64 
Hisl866 N52 His323 
His2211 Nsl His286 
Asn911 Q51 Asn201 
His92His92 His202 
HisHis 195 His296 
Glul94Glul94 His295 

PP11 CaN 
Asp922 Asp90 
His666 His92 

Asp644 Aspl l8 
Hisl733 Hisl99 
His2488 His281 
Asnl244 AsnlSO 
Hisl255 Hisl51 
Arg966 Argl22 
Arg2211 Arq254 

AA PP Residu e 
Asp499 Residue 
His222 Residue 

Residue Residue 
Asp20 0 
Hisl39 9 
Hisl86 6 
Asn75 5 
His76 6 
Arg53 3 
Argl62 2 

Fe(III)) cordinating 
bridging g 
Fe(II)) coordinating 
Substratee coordinating 
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phosphatasee 1 a thioredoxin-like disulfide oxidoreductase active site was found in close 

proximityy to the active site which could have a function in regulation (313). 

3.5.2.3.5.2. Crystal structures 
Severall X-ray structures of most PPP-members of the Ser/Thr PP have been 

published.. Although the protein phosphatases do not share any sequence homolgy with 

thee purple acid phosphatases, the structures of the former are important for the 

understandingg of the PAPs. As can be seen in Figure 1.8, an overlay of the active site of 

aa protein phosphatase and of a mammalian PAP, shows that the PPs and the PAPs have 

almostt identical active sites. Based on the sequences of PPs and PAPs it was already 

suggested,, before the release of any X-ray structure, that certain regions of the 

sequencee in the catalytic subunit of PAP, PP1, PP2A and CaN were homologous, 

containingg conserved residues with a high possibility of being metal ligands (288). A 

conservedd 'phosphoesterase signature' motif, DXH-(X)n-GDXXD-(X)n-GNHD/E, was also 

foundd to be present in several hydrolases such as diadenosine tetraphosphatases, UDP-

sugarr hydrolase, and other phospho(mono)-esterases (314). These similarities suggest a 

commonn catalytic mechanism for these enzymes (91). Because knowledge has been 

obtainedd on protein phosphatases by site directed mutagenesis, the structures of the 

Ser/Thrr protein phosphatases are very important for the understanding of the structure 

andd mechanism of PAP, and they will be discussed in this section. The terms M l and M2 

sitee for the PPs correspond to the ferric and ferrous site in the PAPs. For the convenience 

off the reader, Table 1.2 presents the numbering of the active site residues in PPs 

comparedd to PAPs. 

Thee structure of PP1 was determined in the presence of the toxin microcystin, a potent 

inhibitorr of PP1, at 2.1 A resolution, and in the presence of tungstate at 2.5 A resolution 

(92,(92, 93). They show an p-a-p-a-p structure with two metal ions close to each other at 

thee C-terminus of the p-strands at the surface of the protein. The metal ions involved 

Figuree 1.8: Superposition of the active site residues of Uf (dark grey) and CaN (white). Amino acid labels 
aree only shown for Uf. 
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cann be Fe, Mn, or Co (for the structure with bound microcystin). Both a tungstate soaked 

crystall and a native crystal have a metal site with 1 manganese and 0.5 iron ion. Very 

recentlyy a di-manganese active site was proposed based on EPR spectroscopy {315). The 

M ll site in the active site of PP1 is coordinated to an aspartate and a histidine, while a 

carboxylatee of a second aspartate bridges both metals. The M2 site is coordinated to two 

histidinee molecules and the carboxamide oxygen of an asparagine molecule, a rarely 

encounteredd metal l igand. At the M l site, besides a tungstate oxygen, a water molecule 

iss found and a water bridging both metals is also present. The distance between the 

metalss is 3.3 A for the microcystin-bound protein, 3.4 A for the tungstate-bound 

structure,, and 3.9-4.1 A for native PP structure. Tungstate almost symmetrically binds in 

aa bidentate fashion, bridging both metal ions {1.8 A from M l and 2.1 A from M2). The 

M ll site has a tyrosine in the proximity of the metal ion at 3.0 to 4.3 A, which is too long 

forr a Tyr-OH to metal binding. A purple color is, however, not found for an Fe substituted 

PPP {316), which eliminates the possibility of a charge transfer between these groups. 

CaNN has been crystallized and its structure in the native state at 2.1 A resolution 

{285),{285), and in the presence of FKBP12 complexed with the immunosuppressant drug 

FK5066 at 3.5 A and 2.5 A resolution {94, 285) have been determined. The native protein 

iss composed of two units in which the hydrolytic active site is located in the A subunit. An 

Fe3++ ion ( M l ) and a Zn 2 + ion (M2) were modeled in all structures because of the 

stochiometricc amounts of Fe and Zn found earlier by AAS {317). The M l site in native 

CaNN is coordinated by the same residues as in PP1, but two additional water molecules 

aree found instead of the bound inhibitor, one at the M l and one at the M2 site. An 

addit ionall water molecule is located 3-4 A from both metal ions in close proximity of the 

conservedd substrate coordinating His residue (His92). 

Inn the structure of A phage protein phosphatase (APP) at 2.15 A resolution in the 

presencee of sulfate and Hg {286), the oxyanion was found to coordinate in a 

monodentatee fashion to the M2 site or to bridge both metals in a bidentate fashion in the 

samee crystal cell. The authors present this as if the monodentate bound sulfate mimics 

thee transition state structure. This can, however, be an artifact because an Hg ion is also 

boundd to the outer surface of the molecule, and Hg2+ proves to be an inhibitory ion. Due 

too the binding, a 6 A rotation of a phenylalanine residue forces one of the substrate 

coordinatingg arginines to move 1 A closer to the metal site, changing the coordination 

geometryy at the active site. In the structure with the sulfate molecule bound in a 

bidentatee mode two water molecules, one on each metal, are displaced by the sulfate 

oxygenn atoms, and one water remains at the M l site. 

3.5.3.3.5.3. Site directed mutagenesis 

Mutagenesiss studies on PPs (Table 1.3) go back to even before a crystal structure of 

onee of the PPs was published. Already in 1994, based on the consensus sequence, 

residuess required for metal binding and catalysis were substituted {318) in APP. Between 

19944 and 1999 several papers {318-325) were published in which both active site 

residuess and substrate recognition residues were mutated in order to understand the 

functionn of these residues in the catalytic cycle. An overview of mutations of active site 

residuess is presented in Table 1.3. With the exception of several studies of a substrate 

coordinatingg histidine, that is conserved in PPs and PAPs, no real structural study that 

couldd provide insight into the role of an active site residue have been published. Also no 
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Tablee 1.3: Site directed mutagenesis (SDM) of PP1, CaN, and XPP 

SDMM of PP1 
a.a. . 

WT T 

Asp92 2 
His66 6 

<Tyr272) ) 
Asp64 4 
Hisl73 3 
His248 8 

Asnl24 4 

Hisl25 5 

Arg96 6 

Arg221 1 

Asp95 5 

To o 

Asn n 
Asn n 
Lys s 
Phe e 
Asn n 
Glu u 
Asn n 
Lys s 
Asn n 
Asp p 
Ala a 
Asp p 
Asp p 
Asp p 
Asp p 
Asp p 
Ser r 
Ala a 
Glu u 
Ala a 
Ser r 
Gin n 
Gin n 
Gin n 
Gin n 
Ala a 
Asn n 
Ala a 

kcat t 
( s ' ) ) 
14.2 2 
39 9 
8.9 9 
11.4 4 
8.9 9 
2.9 9 
1.56 6 
1.15 5 
0.0028 8 
0.00246 6 
0 0 
14 4 
0.00050 0 
1.43 3 
0.018 8 
0.00058 8 
0,5 5 
2.670 0 
0.0026 6 
3.1 1 
2.9 9 
0.127 7 
0.127 7 
0.0057 7 
0 0 
0 0 
54 4 
0.09 9 
0.2 2 
0.4 4 
4.05 5 
0.0025 5 
0.016 6 
1.18 8 
171 1 
0.02 2 

KM M 

(UM) ) 
3.5 5 
10.6 6 
2.8 8 
18000 0 
51 1 
140 0 
0.35 5 
0.22 2 
10 0 
2.4 4 

5.0 0 
2.4 4 
0.32 2 
5.8 8 
4.8 8 
5.1 1 
6.6 6 
7,4 4 
19.8 8 
10 0 
65000 0 
350 0 
610 0 

8.9 9 
6.9 9 
105.0 0 
11 1 
11000 0 
107 7 
430 0 
0.3 3 
3 3 
5.8 8 

kat'KM M 
( s ' m M 1 ) ) 
4072 2 
3630 0 
3167 7 
0.00114 4 
174 4 
0.021 1 
4457 7 
5227 7 
0.28 8 
1.03 3 

2820 0 
0.21 1 
4469 9 
3.18 8 
0.12 2 
100 0 
404 4 
0.35 5 
160 0 
291 1 
0.0019 9 
0.362 2 
0.0093 3 

6.1 1 
13 3 
0.0619 9 
40 0 
0.368 8 
0.024 4 
0.037 7 
3933 3 
71 1 
3.45 5 

T T 
) ) 

37 7 
37 7 

37 7 

37 7 

PH H 

7.5 5 
7.5 5 

7.5 5 

7.5 5 

substrate e 

"P-phophorylasee a 

phosphorylasee a 
p-NPP P 
RU-peptide e 
Kemtide e 
RSVV protein 
phosphorylasee a 
phosphorylasee a 
phosphorylasee a 
phosphorylasee a 
phosphorylasee a 
phosphorylasee a 
RSVV protein 
phosphorylasee a 
phosphorylasee a 
phosphorylasee a 
phosphorylasee a 
phosphorylasee a 
phosphorylasee a 
phosphorylasee a 
p-NPP P 
RII-peptide e 
kemptide e 
phosphorylasee a 
phosphorylasee a 
phosphorylasee a 
phosphorylasee a 
phosphorylasee a 
phosphorylasee a 
p-NPP P 
Rtl-peptide e 
Kemptide e 
RSVV protein 
phosphorylasee a 
phosphorylasee a 

Remarks s 

PH0 0 

PHG G 

Ptt 7.5 

P.. 6.5 
Losss of pKa 2 

Ref. . 

(319) (319) 
(320) (320) 
(321) (321) 
(321) (321) 
(321) (321) 
(321) (321) 
(322) (322) 
(322) (322) 
(319) (319) 
(319) (319) 
(319) (319) 
(320) (320) 
(319) (319) 
(322) (322) 
(319) (319) 
(319) (319) 
(320) (320) 
(319) (319) 
(319) (319) 
(320) (320) 
(321) (321) 
(321) (321) 
(321) (321) 
(321) (321) 
(319) (319) 
(319) (319) 
(319) (319) 
(320) (320) 
(320) (320) 
(321) (321) 
(321) (321) 
(321) (321) 
(321) (321) 
(322) (322) 
(319) (319) 
(320) (320) 

SDMM of CaN 
a.a. . 

WT T 

His lSl l 

Arg254 4 

To o 

Glu u 
Glu u 
Ala a 

kcat t 
Cs") ) 
26 6 
12 2 
14 4 
0.056 6 
0.009 9 
0.077 7 

KM M 

( Ü M ) ) 

23000 0 
110 0 
37000 0 
2200 0 
130 0 
90000 0 

kkcxcx'K„ 'K„ 
(ss 'mM'1) 
l . l l 
n o o 
0.38 8 
0.025 5 
0.069 9 
8.6e-4 4 

T T 
) ) 

30 0 

30 0 
30 0 

30 0 

PH H 

7.0 0 
7.0 0 
8.0 0 
7.0 0 
7.0 0 
8.0 0 

Substrate e 

p-NPP P 
[P]-Rnn peptide 
p-NPP P 
p-NPP P 
[P]-R„„ peptide 
p-NPP P 

Re e marks s Ref. . 

(323) (323) 
(323) (323) 
(324) (324) 
(323) (323) 
(323) (323) 
(324) (324) 

SDMM of APP 
a.a. . 

WT T 

Asp49 9 

His22 2 

Asp20 0 
Asn75 5 
His76 6 

Hisl86 6 
Hisl39 9 

To o 

Asn n 
Asn n 
Asn n 
Asn n 
Asn n 
Asn n 
His s 
Asn n 
Asn n 
Asn n 
Asn n 
Asn n 
Glu u 
Glu u 

kca. . 
(s-1) ) 
390 0 
2000 0 
17 7 
300 0 
2,4 4 
1.8 8 
1100 0 
0.01 1 
<0.0008 8 
<0.001 1 
0.05 5 
5.0 0 
0.03 3 
33 1 
0.66 6 
0.022 2 
0.032 2 
1.8 8 
0.10 0 
2.24 4 
1.43 3 

KM M 

(UM) ) 
11000 0 
10000 0 
14000 0 
45000 0 
0,22 2 
0.11 1 
11400 0 
2400 0 
0.52 2 
0.61 1 
6000 0 
16000 0 
4100 0 
17000 0 
16000 0 
4100 0 
22000 0 
70000 0 
90000 0 
0.5 5 
0.15 5 

kcatt KM 
(s - 'mM - 1 ) ) 
35.5 5 
200.8 8 
1.21 1 
6.67 7 
10.9 9 
16.4 4 
96 6 
0.0042 2 
0.0012 2 
0.0013 3 
0.0083 3 
0.313 3 
0.0073 3 
0.18 8 
0.041 1 
0.0054 4 
0.0015 5 
0.026 6 
0.0011 1 
4.48 8 
9.53 3 

T T 
) ) 

30 0 

30 0 

37 7 
37 7 

37 7 
37 7 

30 0 

30 0 

37 7 
37 7 

pH H 

7.0 0 
7.8 8 
7.8 8 
8.2 2 
7.5 5 
7.5 5 
7.8 8 
7.8 8 
7.5 5 
7.5 5 
7.8 8 
7.8 8 
7.8 8 
7.8 8 
7.0 0 
7.8 8 
7.8 8 
7.9 9 
7.8 8 
7.5 5 
7.5 5 

Substrate e 

p-NPP P 
p-NPP P 
phenylphosphat t 
p-NPP P 
RSVV protein 
Phosphorylasee a 
p-NPP P 
p-NPP P 
RSVV protein 
phosphorylasee a 
p-NPP P 
p-NPP P 
p-NPP P 
p-NPP P 
p-NPP P 
p-NPP P 
phenylphosphate e 
p-NPP P 

RSVV protein 
phosphorylasee a 

Re e 

pHc c 

PH H 

marks s 

ptt = 8.2 

pt=7.9 9 

Ref. . 

(323) (323) 
(318) (318) 
(323) (323) 
(325) (325) 
(322) (322) 
(322) (322) 
(357) (357) 
(318) (318) 
(322) (322) 
(322) (322) 
(318) (318) 
(357) (357) 
(318) (318) 
(357) (357) 
(323) (323) 
(318) (318) 
(323) (323) 
(325) (325) 
(357) (357) 
(322) (322) 
(322) (322) 

crystall structures of these mutants have been determined, and therefore it is hard to 
distinguishh between loss of activity due to: (1) loss of the residue; (2) loss of active site 
metals;; or (3) a complete reorganization of the active site structure. 

Inn general one can say that upon mutation of an active site residue the catalytic effi-
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ciency,, described by the kcat/KM criterion, is greatly reduced. This is either a result of an 

almostt complete loss of the activity, kcat, or of an increase in the substrate affinity, KM. 

Theree are however a few exceptions: a M2 site coordinating histidine and asparagine, as 

welll as substrate-coordinating histidine and arginine residues, are affected upon muta-

t ionn but the enzymes remain kinetically active. 

Inn PP1, histidine 248, which is equivalent with the ferrous ion coordinated histidine 

2211 in HPAP (Table 1.2), was mutated to asparagine with an 80-1000 fold reduction in 

act ivi tyy and a constant KM; kcat/KM is likewise decreased 40-1000 fold (319). Asparagine 

iss able to substitute for the imidazole nitrogen of histidine and can H-bond to the metal 

ion.. This is probably the reason why this mutant remains active instead of completely 

losingg its activity. Since KM is not affected, this residue is not involved in substrate 

binding.. The effect of mutation of another M2 ion coordinated residue, asparagine 124 in 

PP1,, is even less pronounced (319-321). Asparagine 124 is coordinated via its carbonyl 

oxygenn to the metal site. Crystal structures suggests that its amino group is capable of 

coordinatingg to the substrate as a result of hydrogen bonding to one of the substrate 

oxygenss as found in PP1 complexed with tungstate (92) and APP complexed with sulfate 

(286).(286). Mutation of this residue into asparatate, thereby changing the charge from neutral 

too negative, results in a 5-10 fold reduction in catalytic activity and a 2-7 fold increase in 

KM,, depending on the substrate (321). Removing this residue, through mutation to 

alanine,, results in an almost complete loss of activity, but with no change in the Michaelis 

constant.. A remarkable feature was that the pH opt imum of the Asnl24Asp mutant shifts 

aa full pH unit to lower pH, due to shifts in pKa,i and pKa,2, while the Asnl24Ala mutants 

losess its basic pKa (319). This suggests that asparagine is involved in both substrate 

bindingg and in catalysis. The involvement in inhibitor binding is further explored in a 

studyy showing that the IC50 values of several inhibitors of the Asnl24Asp mutant were 

greatlyy increased (320). The in PPs and PAP conserved substrate coordinating residue 

histidinee (residue 125 in PP1, 151 in CaN, and 76 in APP) is extensively studied (318, 

319,319, 323, 325). Mutation to the negatively charged glutamate reduces its activity 500-

10000 fo ld, depending on the substrate (323) while a 150-500 fold reduction was ob-

servedd for the asparagine mutant (323, 325), with almost no change in KM (318). The 

serinee and alanine mutants did not show any detectable activity (321, 324). Based on 

thesee observations Mertz et al. (323) suggested that this residue could function as: 1) 

activee site nucleophile; 2) substrate coordinating residue; 3) general acid catalyst in-

volvingg protonation of the leaving group or; 4) as base catalyst by deprotonation of an 

ironn coordinated solvent molecule. On the basis of a spectroscopic and kinetics study on 

ironn substituted CaN and APP, they concluded that histidine probably functions as a base 

catalyst,, however subsequent isotope effect studies on the native and His76Asn mutant 

off APP failed to prove this (325). I t was, however, observed that besides a lower activity 

forr the asparagine mutant , also a shift to lower pH values (7.0 versus 7.8 for wild-type) 

wass found. An excellent discussion on the function of this residue is given in (91). The 

twoo other residues found in the crystal structure of PPs that are involved in substrate 

bindingg are arginines. In PAPs, histidine residues are found, and this difference is pro-

posedd to result in the lower pH optimum for the PAPs compared to the PPs (89). Mutation 

off the arginine residues to glutamate (319, 323), glutamine (321), serine (320), and 

alaninee (320, 324) resulted in a 100-1000-fold reduction in activity and a 2-10-fold 

increasee in KM. These residues may therefore provide electrostatic stabilization for 
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bindingg the negatively charged phosphate oxygens. Other studies involved mutagenesis 

off residues located near the active site, functioning in substrate recognition and inhibitor 

bindingg (326-329) or residues involved in stabilizing the structure of PPs (330). 

3.6.. Catalytic mechanism of PAPs and Ser/Thr protein phosphatases 

PAPP is unique that it requires a mixed-valent Fe3+Fe2+ metal site in its active form. The 

one-electronn oxidized Fe3+Fe3+ state is completely inactive (162), while its reduced 

Fe2+Fe2++ state is not stable: one iron ion is removed within a few minutes upon 

reduction,, producing an inactive enzyme (142). The dimetal site of PAP is essential for 

thee catalysis of the hydrolysis reaction, but the role of each metal and coordinating 

aminoo acids is unknown. Init ially, on the basis of transphosphorylation, burst kinetics and 

thee formation of a base-stable, acid-sensitive adduct between PAP and the 32P03 group of 

[v-32P]ATP,, it was reported that a phosphoenzyme intermediate was formed during 

catalysiss (331). However, this was shown to be a result of experimental artifacts (332). 

Muellerr et al. showed that hydrolysis of Sp-2',3'-methoxymethylidene-ATP-ySY18OY170 

occurredd with inversion of configuration at the phosphorus, which indicates a direct 

attackk of a water/hydroxide on the phospho-substrate and rules out a mechanism in 

whichh a covalent phospho-enzyme intermediate is formed (333). Similar results have 

noww been observed for the PPs in a study of the formation of a ternary enzyme complex 

inn PP1 (334). 

Thee pH versus activity profiles of all known PAPs (140, 189, 205, 260, 295, 335) show 

aa bell-shaped curve. The pH optima are between pH 4.9 and 6.3 for mammalian single 

polypeptidee and two-subunit, and plant PAPs, with apparent pKa's between 4.5 and 5.5 

forr the acidic limb and between 5.5 and 7.3 for the basic l imb. Since the pKa values of 

thee hexaaquo complexes of trivalent metal ions are very low (between 2.2 for Fe3+ and 

5.11 for AI3+)(83, 85) and because a shift in Amax and a change in EPR spectrum of BSPAP 

weree observed around pKa 4 , the acidic pKa in the pH rate profile was attr ibuted to the 

terminallyy bound water/hydroxide on the ferric ion (257). Direct evidence for this 

longstandingg paradigm has, however, never been provided. The observation that the pH 

profiless of the closely related PPs are shifted more than a full pH unit compared to the 

PAPss (260, 319, 325) was explained by the different substrate coordination residues 

(89).(89). This would be rather surprising since charge does not change (positively charged 

argininess versus positively charged histidines). Moreover why should these residues, 

whichh are more than 5 A away from the metal site, result in a more than two pH unit 

shiftt in pKa<1, which is the proposed pKa for the deprotonation of a metal coordinating 

waterr molecule? In PPs this pKa is 7.7 (325), which is rather high for a water molecule 

terminallyy bound to the ferric ion (the pKa of the hexaaquo complex is 2.2). The major 

differencee between the PPs and the PAPs is the charge on the ferric ion site, due to the 

presencee or absence of the coordinating tyrosine residue. In the PPs one would then 

expectt a lower pK a i compared to PAP, since the positive charge of the iron ion is less 

neutralizedd by amino acid residues in PPs. Reconstitution of the ferric ion with other 

metalss like gall ium, indium or aluminum should result in a changing pH profile, due to 

changingg pKa's, together with a change in catalytic activity because ligand exchange 

ratess change (from 2 x l 0 2 s'1 (Fe3+) to 4 x l 0 2 s 1 (Ga3+), >107 s1 ( In3 +) and 1 s"1 (Al3 +)) . 

Thiss was, however, not observed by Merkx et al. (336, 337). When the ferric ion was 
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reconstitutedd with these metals, pH profiles were almost indistinguishable and kcat did not 

changee (2700 s"1 for AlZn, FeZn, and GaZn when the observed activities are calculated 

onn the amount of zinc present) {337). These observations were explained by the 

suggestionn that a water molecule in the second coordination sphere is deprotonated by 

thee ferric ion bound hydroxide, and acts as the nucleophile (Mechanism 3 in Figure 1.9). 

Thee finding that phosphate, which is supposed to act as a substrate analogue, does not 

coordinatee in a bidentate fashion to the dimetal site at the catalytically optimal pH of 

BSPAPP (260), as found in the X-ray structures of PAP under non-optimal pH conditions 

Figuree 1.9: Proposed catalytic mechanisms of PAP. Reprinted with permission from (260). Copyright 
(1999)) American Chemical Society. 

(80,(80, 284, 289), together with the observation that with the hydroxide analogue fluoride 

ann enzyme-substrate-f luoride complex was observed (253), was interpreted as evidence 

forr the mechanism in which the terminal bound water/hydroxide acts as the nucleophile 

(mechanismm 2 in Figure 1.9). A similar EPR study, however, combined with EXAFS and 

resonancee raman spectroscopy on Uf, assigned the bridging hydroxide as the nucleophile 

(250)(250) (Mechanism 1 in Figure 1.9). 

Di-metall enzymes also involved in a hydrolytic mechanism with a similar active site 

structuree might provide more information on the mechanism of PAP. In this regard PAP 

mightt resemble the binuclear manganese, nickel, or zinc containing metalloenzymes such 

ass arginase (84, 338, 339), urease (80, 340-347), and aminopeptidase (80, 348-355). 

Thesee enzymes share a bridging hydroxide and a similar metal coordination with PAP. 

Althoughh their catalytic mechanisms are not completely elucidated, the proposed 

mechanismss involve the coordination of the substrate to one of the metals followed by a 

nucleophilicc attack of the bridging hydroxide (353, 355, 338). 

Thee identity of the second relevant catalytic group, which is responsible for the basic 
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limbb of the pH profile, remains unknown. For the PPs, deprotonation of a conserved 
histidinee is proposed to be responsible for pKa,2 (323). This histidine is present in PAP and 
PP,, where it could function in substrate coordination although no change in KM is found 
uponn mutagenesis. In the PPs a value of approximately 8.6 is found (319, 325) and in 
PAPP 7.1-7.5 (260) for pKa,2. Mutation of this histidine to an inert residue such as 
asparaginee in APP results in a decrease in pKa,2 to approximately 7.5-8 although the 
activityy is also greatly reduced. In other metalloenzymes a histidine residue is found and 
iss proposed to function as a proton shuttle due to a flexible "in" and "out" conformation 
too regenerate the metal-activated hydroxide (338). No literature data on this issue is 
availablee for the PAPs. Thus, the identity of the nucleophile and the residue responsible 
forr pKa,2, are still unknown. 

4.4. Outline  of  thesis 

Thee research described in this thesis was performed on the so far uncharacterized 
humann purple acid phosphatase and rat purple acid phosphatase. The relevance of 
obtainingg more detailed insight in the characteristics of these members of the mammal-
iann PAP family is obvious, since more and more knowledge is being obtained on the in 
vivovivo localization and functions. The roles of PAP in bone resorption, inflammation, and 
immunee response diseases such as osteoporosis, AIDS, and possibly Alzheimer's disease, 
makee it an important target for the development of potent inhibitory drugs. To do so the 
precisee catalytic mechanism and structure must be known. Therefore in this study a 
combinationn of site directed mutagenesis, metal substitution, and kinetics and spectro-
scopicc methods were used to gain insight into the mechanism of the mammalian PAPs. 

Inn Chapte r 2 the single polypeptide and proteolytically cleaved, two-subunit forms of 
humann recombinant PAP are fully characterized. The differences in these two forms, as 
earlierr observed in the characteristic features of single polypeptide uteroferrin and two-
subunitt bovine spleen PAP, e.g. the different EPR spectra and the change in pH optimum, 
duee to a full pH shift in pKa,i, are explained by excision of part of an exposed loop near 
thee active site. This chapter demonstrates that the differences in spectroscopic and 
kineticss properties previously reported for mammalian PAPs are the result of proteolytic 
cleavage.. A molecular basis for this phenomenon is proposed which is further explored in 
Chapterr 3. 

Inn Chapte r 3 mutagenesis of the loop residue aspartate 146 in rat purple acid phos-
phatasee is used to show that the alanine mutant of the single polypeptide enzyme 
resembless the characteristics of two-subunit mammalian PAPs. The findings support the 
molecularr basis for enzymatic activation proposed in chapter 2. The FeZn form of the 
singlee polypeptide and proteolytically cleaved enzymes show that no changes are ob-
servedd in EPR in contrast to the results for FeFe PAP. This finding suggests that the ferric 
ionn is not involved in proteolytic activation, and therefore that the nucleophilic hydroxide 
iss attached to the ferrous ion. 

Sincee the change in EPR and the shift in pKa,i seemed to be related, the pH depend-
encyy of human PAP was explored in Chapte r 4. Extensive EPR and kinetics experiments 
showw that in single polypeptide enzyme the substrate analogue phosphate apparently 
doess not bind to the dimetal center, while in the two-subunit form phosphate seems to 
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bindd to the metal site. With the hydroxide analogue fluoride, it is shown that the depro-

tonationn of a metal bound water to give a nucleophilic hydroxide is responsible for pKa,i. 

Inn Chapte r 5, a NMR study on single polypeptide recHPAP gives additional information 

inn the pH dependent effects and the binding (or not) of phosphate and fluoride to the 

diironn site. 

Byy substituting the ferrous site with zinc, a slightly stronger Lewis acid and EPR silent 

metal ,, (as previously done for rat PAP), the behavior of PAP drastically changes. The 

singlee polypeptide and two-subunit FeZn form of human PAP are characterized in Chap -

te rr  6 which provides evidence for a so far unknown difference between FeFe and FeZn 

PAPss in their single polypeptide form. The pH optimum of FeZn PAP is shifted more than 

0.77 pH units compared to the single polypeptide FeFe form, which suggests that several 

previouss spectroscopic studies were performed on catalytically inactive enzyme. 

Finally,, the origin of the differences between single polypeptide and proteolytically 

cleavedd mammalian PAP is further explored with site directed mutagenesis of the two 

residuess that can interact with aspartate 146, namely histidine 92 and asparagine 9 1 . 

Chapte rr  7 provides new insights in the role of these residues in the catalytic mechanism 

withh special emphasis on the function of histidine 92. I t appeares as if this active site 

residuee is not involved in catalysis, such as protonation of the leaving group or regenera-

t ionn of the nucleophilic hydroxide, but has an important role in positioning of the sub-

stratee and/or nucleophile. 
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Abstract Abstract 

Recombinantt human purple acid phosphatase (recHPAP) provides a convenient 

experimentall system for assessing the relationship between molecular structure and 

enzymaticc activity in mammalian purple acid phosphatases (PAPs). RecHPAP is a single 

polypeptidee protein with properties similar to those of uteroferrin (Uf) and other PAPs 

isolatedd as single polypeptide chains, but its properties differ significantly from those of 

bovinee spleen PAP (BSPAP) and other PAPs isolated as proteolytically "cl ipped" forms. 

Incubationn of recHPAP with trypsin results in proteolytic cleavage in an exposed region 

nearr the active site. The product is a tightly associated two-subunit protein whose 

collectivee spectroscopic and kinetics properties resemble those of BSPAP. These results 

demonstratee that the differences in spectroscopic and kinetics properties previously 

reportedd for mammalian PAPs are the result of proteolytic cleavage. 

Masss spectrometry shows that a 3-residue segment, D-V-K, within the loop region is 

excisedd by trypsin. This finding suggests that interactions between residues in the 

excisedd loop and one or more of the groups that participate in catalysis are lost or 

alteredd upon proteolytic cleavage. Analysis of available structural data indicates that the 

mostt important such interaction is that between Asp l46 in the exposed loop and active 

sitee residues Asn91 and His92. Loss of this interaction should result in both an increase 

inn the Lewis acidity of the Fe2+ ion and an increase in the nucleophilicity of the Fe3+-

boundd hydroxide. Proteolytic cleavage thus could constitute a potential physiological 

mechanismm for regulating the activity of PAP in vivo. 
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Introduction Introduction 

Purplee acid phosphatases (PAPs) are metalloenzymes that catalyze the hydrolysis of 

phosphatee monoesters; they contain a metallophosphoesterase signature sequence motif 

(1,(1, 2) and have an a f - t ype structure. PAPs are characterized by their purple color, their 

abilityy to efficiently hydrolyze unactivated phosphate esters, their acidic pH opt imum, 

andd their insensitivity to tartrate inhibition {3-6). 

PAPs,, also referred to as tartrate resistant acid phosphatases (TRAPs) or type 5 acid 

phosphatasess (EC 3.1.3.2) (7) , have been isolated from mammalian sources such as 

bovinee spleen (BSPAP), porcine uterine fluids (Uf), rat spleen and bone, and human 

tissues.. Similar enzymes are present in plants (e.g., red kidney beans (KBPAP), sweet 

potatoess and Arabidopsis thaliana) and in microorganisms (6). The subunit molecular 

masss of PAP from various sources ranges from approximately 55 kDa for the plant 

enzymess to 35 kDa for the mammalian enzymes. The primary structures of mammalian 

PAPss are highly homologous; for example, BSPAP and Uf exhibit 84-90% sequence 

identityy to the human enzyme [8-10). 

Off the mammalian PAPs, those from bovine spleen and porcine uterine fluids are the 

bestt characterized. The enzymatically active form contains a mixed-valence binuclear 

clusterr at the active site, in which a high-spin Fe2+ ion and a high-spin Fe3+ ion are 

antiferromagneticallyy coupled to give an S = Vi ground state (11-13). The one-electron 

oxidizedd (Fe3+Fe3+) form is also antiferromagnetically coupled (S = 0 ground state); it is 

essentiallyy inactive, with < 10% of the activity of the mixed-valence form. This residual 

activityy has been shown to be due to the presence of small amounts of an Fe3+Zn2+ form 

(14).(14). Both the divalent and trivalent metal ions in Uf and BSPAP can be replaced by e.g., 

Zn2 ++ or Co2+ and Ga3+or Al3 + , respectively, resulting in active enzymes that exhibit 

relativelyy minor differences in kinetics parameters and inhibition constants (13-18). 

Thee first X-ray structure of a PAP, the 110 kDa dimer from kidney bean, showed the 

presencee of an FeZn center coordinated by three histidines, two aspartates, a tyrosinate, 

andd an asparagine (19). In addition, three histidines were proposed to act as acidic or 

basicc groups that interact with the substrate during catalysis. The X-ray structures of two 

Ser/Thr-specificc protein phosphatases, protein phosphatase 1 (PP1) (20, 21) and 2B 

(calcineurin)) (22, 23), show the presence of very similar binuclear metal centers in which 

thee same amino acids are coordinated to the metal ions with virtually identical 

geometries.. The only exception is the replacement of the tyrosinate ligand present in the 

PAPss by a coordinated water molecule in the PPs, accounting for the absence of the 

purplee color in the latter. Very recently, three additional structures of mammalian PAPs 

havee been published (24, 25); those from rat bone (at 2.7 A and 2.2 A resolution) and 

fromm porcine uterine fluids (at 1.5 A resolution). These structures show that the amino 

acidss coordinated to the binuclear center and the secondary structure of the mammalian 

PAPss are identical to those of the plant PAPs and the PPs. A disulfide bond is present in 

bothh the Uf structure and the 2.7 A rat bone PAP structure, but is apparently absent in 

thee 2.2 A rat bone PAP structure. In all three structures the proteins are glycosylated on 

Asn977 (24, 25). 

Thee mammalian PAPs studied to date are quite similar in their spectroscopic and 

catalyticc properties. All exhibit a rhombic gav = 1.74 EPR spectrum, a broad visible 

absorbancee band at ca. 550 nm, and a pH opt imum in the acidic region (4.9 - 6.3). 
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Surprisingly,, however, PAPs from different sources and preparations exhibit rather large 

differencess in catalytic activity, with reported turnover numbers ranging from 200 - 3000 

s"1.. The origin of these differences has long been unclear, although suggestive evidence 

hass been presented linking higher enzymatic activity with proteolysis of the protein. For 

example,, the activity of both bovine spleen PAP and Uf has been shown to increase upon 

incubationn with proteases {26), presumably due to cleavage of the polypeptide. Similar 

increasess in activity, accompanied by a shift in pH opt imum, have been reported upon 

proteolysiss of recombinant rat PAP (recRPAP) (27, 28), while recombinant human PAP 

(recHPAP)) is also suspected to be sensitive to proteolysis (29). The loop that is 

apparentlyy subject to proteolysis is a highly antigenic portion of the polypeptide that is 

presentt in the 3-D structure of Uf (24) and in one of the rat bone PAP structures (30), 

butt which could not be resolved in the other rat bone PAP structure (25). Why proteolysis 

off this loop affects the catalytic activity of mammalian PAPs is, however, not known. 

Becausee published studies have utilized different enzyme preparations and sources, the 

extentt and location of proteolysis have been difficult to ascertain and/or control. In 

addit ion,, the system for which the proteolysis process is best characterized (recRPAP) is 

amongg the least well characterized in terms of spectroscopic and kinetics studies. 

Conversely,, the two benchmarks for spectroscopic and kinetics studies have been BSPAP, 

whichh is normally isolated in a proteolytically cleaved form, and Uf, which is isolated as a 

singlee polypeptide of 36 kDa. Unfortunately no site-directed mutagenesis studies and 

veryy limited proteolysis studies have been reported for these enzymes. 

Wee have utilized recHPAP as a model system with which to study the correlation 

betweenn proteolysis and the catalytic and spectroscopic properties of PAP. RecHPAP has 

beenn isolated, and both the intact enzyme and its proteolytically cleaved form have been 

characterized.. Our results indicate that the differences in kinetics and spectroscopic 

propertiess reported for mammalian PAPs are due to variations in the extent of proteolytic 

cleavagee in an exposed loop near the active site. A molecular basis for the effect of 

proteolyticc cleavage upon the catalytic and spectroscopic properties of the enzyme is 

proposed.. These findings are consistent with the possible use of proteolytic activation as 

aa physiological mechanism for regulation of PAP activity. 

ExperimentalExperimental  procedure 

MaterialsMaterials and instruments 

Insectt Xpress SFM medium (Bio Whittaker), phosphocellulose (Whatman), CL-4B 

phenyl-sepharose,, SP-Sepharose, p-NPP (Fluka), trypsin (Sigma), and all other 

chemicalss were of highest purified grade. 

Recombinantt protein was produced in a 10 I Applikon bioreactor, controlled by an ADI 

10300 Biocontroller, and purified on a Pharmacia FPLC. Electron paramagnetic resonance 

spectraa were obtained on a X-band Bruker ECS EPR spectrometer equipped with an 

Oxfordd Instruments ESR900 helium-flow cryostat with an ITC4 temperature controller 

andd a AEG magnetic field calibrator. An AVIV® model 62ADS circular dichroism 

spectrometerr operating at C and flushed with nitrogen gas was used to measure CD 

spectra.. RP-HPLC was performed on a Pharmacia Biotech SMART system. The alkylated 

thiohydantoinss were identified online by reversed phase analysis on a Perkin Elmer 140 C 

42 2 



Proteolyt i cc  act ivat io n 

microgradientt system. A Perkin Elmer, model 476A protein sequencer operating in the 

pulsedd liquid mode with online PTH analysis was used for N-terminal sequence analysis. 

C-terminall sequence analysis was performed on a Perkin Elmer Procise 494C sequencer. 

AA Micromass Q-TOF mass spectrometer with a Protana borosilicate Au/Pd coated capillary 

wass used for mass spectrometry measurements. 

GeneralGeneral procedures 

Proteinn concentrations during purification were determined according to Bradford {31). 

Thee concentration of purified enzyme was determined by measuring the absorption of the 

tyrosinate-to-Fe3++ charge transfer band at 520 nm (£=4080 M"1 cm"1). SDS-PAGE under 

reducingg conditions was performed with 15% gels according to Laemmli (32). All samples 

forr EPR spectroscopy contained 20 % glycerol. 

LargeLarge scale production of recombinant protein 

Sf99 cells (cell density of 0 . 3 3 x l 0 5 cells/ml) were seeded in a 10 I bioreactor; p02 

(50%% air saturation), temperature , and stirring (80 rpm) were controlled. The 

culturee was infected ( l . l x l O 6 cells/ml) with recombinant baculovirus containing a coding 

regionn for human purple acid phosphatase (MOI = 0.001) (29, 33). After 6 days the 

suspensionn was centrifuged (10 min. , 5000xg) to remove the cells, and the supernatant 

wass used for purification. 

PurificationPurification of recHPAP 

P l ll was added to the supernatant (1 g per 200 U activi ty), and the suspension was 

stirredd at room temperature. If negligible activity remained in the supernatant, the P l l 

wass allowed to settle, f i l tered, washed with buffer A (50 mM MES pH 6.5, 0.1 M KCI), 

resuspendedd in 250 ml buffer B (50 mM MES pH 6.5, 2 M KCI), and stirred at C 

overnight.. The P l l was removed by f i l tration. (NH4)2S04 was added to the P l l f i l trate 

(255 % saturation), and the suspension was stirred for 2 hours at . The suspension 

wass centrifuged (15 min,, 10000xg) and the supernatant was loaded overnight onto a 

CL-4BB phenyl-Sepharose column (2 .5x15 cm) preequilibrated with buffer C (50 mM MES 

pHH 6.5, 25 % (NH4)2S04 , 0.25 M KCI). After washing (50 ml) , a 100 ml linear gradient 

(255 % to 0 % (NH4)2S04) was applied to the column to elute the protein. Fractions 

containingg recHPAP with R values (A280/A520) lower than 30 were pooled and concentrated 

onn an Amicon ultrafiltration unit (YM 30). The concentrated sample was diluted with 50 

mMM MES buffer and concentrated several t imes to a KCI concentration of 0.1 M, and 

appliedd to a SP-Sepharose column (1 .6x4 cm) preequilibrated with buffer A. A 20 ml 

gradientt to buffer B was applied to elute the protein. Fractions with R < 18 were pooled 

andd concentrated, reduced (5 mM Fe(NH4)2(S04)2, 25 mM ascorbic acid, 3 min.) , and 

appliedd to a HR10/30 Superose 12 column. After elution with buffer B, the reduced 

enzymee had R = 16 and was stored at . 

EnzymeEnzyme kinetics 

Purification:Purification: Enzyme assays were performed by monitoring the formation of the p-

nitrophenolatee anion at 410 nm. The activity during purification was measured at pH 6.0 

(1000 mM MES, 300 mM KCI, 10 mM Na-K tartrate, 17.5 mM Na-ascorbate, 0.37 mM 

Fe(NH4)2(S04)2)) using 20-40 mM p-NPP at . At several t imes after enzyme addition, 
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aliquotss (250 |_if) were removed and quenched (1.0 ml, 0.5 M NaOH) to convert all 

productt to the phenolate form (e410nm=16.6 mM"1 cm"1). 

pHpH dependence: The pH dependence of kcat for recHPAP was measured over the range 4 

too 8 (100 mM buffer Na-acetate, MES or HEPES, 10 mM Na-K tartrate, 300 mM KCI, 6.7 

mMM Na-ascorbate, 0.37 mM Fe(NH4)2(S04)2) with different p-NPP concentrations (0.5 to 

500 mM). For each determination of Vmax and KM, the hydrolysis rate was measured at 8 

differentt p-NPP concentrations. After each assay, the pH of the reaction mixture was 

measuredd to ensure that the pH of the solution had not changed. Values of KM and Vmax 

weree obtained by non-linear regression fits to the Michaelis-Menten equation, using the 

programm EnzymeKinetics (Trinity Software). 

Substrates:Substrates: For the determination of Vmax and KM of the substrates ATP, ADP, 

phosphotyrosine,, and phenylphosphate a Malachite green procedure was used. Assays 

weree performed as described (34). In time aliquots were removed and to 4 volumes of 

assayy solution, 1 volume of dye solution (2.5 ml 7.5% ammoniummolybdate (freshly 

everyy day) added to 10 ml of 0.44 g malachite green in 20% concentrated sulfuric acid 

withh 0.2 ml 1 1 % tween20) was added to stop the reaction. After 10 minutes the 

absorbancee was read at 630 nm. A phosphate standard was used as reference. 

TrypsinTrypsin digestion 

Trypsinn (0.035 mol/mol PAP) was added to a sample of recHPAP (50 mM MES pH 6.5). 

Thee sample was incubated at room temperature for 20 hours, and the specific activity 

wass followed in t ime. The sample was then diluted/concentrated several times using a 

Centriconn (30 kDa cut off) to remove the trypsin. After reduction (0.5 mM 

Fe(NH4)2(S04)2,, 17 mM ascorbic acid, 3 min.) , the sample was applied to a HR10/30 

Superosee 12 column and eluted with buffer B, resulting in proteolytically cleaved protein 

withh Amax = 520 nm. The proteolytically cleaved protein obtained via this procedure was 

usedd for kinetics and spectroscopic measurements. 

Too follow cleavage by EPR, trypsin (0.035 mol/mol PAP) was added to recHPAP (300 

ul ,, 70 uM) in buffer D (50 mM Na-acetate pH 5.0, 2 M KCI), and the sample was 

immediatelyy frozen in liquid N2. Its EPR spectrum was measured at 4.3 K, and then the 

samplee was thawed and buffer exchanged to buffer B in two concentration/dilution steps 

usingg a Centricon (10 kDa cut off) to initiate the proteolysis reaction. After incubating for 

thee desired t ime, the buffer was again exchanged to buffer D to stop the proteolysis 

reaction.. Before freezing in liquid N2 for measurement of a second EPR spectrum, the 

enzymaticc activity was measured, and the PAP concentration was determined by visible 

absorptionn spectroscopy. This process was repeated with the same sample in order to 

obtainn data points at longer incubation periods. Control experiments showed no change 

inn activity or EPR spectrum in the absence of trypsin. 

CircularCircular dichroism (CD) spectroscopy 

Sampless were prepared by buffer exchanging concentrated recHPAP samples (50 mM 

TRISS pH 6.3, 150 mM KCI buffer). The concentrated samples were diluted to 0.100 

mg /m ll in the same buffer and immediately frozen . The sample was thawed and 

centrifugedd immediately before measuring its CD spectrum. The pH and recHPAP 

concentrationn were checked after the spectrum was obtained. Data were analyzed with 

thee program CONTIN (part of the package called STRUCTURE, which can be obtained 
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f romm K.S. Vassilenko, Group of Protein Spectroscopy, Insti tute of Protein Research, 

Pushchino,, Russia), and the results of three different analysis methods (Provencher & 

Glöckner,, Venyaminov , Sreerama & Woody {35-39)) were averaged to give the final 

amountss of a-helix, (3-sheet and turn , and random coil. 

MassMass spectrometry and C- and N-terminal sequence analysis 

Proteolyticallyy cleaved recHPAP was denatured (7 M GuHCl/0.3 M TRIS pH 9) and the 

disulfidee bond was reduced with freshly prepared DTT solution (20 mM, 1:100 molar 

ratio,, 1 h., . The reduced fragments were separated on a reverse phase HPLC 

columnn (C8 2 .1x100 m m , 5 urn) installed on the SMART system, with a predefined 

gradientt from solvent A ( 0 . 1 % TFA/milliQ water) to solvent B (0.08 % TFA/90 % 

ACN/MilliQQ water): 0-60 min, 15-70% B; 60-65 min, 70-100 % B; 65-72 min, 100 % B; 

72-777 min, 100-15 % B. Fractions were collected in Eppendorf vials (500 pi). 

C-terminall sequence analysis was performed using a slight modification of the protocol 

off Boyd {40). Prior to C-terminal sequence analysis, the protein was absorbed on a 

ProSorbb sample preparation cartridge and, after subsequent washes with milliQ water, 

treatedd with phenylisocyanate under basic conditions to modify the lysine side chains 

{41).{41). The alkylated thiohydantoins were identified online by reversed phase analysis with 

aa linear gradient using solvent C (3.5 % THF/milliQ water/35 mM Na-acetate pH 3.8) and 

solventt D (100 % ACN). 

Forr nano-electrospray mass spectrometry, a fraction of the RPLC eluate was dissolved 

(500 % ACN/49.9 % milliQ water/0.1 % formic acid (v :v :v ) ) and loaded into a coated 

capillary,, which was then placed into the nanospray source of the Q-TOF mass 

spectrometer.. The needle was held at 1.3 kV while spray formation was initially 

stimulatedd by putting a low N2 pressure at the back of the capillary. Spectra were taken 

fromm 600-2000 Da using 2s scans and accumulated during 5 minutes. The obtained data 

weree further processed using the MaxEnt software delivered with the instrument. 

Results Results 

Production,Production, purification, and proteolytic activation of recHPAP 

Productionn of recHPAP with Sf9 cells from Spodoptera frugiperda resulted in recHPAP 

expressionn levels of recHPAP of 1-2 U/ml at 6 days post infection. Purification of the 

proteinn was accomplished by a combination of the procedures of Hayman & Cox {33) and 

Vincentt et al. {42). Phosphocellulose ( P l l ) absorption was used to reduce the volume, 

followedd by hydrophobic interaction chromatography, cation exchange chromatography 

andd size exclusion chromatography. This procedure yielded ca. 15 mg pure protein from 

aa 10 I batch; Western blot analysis showed a band at ca. 36 kDa with some 

heterogeneityy due to variable glycosylation (see below). The protein was stored at C 

forr several months without any evidence of cleavage. 

Bothh BSPAP and recRPAP are known to be susceptible to proteolytic activation by 

trypsinn {26, 27). To examine proteolytic activation of recHPAP, trypsin was used to 

cleavee the 36 kDa protein. As shown by SDS-PAGE, the resulting protein consisted of two 

fragmentss with masses of 20 kDa and 16 kDa (Figure 2.1). 
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Figuree 2 . 1 : Trypsin digest ion of single polypeptide recHPAP fo l lowed in t ime by SDS-PAGE. 

Incubationn time: 
1:: 0 min. 
2:: 60 min 
3:: 120 min 
4:: 290 min 
5:: 405 min 
6:: 1500 min 

MassMass spectrometry and sequencing 

Reverse-phasee (RP)-HPLC, mass spectrometry (MS), and l\l- and C-terminal 

sequencingg were used to discriminate between single cleavage within the loop and partial 

orr complete removal of the loop as well as to determine the site(s) of cleavage. RP-HPLC 

analysiss of both single polypeptide and proteolytically cleaved recHPAP resulted in 

chromatogramss with a single peak with the same retention t ime. This indicated that after 

cleavagee the 2 fragments were still connected through a cysteine bridge (residues 142 

andd 200 in the human sequence (10)). After denaturation of the trypsin-cleaved protein 

andd reduction of the SS-bridge with DTT, two peaks were observed, consistent with 

cleavagee to give two fragments. 

AA molecular mass of 36264.8 (1.3) Da was found for single polypeptide recHPAP, 

whichh does not correspond to the calculated mass of 34328.9 Da (Table 2.1). Previous 

deglycosylationn experiments with recombinant human and rat PAP indicate that the 

differencee (1935.9 Da) is almost certainly due to glycosylation (33, 43). Other minor 

peakss in the MS spectrum could be explained by heterogeneity of glycosylation of 

recHPAPP (e.g. the presence of various extra monosaccharides such as deoxyhexose and 

hexuronicc acid), as suggested by SDS-PAGE. After cleavage with trypsin, electrospray 

ionizationn mass analysis (ESI-MS) showed that the mass of the two-subunit protein was 

35947.22 (8.1) Da. A fragment with a mass of 335.6 (8.1) Da is thus removed during 

proteolysis.. Quadrupole t ime-of-f l ight (Q-TOF) MS analysis of the reduced fractions 

yieldedd a large fragment with a mass of 19486.1 (1.0) and a smaller fragment with a 

masss of 16454.5 (0.5) Da. These results were confirmed by ESI-MS analysis. 

Tablee 2 . 1 : Mass spec t romet ry and sequencing data of single polypept ide and proteolyt ical ly cleaved 
recHPAP. . 

Nativee recHPAP 

Cleavedd recHPAP 

Largee fragment 

Smalll fragment 

Mass1"" (Da) 

36264.88 (1.3) 

35947.22 (8.1) 

19486.11 (1.0) 

16454.55 (0.5) 

Theoreticall mass (Da) 

34328.9 9 

34346.9 9 

17896.2 2 

16452.8 8 

C-terminus s 

L(?)-V-K K 

N-terminus s 

A-T-P-A A 

A-T-P-A A 

L-A-R-T T 

A-T-P-A A 

L-A-R-T T 
[a|| Numbers in parentheses are standard deviation values. 
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Figuree 2 .2 . : Dependencies of kcat, kcat/KM and KM on pH for single polypept ide (A) and proteolyt ical ly cleaved 
(B)) recHPAP with p-NPP as substrate at . The lines represents f i ts of kcat and kcat/KM to the rapid 
equi l ibr iumm diprot ic model . The derived kinetics constants are depicted in the table. 

300 0 

'»» 200 -

"*100 0 

0 0 
~ii 1 1 r 1 
44 5 6 7 8 44 5 6 7 7 8 8 

vv 3 0 0 -
s s 
E E 

V MM 200 -

s s 
- „ 1 0 0 --
-5C C 

o --

4 4 5 5 6 6 77 8 

PH H 

ss 20 
E E 

55 6 
pH H 

500--

55 6 
PH H 

Enzyme e 

recHPAP mono ,re a a 

recHPAParaved.re d d 

pHop t t 

5.5 5 

6.2 2 

Kr,. . 

(mM) ) 

4.8 8 

7.2 2 

k ca t t 

Cs1) ) 

310 0 

1250 0 

pKes. l" 1 1 

4 . 6 6 

5.5 5 

pKes,2
[aI I 

6.7 7 

6.9 9 

pKe,2
[bl l 

5.0 0 

5.6 6 

kcatt is defined as the number of substrate molecules hydrolysed per enzyme molecule per second, pKes,i and pKes,2 as a 
deprotonation/protonationn event of a group of the enyzme-substrate complex and pKe,2 as a deprotonation/protonation 
eventt of a group of the enzyme, and Ks as the dissociation constant of the ES complex. 
[a33 Obtained from a fit of kca, as a function of pH. 
[b]] Obtained from a fit of kcat/KM as a function of pH with pKet<2. 

Tablee 2 .2 : Kinetics constants [ a ] for hydrolysis of di f ferent substrates by recHPAP 

Substrate e 

ADP P 

ATP P 

Phenylphospha t t 

e e 

p-NPP P 

Phosphotyrosin e e 

pKa a 

eaving g 

group p 

3.8 8 

~ 6 . 3 3 

3.9 9 

~ 6 . 5 5 

10 .0 0 

7.2 2 

10 .5 5 

S S 

kcat t 

( s 1 ) ) 

58 .7 7 

(1 .7 ) ) 

4 7 . 9 9 

( 4 .2 ) ) 

44 .4 4 

( 1 0 . 1 ) ) 

336 .5 5 

( 7 .3 ) ) 

70 .9 9 

( 6 .7 ) ) 

nglee polypept ide 

( P H 5 . 5 ) ) 

K„ „ 

(mM ) ) 

0 .27 7 

( 0 . 0 2 ) ) 

0 .64 4 

( 0 . 1 4 ) ) 

0.73 3 

( 0 . 2 2 ) ) 

5.6 6 

( 0 .3 ) ) 

2 .55 5 

( 0 . 3 8 ) ) 

Kcat/K „ „ 

s" 11 mM - 1 ) 

2 1 7 . 8 8 

74 .8 8 

60 .8 8 

6 0 . 1 1 

27 .8 8 

Proteolyticallyy cleaved 

kcat t 

(s- 1) ) 

1 0 58 8 

( 1 6 ) ) 

9 7 1 1 

( 9 8 ) ) 

n.d. . 

1 2 68 8 

(S3) ) 

1 6 48 8 

( 4 3 ) ) 

( P H 6 . 2 ) ) 

K-.. . 

( m M ) ) 

0 .93 3 

( 0 . 0 4 ) ) 

1.69 9 

( 0 . 2 5 ) ) 

n.d. . 

7.7 7 

(0 .6 ) ) 

12.6 6 

( 0 .6 ) ) 

Kcat/K« « 

S"11 m M ' ) 

1137 .4 4 

574 .5 5 

164 .7 7 

130 .8 8 

Act [ b ]] Act [ c l Remarks 

-inhibition n 

 3KM 

n n 

 K-, 

n.d.. not determined 
[a]] Data were obtained from fits of the data with the program Leonora version 1.0, McCormish & Bowden, 1994. 
!b]] Comparing kcat 
ic'' Comparing kcat/KM 
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Thee calculated masses of the large and small fragments are 17896.2 and 16452.8, 

respectively;; thus the small fragment is not modified. The difference of 335.6 Da 

betweenn the native and non-reduced proteolytically cleaved protein is therefore due to 

modificationn of the large fragment. I t can be explained by a second cleavage between 

A r g l 5 11 and Asp l52 , resulting in the loss of the last 3 amino acids of the C-terminus of 

thee large fragment (D-V-K, calculated mass 342.4 Da). 

Duringg Edman degradation of the RP-LC eluate (non-reduced), two N-terminal 

sequencess were observed. The first sequence, A-T-P-A, corresponded to the N-terminus 

off the enzyme after post-translational processing. The second sequence was L-A-R-T-Q, 

correspondingg to the amino acids starting at position 161. C-terminal sequence analysis 

off the sample indicated only one (very weak) sequence, (Leu?)-Val-Lys (0.01%). The C-

terminall sequence of the small subunit was not observed since it ends with a Pro, a 

residuee that precludes C-terminal sequence analysis {44). After denaturation and 

reductionn neither of the fragments yielded any sequence information. This is in 

agreementt with the occurrence of a second cleavage event, since Arg as C-terminal 

aminoo acid also precludes C-terminal sequence analysis. 

EnzymaticEnzymatic parameters of intact and proteolytically cleaved recHPAP 

Previouslyy reported specific activities for recHPAP vary from 190 U/mg at pH 5.6 {33) 

too 350 U/mg at pH 4.9 {29). To gain insight into the origin of the differences between the 

intactt and proteolytically cleaved protein, kcat versus pH profiles were measured. The kc3t 

versuss pH profile of the intact protein showed a symmetric bell-shaped curve with an 

opt imumm at pH 5.5. At C the intact mixed valent recHPAP had a specific activity of 

5200 U/mg, with a KM of 4.8 mM for the substrate p-NPP at its optimal pH (Figure 2.2). At 

thee often used pH of 6.0, the activity was lower (440 U/mg) and the KM higher (8.6 mM). 

Thee pH dependencies were analyzed according to a rapid equilibrium diprotic model {45, 

46).46). The following expressions were derived for the observed values of kcat defined as in 

equationn (a) and kcat/KM as defined in equation (b) , assuming that all equilibria are fast 

comparedd to kcat. 

kcat(obs)=kcat/(ll + [H + ]/Kes,i + Kes,2/[H + ]) (a) 

kcat(obs)/KM(obs)) = k c a t /K5 ( l + [H + ]/Kei + Ke2/[H + ]) (b) 

Fittingg of the kcaC dependencies resulted in the pKa values given in Figure 2.2. The 

oxidizedd protein typically had a residual activity of 5-10 %. The KM and pH opt imum were 

similarr to those of the intact mixed valent protein. 

Cleavagee with trypsin resulted in an almost 5 fold increase in activity at pH 6 (420 

versuss 2100 U/mg) with p-NPP as substrate. Other substrates showed the same 

dependencyy on cleavage: kcat increases wi th a concomitant increase in KM (Table 2.2), 

andd there is no dependence on the pKa o f the leaving group. In addition, the pH opt imum 

shiftedd from 5.5 to 6.2 upon cleavage wi th trypsin. Analysis of the data indicated that 

pKes,ii increased from 4.6 to 5.5 while the effect on the pKes2 value was less pronounced 

(6.77 versus 6.9). The kcat/KM versus pH data could be fitted using a single pKa (pKe,2), but 

thee lack of data at low pH suggests that this result should be interpreted with some care. 

Nonetheless,, it is clear that a significant shift in pKe,2 occurs (5.0 versus 5.6). The KM for 
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thee proteolytically cleaved protein is also lower than that of the intact protein at pH 6.0 

(4.88 versus 8.5 mM). 

SpectroscopicSpectroscopic characterization of intact and proteolytically cleaved recHPAP 

Inn order to determine if the change in kinetics properties upon cleavage could be 

causedd by a change in secondary structure, circular dichroism (CD) measurements were 

performedd on the intact and proteolytically cleaved forms of recHPAP. The spectra of 

bothh forms exhibit strong negative ellipticities with shoulders at 210 and 218 nm. The CD 

spectraa of the intact and proteolytically cleaved proteins are virtually identical to one 

anotherr in both the mixed-valent and oxidized states, suggesting that neither proteolytic 

cleavagee nor oxidation of the dinuclear iron center is accompanied by significant 

structurall rearrangements (Figure 2.3). Quantitation of the secondary structure shows 

thatt approximately 15 % random coil is present in all forms studied. No significant 

differencess between intact and proteolytically cleaved recHPAP were found, although the 

latterr apparently had slightly lower a-helix (35 versus 27 %) and higher fi-turn (15 

versuss 25 %) contents. In the oxidized state, however, virtually identical a-helix, [3-sheet 

andd turn , and random coil contents were observed for both the intact and proteolytically 

cleavedd forms. 

Figuree 2.3: CD spectra of reduced (A) and oxidized (B) single polypeptide (G) and proteolytically cleaved 
)) recHPAP. All spectra were obtained in 0.05 mM TRIS, pH 6.3, at 25.0 C in an 1 mm cuvet. 

Concentrationss were 0.1002 mg/ml (recHPAPmono,red), 0.1004 mg/ml (recHPAPdMved,red), 0.1001 mg/ml 
(recHPAPmo„o,ox),, and 0.1006 mg/ml (recHPAPcieaved,ox). Results of quantitation of the secondary structure are 
givenn in the table. 

1 2--

0 - ' ' 

-A--A-

EE - 1 2 -

r r 
2000 210 220 230 240 250 

XIXI nm «-
200 0 
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1 // nm » 
2400 250 

Sample e «(nm)) a-helix (%) [3-sheet (%) p-turn (%) random coil (%) 

recHPAP mon „, rea a 

reCHPAPdejveO.re a a 

recHPAP mono ,o x x 

recHPAP Cieavea,o> > 

520 0 

520 0 

550 0 

555 5 

3 5 ( 3 ) ) 

2 7 ( 3 ) ) 

3 2 ( 2 ) ) 

3 4 ( 4 ) ) 

3 5 ( 6 ) ) 

3 3 ( 8 ) ) 

3 5 ( 5 ) ) 

3 7 ( 9 ) ) 

1 5 ( 7 ) ) 

2 5 ( 3 ) ) 

1 7 ( 5 ) ) 

1 9 ( 6 ) ) 

1 5 ( 5 ) ) 

1 5 ( 1 2 ) ) 

1 6 ( 3 ) ) 

1 0 ( 7 ) ) 

'l]] Numbers in parentheses are standard deviation values. 
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Figuree 2.4: Monitoring tryptic cleavage of recHPAP by EPR. Spectra were recorded at a specific activity of 365 
(A),, 965 (B), 1280 (C) and 1500 (D) U/mg. The amplitudes were corrected for instrument gain and protein 
concentration.. EPR conditions:: microwave power 20 mW; microwave frequency, 9.42 GHz; modulation, 12.7 
GG at 100 kHz; T, 4.3 K. The insert shows the increase in specific activity in time. 

3500 400 450 500 
magneticc field / mT * 

Inn addition, the optical spectra of both intact and proteolytically cleaved recHPAP were 

identical,, showing a tyrosine-to-Fe3+ charge transfer band at 520 nm which shifted to 

lowerr energy (550 nm) upon oxidation with H202. 

Thee large changes in pKa upon cleavage observed in the kinetics studies indicate that 

theree must be a significant difference between the intact and proteolytically cleaved 

proteins.. Because EPR spectroscopy is a very sensitive method that specifically probes 

structurall changes at the diiron site, EPR spectra of both the intact and proteolytically 

cleavedd proteins were obtained. The intact mixed-valent recHPAP exhibited a S = 'A 

rhombicc spectrum, with apparent g-values of 1.94, 1.73 and 1.58 (Figure 2.4A). This 

spectrumm is virtually identical to that reported for Uf {47), which is isolated as an intact 

366 kDa polypeptide. In contrast, the proteolytically cleaved mixed-valent protein gave a 

rhombicc spectrum with apparent g-values of 1.86, 1.73 and 1.58 (Figure 2.4D). This 

spectrumm is very similar to that of BSPAP, which is isolated in a proteolytically cleaved 

fo rm. . 

Inn order to confirm that the changes in EPR spectra were indeed due to cleavage and 

correlatedd with changes in specific activity, a large-scale proteolysis experiment was 

monitoredd by EPR spectroscopy (Figure 2.4). The spectra clearly show that the g = 1.94 

featuree disappears with concomitant appearance of a signal at g = 1.86, and that the 

spectrall changes parallel the increase in specific activity. 
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Discussion Discussion 

Likee recHPAP, Uf and recRPAP are isolated as intact polypeptides with a molecular 

masss of ca. 36 kDa. Compared to PAPs such as BSPAP and the rat bone and spleen PAPs, 

whichh are isolated as proteins consisting of two fragments of molecular mass of 20 and 

166 kDa, the former exhibit: (i) lower specific activity (kcat ca. 300 s"1); (ii) a more acidic 

pHH opt imum; and (iii) a more rhombic EPR spectrum, with apparent g-values of ca. 1.94, 

1.733 and 1.58 (4, 13, 29, 33, 42, 43, 47-49). 

Thee large differences in specific activity reported for mammalian PAPs appear to be 

relatedd to the presence or absence of proteolytic cleavage. Treatment of single 

polypeptidee BSPAP, Uf and recRPAP with proteases such as trypsin, papain, or cathepsin 

hass been reported to result in the formation of a two-subunit protein with a significant 

increasee in activity (26) and a shift in pH opt imum (27). In the present study, we 

attemptedd to clarify the relationship between proteolytic cleavage, kinetics properties, 

andd spectroscopic characteristics using a representative recombinant mammalian PAP. 

Treatmentt of recHPAP with trypsin results in a cleaved protein with an increased 

specificc activity, which is comparable to that of recRPAP treated with cysteine proteases 

(27).(27). Although cleavage by trypsin is highly unlikely to be physiologically relevant, 

trypsinn was used in these experiments because of the presence of well-defined trypsin 

cleavagee sites and the previously reported activation of BSPAP and Uf by trypsin (26). 

Physiologicallyy relevant proteases are the cathepsins, cysteine proteases that are present 

inn the same cells as PAP (27). For recRPAP and BSPAP, the N-terminal sequence of the 

smalll subunit is D-L-G-V-A-R-T-Q, and N-L-A-M-A-R-T-Q, respectively, while the N-

terminall sequence of the small subunit of the recombinant human protein contains three 

aminoo acids fewer, L-A-R-T-Q. The precise site of cleavage has an important effect on 

thee specific activity. As shown in Table 2.3, cleavage at the end of the loop, in or near 

thee sequence A-R-T-Q, seems to produce proteins with higher specific activity than 

cleavagee upstream of this sequence (26, 27). Mass spectrometry indicates that 3 amino 

acidss at the C-terminus of the large fragment in recHPAP are removed by trypsin. The 

masss of the small fragment produced by trypsin cleavage is the same as the calculated 

masss of 16452 Da. The difference of 335.6 Da found between the single polypeptide and 

non-reducedd proteolytically cleaved recHPAP must therefore be due to proteolytic 

processingg of the larger subunit. Within experimental error, this difference is equal to the 

masss of D-V-K (calculated mass 342.7 Da), which are the C-terminal amino acids of the 

largerr fragment. A V-K C-terminus was found, but corresponded to only 0 . 0 1 % of the 

Tablee 2 .3 : Sequence a l ignment of mammal ian PAPs including thei r reported cleavage site and corresponding 
specificc act iv i ty (U /mg) after digest ion wi th T: t ryps in , P: papain, N: as isolated 

"pi gg ~  "*S D  D  F  V  S  Q  Q  P  Ë R  P  R  N  L ~ A*  L  A  R  T  Q  L 
Rat mm 145 S D D F V S Q Q P E M P R D L G V A R T Q L 

TT T T 
TT P N 

3200 1410 1640 
Human11'11 J45S D D F L S Q Q P E R P R D V K L A R T Q L 

TT T 
(T?)) T 

2230 0 
Bovine™™ N L A M A R T Q 

TT T 
TT N 

12000 2770 

[,JJ From ref (27) M from ref. (10) and this work, [" l ! from ref. (26) and ref. (18). 
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sample.. The C-termini of both the small and large subunits are known to preclude C-

terminall sequence analysis, and therefore they were not detected (44). Removal of these 

threee amino acids should weaken or abolish the interaction of the loop region with the 

activee site residues which results in a concomitant increase in activity. This would explain 

whyy almost no increase in activity is found upon trypsin cleavage of recRPAP, for which 

onlyy one cleavage site is available; presumably the resulting amino acid " ta i l " is held in 

placee by non-covalent forces. When papain is used, however, 6 amino acids between 

G l u l 5 44 and Gly l60 (Table 2.3) are removed (27), leading to complete loss of the 

interactionn of the exposed loop with the active site and an increase in enzymatic activity. 

Thee variability of cleavage products with proteases is supported by the finding of 

Ljusbergg et a l . , that SDS-PAGE of trypsin- and papain-digested recRPAP show different 

N-terminall f ragment masses (27). 

Thee EPR spectrum of intact recHPAP resembles those of Uf and intact recRPAP. All of 

thesee proteins consist of a single polypeptide chain of molecular mass  36 kDa, and in 

theirr mixed-valent state all exhibit rhombic EPR spectra with features around 1.94, 1.73 

andd 1.58 (43, 48). Upon proteolytic cleavage, gz shifts to 1.86, resulting in a spectrum 

whichh resembles that of BSPAP (26, 50, 51). The visible spectrum of recHPAP is not 

affectedd by proteolytic cleavage, which suggests that cleavage does not affect the 

positionn or orientation of the tyrosine ligand. A change in the interaction of the metal 

ion(s)) with a water molecule or in the interaction of the metal ligands with other amino 

acidss upon cleavage could, however, account for the observed differences in EPR spectra. 

Highh salt BSPAP (i.e., BSPAP prepared under high salt conditions; kmax = 536 nm) 

constitutess an apparent contradiction to the change in the EPR spectrum, in that the EPR 

spectrumm reported for intact BSPAP is similar to that of the proteolytically cleaved form 

(26) . . 

Comparedd to Uf, which exhibits a bell-shaped pH profile with an opt imum at 4.9 and 

pKa,aPpp values of about 4 and 5.2 (52), BSPAP has a higher pH opt imum (6.2) with pKa 

valuess of 5.4 and 7.5 (46). Merkx et al., suggested that the reported differences in pH 

opt imaa between the mammalian PAPs are artifacts due to the use of non-saturating 

substratee concentrations in most studies of the pH dependence of the kinetics; this leads 

too a pH profile with an apparent lower pH optimum and shifted pKa values (46). We 

thereforee measured kcat as a function of pH for the recombinant human protein before 

andd after proteolytic cleavage. The resulting pH profiles clearly show that the observed 

differencee in pH optima is not artifactual, but reflects real differences in the properties of 

thee enzyme. Fits of the kcat versus pH data to a rapid equilibrium model allowed 

extract ionn of the corresponding pKa values for the two forms. Both pKa values increase 

uponn cleavage, pKes,2 by only 0.2 pH units, and pKes,i by almost a full pH unit. In 

addi t ion,, the kcat/KM versus pH profile shows that pKe2 increases by 0.6 units upon 

cleavage.. pKe 2 probably corresponds to a group in the free enzyme that must be 

protonatedd in order for the enzyme to bind substrate, possibly one of the conserved 

histidinee residues near the active site. The acidic pKa in the kcat versus pH profile has 

beenn attr ibuted to a water molecule coordinated to the Fe3+ ion in the enzyme-substrate 

complexx (18, 46, 53), but the identity of the group giving rise to pKes,2 remains unclear. 

Thee magnitude of the observed change in pK e s l suggests that proteolytic cleavage 

causess a significant change in the interactions between the protein and a coordinated 

waterr molecule. This conclusion is in agreement with the change in EPR spectrum, 
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discussedd above. 

Inn addition to the effect of proteolytic cleavage upon the pH dependence of the 

catalyticc properties, the intrinsic activity of the enzyme at its opt imum pH is also affected 

byy proteolysis. Our results show that proteolysis of recHPAP with trypsin increases kcat by 

aa factor of about 4, while KM is not affected. For recRPAP, however, a decrease in KM was 

observedd upon proteolysis; consequently, the efficiency of the proteolytically cleaved 

enzymee (as judged by the kcat/KM criterion) is higher. In this case, however, the assays 

weree performed at a single standard pH, not at the optimal pH for each species (27). 

Whyy proteolytic cleavage of an exposed loop of polypeptide on the surface of the 

proteinn should have such a large effect upon the catalytic properties of the enzyme 

constitutess an important problem. The simplest explanation for the increase in enzymatic 

activityy upon proteolysis is a steric one, in which cleavage or removal of the loop 

increasess the accessibility of the active site to the substrate. This explanation is unlikely 

too be correct, however, because there is no evidence in the X-ray structures that the 

loopp blocks access to the active site. Further, this explanation would predict a larger 

effectt on KM than on kcat, which is the reverse of that observed with several substrates. 

Finally,, it is difficult to see how an increase in active site accessibility would result in the 

similarr changes in pKa's and EPR spectra that are observed for all PAPs examined to date. 

Inn principle, proteolysis could also induce a protein conformational change, which 

causess the observed changes in activity. CD spectroscopy, however, indicates that 

negligiblee changes in secondary structure occur upon cleavage (Figure 2.4). These 

resultss do not, however, exclude the possibility that smaller differences in protein 

structuree occur in the vicinity of the active site. Superposition of the active sites of 

KBPAP,, Uf and recRPAP, however, shows only minimal differences in the active site 

region,, suggesting that it is both highly conserved and not very flexible. An additional 

resultt of the present work is the finding that the correlation proposed by Vincent et al. 

(42)(42) between Kmax and percentage random structure, as found for "high-salt" and " low-

salt"" BSPAP (26, 42, 54, 55), is apparently not applicable to recHPAP. 

Thee crystal structures of two mammalian PAPs in which the loop region is present and 

welll ordered have recently been reported: Uf at 1.5 A resolution (24), and one form of 

ratt bone PAP at 2.2 A resolution (30). Both structures show that certain residues in the 

loopp between positions 143 and 160 interact with the active site, and suggest a 

molecularr basis for the changes in catalytic properties that occur upon proteolytic 

cleavage.. Particularly noteworthy are residues Ser l45 and Asp l46 , which are situated 

nearr the active site with their side chains directed towards the binuclear metal center. In 

thee following discussion, distances cited are for the Uf crystal structure (24), which has 

thee highest resolution of the mammalian PAP structures, while the residue numbers 

correspondd to the human sequence (10). Within experimental error, there are no 

significantt differences in the rat bone structure in which the residues of the loop region 

aree resolved (30). The interaction between Ser l45 and Asn91 seems unlikely to be 

importantt in the activation process, however, this residue is resolved in the same 

positionn in both RPAP structures, with and without the loop region (25, 30). Furthermore, 

thee orientation of the serine hydroxyl group is not favorable for hydrogen bonding to the 

NH22 group of the Asn side chain. Hence, the following discussion focuses on the role of 

Asp l46 . . 

Thee carboxylate group of Asp l46 is in very close proximity to Asn91, with one oxygen 
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atomm only 2.9 A f rom the amido nitrogen, which is well within hydrogen bonding 

distance.. The side chain of Asn91, which is conserved in all PAP and PP sequences, 

providess one of the ligands to the divalent metal site. Although mutagenesis studies 

aimedd at elucidating the role of this residue have not yet been reported for any PAP, such 

studiess have been performed on the closely related PP's (56-58), and the results are 

consistentt with an important role for Asn91 in both substrate binding and catalysis. As 

shownn in Figure 2.5, Asp l46 should interact strongly with Asn91. In valence bond terms, 

thee interaction between Asp l46 and Asn91 stabilizes the amide resonance structure 

containingg a C-N double bond, thereby polarizing the carbonyl oxygen and making it a 

betterr metal ligand. This will in turn decrease the Lewis acidity of the Fe2+ ion, which is 

presumedd to bind and activate the phosphate ester substrate. Ser l45 can also interact 

withh Asn91, thereby enhancing this effect. Cleavage of the loop and concomitant removal 

off these residues would eliminate these interactions. 

Thee carboxylate group of Asp l46 can also interact with His92, with a carboxylate 

oxygen-imidazolee nitrogen distance of only 3.6 A. Similarly, in PP1 and PP2B the histidine 

correspondingg to His92 is within 5 A of both metals (20-23); consequently, it has been 

proposedd to be important in catalysis. Site-directed mutagenesis of phage APP (59), in 

whichh this residue is also conserved, suggested that this histidine plays a role in base 

catalysiss (59-61), but this conclusion has not yet been confirmed by isotope effect 

studiess (62). A nearby Asp residue is also believed to be involved in catalysis, because 

sitee directed mutagenesis of this residue to Asn or Ala (56, 58, 60) resulted in a 36 or 71 

foldd decrease, respectively, in catalytic activity. I t has been proposed that the interaction 

off this histidine/aspartate pair with a solvent molecule and the metal ion could be 

thoughtt of as a His-Asp-Mn+-H20 "catalytic tetrad". In single polypeptide recHPAP, 

Asp l466 is the only carboxylate in the vicinity of His92, other than the bridging ligand 

Asp52.. I t could, therefore, be part of a similar "catalytic tetrad". Upon cleavage of the 

loop,, the interaction between His92 and Asp l46 would be disrupted, decreasing the 

basicityy of the His92 side chain. As a result, His92 will interact less strongly with the 

waterr bound to the ferric ion. The changed interaction between Fe3+ and bound water 

Figuree 2.5: The interaction of the residues Asn91, His92, and Aspl46 of the mammalian purple acid 
phosphatasee Uf (lUte) with distances in A (24). 
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wouldd also be expected to affect the EPR spectrum. 

Thee picture that emerges from this and other studies of PAPs is that of enzymes that, 

ass synthesized, contain specific interactions that diminish their catalytic activity. Because 

PAPss are generally located in organelles that are rich in proteases, the possibility arises 

thatt at least some organisms and/or tissues utilize these proteases to release the full 

intrinsicc activity of PAPs. For example, cathepsins B, H, K, and L are capable of cleaving 

PAPP and are present in osteoclasts {27), which are known to contain PAP. In addit ion, 

purificationn of human osteoclast PAP in the presence of protease inhibitors resulted in a 

two-subunitt PAP (63) similar to BSPAP, suggesting that cleavage was not an artifact of 

thee purification (26). To date, however, there is no compelling evidence that proteolysis 

constitutess an important mechanism for controlling PAP activity in vivo. In fact, TCA 

precipitationn of fresh samples of bovine spleen tissue followed by electrophoresis and 

stainingg showed that the major form of BSPAP in vivo was the intact 36 kDa polypeptide 

(26).(26). These results do not, however, preclude the possibility that differentially processed 

formss of PAP may be present in different tissues (7). 

Inn summary, our results strongly suggest that the kinetics and spectroscopic 

differencess reported thus far for mammalian PAPs from different sources are due to 

variationss in the site and extent of proteolytic removal of an exposed loop near the active 

sitee of the protein. The interaction between a conserved Asp residue in the loop region 

andd active site residues is suggested to be responsible for the differences in catalytic and 

spectroscopicc properties observed between PAPs isolated as single polypeptide chains 

andd those isolated in proteolytically cleaved form. Site-directed mutagenesis studies of 

residuess in the loop region (e.g. , Asp l46) are in progress. 
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Abstract Abstract 

Mammaliann purple acid phosphatases (PAPs) can be divided in two groups, which 

exhibitt distinct spectroscopic and kinetics properties: PAPs that consist of a single 36 kDa 

polypeptide;; and PAPs that have undergone limited proteolysis to give two fragments 

wi thh masses of 16 and 20 kDa, respectively. Proteolysis results in an increase in 

enzymaticc activity, an increase in the optimal pH for activity, and a change in the gz 

valuee of the characteristic EPR spectrum of the mixed valence binuclear iron center. I t 

hass been proposed that these changes are due to the loss of interactions between 

aspar ta te l466 in an exposed loop region and active site residues upon proteolysis. In the 

presentt study, site directed mutagenesis of Asp l46 in recombinant rat bone PAP 

(recRPAP)) has confirmed this hypothesis. Conversion of Asp l46 into Ala, which 

eliminatess the interaction of the side chain with the active site, resulted in an enzyme 

withh properties typical of PAPs isolated in proteolytically cleaved forms. The Aspl46Asn 

andd Aspl46Glu mutants were also prepared and examined to assess the effects of 

alteredd electrostatic interactions and side-chain length. 

Limitedd proteolysis of all three mutant enzymes with cathepsin L resulted in a 

significantt increase in catalytic activity. Thus, although the interaction between 

aspar ta te l466 and (an) active site residue(s) is the major factor responsible for the low 

catalyticc activity of uncleaved PAPs, other interactions are also important. Since both p-

NPPP and osteopontin, a potential in vivo substrate, show the same level of activation, the 

observedd increase in catalytic activity upon proteolysis is likely to be due to electrostatic 

thann steric effects. EPR spectra of FeZn-recRPAP before and after cleavage by cathepsin L 

suggestt that cleavage primarily affects the divalent metal site. The observation that 

pKes,i,, is also sensitive to changes at the divalent site is consistent with the proposal that 

thee nucleophilic hydroxide is that bridging the divalent and trivalent metals. 
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Introduction Introduction 

Thee iron-containing purple acid phosphatases (PAPs) are found in mammalian, plant, 

fungall and bacterial sources (1, 2) . Mammalian PAPs contain an FeFe active site and 

typicallyy are single polypeptide proteins with a molecular mass of 36 kDa. In contrast, 

plantt PAPs contain either an FeZn or FeMn metal center and are typically dimers of 55 

kDaa subunits. (2, 3). Although the similarities in their primary sequences are modest, the 

activee site structure and the residues coordinating the active site are identical in 

mammaliann and plant PAPs. A recent search of the genomic databases, however, 

identifiedd new PAP sequences in plants that are not homologues of the known plant PAPs, 

butt which have a predicted molecular mass of 35-40 kDa, and appear to be more closely 

relatedd to the mammalian PAPs (4). 

Inn most cases, the specific physiological function of PAPs is not yet clear (5). In pigs, 

PAPP apparently functions in the transport of Fe to transferrin (6, 7). In general, PAPs 

exhibitt a broad hydrolytic activity towards phosphate esters in vitro (8, 9), pointing to a 

degradativee function in PAP-expressing cells such as bone marrow cells and 

macrophages.. Studies on PAP "knockout" mice show that the enzyme is essential for 

normall bone resorption and mineralization in developing bones (10). Overexpression of 

PAPP in mice results in increased resorption of trabecular bone and mild osteoporosis (11). 

Thee recent demonstration that PAP is also present in dendritic cells suggests that PAP 

mayy function in regulating intracellular signaling pathways that control trafficking of MHC 

Classs II-containing vesicles involved in antigen presentation (12). Osteopontin, a 

phosphoproteinn that has been proposed to be the in vivo substrate of PAP, is apparently 

involvedd in both bone degradation and the immune system (13, 14), consistent with a 

relationshipp between PAP activity and the immune response. 

Thee X-ray structure of kidney bean PAP showed that the active site contained a zinc 

ionn coordinated by two histidines and an asparagine, and a ferric ion coordinated by a 

tyrosine,, a histidine and an aspartate residue (15). The two metal ions are bridged by a 

hydroxidee and an aspartate carboxylate (schematic representation, Figure 3.1). Crystal 

structuress of three mammalian PAPs (single polypeptide uteroferrin, Uf, at 1.5 A 

resolutionn (16) and recombinant rat bone PAP, recRPAP, at 2.2 A (17) and 2.7 A 

resolutionn (18)) have recently been reported. All three proteins have highly symmetrical 

structuress consisting of 4 a-helixes coupled by 6-sheets. The active site is found at the 

topp of the protein in the vicinity of two exposed loops (residues 18 to 24 and 145 to 160; 

numberingg according to the human sequence (38)); The latter is absent in the 2.7 A 

resolutionn rat bone structure, although the residues coordinating the metal center are 

completelyy conserved in all mammalian PAPs. One of the residues proposed to interact 

withh substrate differs in plant and mammalian PAPs: His295 in the former is replaced by 

G lu l944 in the latter (15, 19). The residues coordinated to the binuclear active site of the 

regulatoryy Ser/Thr protein phosphatases (PPs) are essentially identical to those in PAPs 

(20-23),(20-23), as previously proposed based on the presence of a phosphoesterase motif (24). 

PPs,, however, lack the tyrosinate coordinated to the Fe3+ metal ion that is responsible for 

thee purple color, and instead contain a solvent molecule coordinated to the Fe3+. The 

aminoo acids that interact with substrate in the PPs are one histidine (His92, according to 

thee human sequence), which is conserved in all PAPs and PPs, and two arginines. Based 

onn the high degree of similarity between the active sites of PAPs and PPs, it seems likely 
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Figuree 3.1: Schematic representation of the active site of mammalian PAPs including the interactions 
discussedd in this chapter, with numbering according to the human sequence. 

Tyr55' ' 

thatt both enzymes utilize similar mechanisms (for an extensive review on PP2B, see 

Rusnakk e t a l . (25)). 

Mammaliann PAPs are known to be activated by proteolytic cleavage. For example, 

BSPAPP is activated 4-fold at pH 6.0 by trypsin cleavage (26), while an 8-fold increase in 

activityy at pH 5.8 is found for recRPAP (9) treated with cysteine proteases such as 

cathepsinn B. Trypsin cleavage of recombinant human PAP (recHPAP) results in a 4-fold 

activation,, when activity at the optimal pH for both the intact and proteolytically cleaved 

formss is compared (27). Activation is accompanied by a shift in pH opt imum, from 4.8 to 

5.99 for recRPAP and from 5.5 to 6.3 for recHPAP (9, 27). Proteolytic cleavage also 

convertss the EPR spectrum from one that is characteristic of single polypeptide PAPs 

(withh features at gxyz = 1.58, 1.73, and 1.94) into one characteristic of proteolytically 

cleavedd PAPs (with features at gxyz = 1.60, 1.73, and 1.86 at pH 5.0 as observed for 

recHPAP).. In addit ion, mass spectrometric studies on recHPAP (27) and SDS-PAGE 

studiess of recRPAP (9) showed that proteolytic cleavage excises a portion of a highly 

exposedd loop near the active site. I t has been proposed that the differences in both 

kineticss and spectroscopic characteristics reported for mammalian PAPs are due to 

changess in interactions between the loop and the active site upon cleavage (27). 

Carefull examination of the structures of Uf and recRPAP suggested that two major 

interactionss between the loop and the active site could be responsible for the observed 

differencess between intact and proteolytically cleaved PAPs: that between Asp l46 and 

eitherr Asn91 or His92, both of which are conserved active site residues in all PAPs and 

PPss (27). Proteolytic cleavage would result in the loss of interaction between Asp l46 and 

Asn91,, destabilizing a Asn91 resonance structure which contains a C-N double bond and 

aa polarized carboxylate oxygen which is a better metal ligand. Thus, upon proteolysis the 

Lewiss acidity of the divalent metal ion would increase with a concomitant increase in the 

electrophilicityy of the enzyme-bound substrate (assuming that the substrate coordinates 

too the divalent metal ion). 
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Inn the present study, we prepared mutants of Asp l46 to explore the molecular basis 

forr the relationship between proteolytic cleavage and enzymatic activation. Kinetics and 

spectroscopicc characterization of the mutants demonstrated that interactions between 

Asp l466 and the active site are primarily responsible for the differences observed between 

singlee polypeptide and proteolytically cleaved forms of PAPs. Limited proteolysis of the 

mutantt enzymes showed that further activation was possible, suggesting the presence of 

additionall interactions between the loop residues and the active site that affect catalytic 

activity.. Finally, the properties of the FeZn form of wild-type recRPAP, before and after 

cathepsinn L cleavage, suggest that the interaction between Asp l46 and Asn91, which 

primarilyy affects the divalent metal site, is likely to be more important than that between 

Asp l466 and His92, which primarily affects the trivalent metal site. 

ExperimentalExperimental  procedures 

Materials Materials 

Restrictionn enzymes, DNA purification system, Cellfect™, and the baculovirus 

expressionn system were purchased from Life Technologies. Excell 405™ SFM (JRH 

Bioscience),, p-NPP (Fluka), and cathepsin L (219402, Calbiochem (CH)) and all other 

chemicalss were of the highest purity commercially available. 

GeneralGeneral procedures 

Enzymee concentrations were determined by measuring the absorbance of the Tyr"- to-

Fe3++ charge transfer at Amax (510-550 nm, depending on the form; £=4080 M^cm"1) on a 

Caryy 50 spectrophotometer. 

Recombinantt baculovirus stocks containing coding regions for recRPAP or the D146A, 

D146EE and D146N mutants were used to infect High 5 cells cultured in 500-1000 ml 

Excell 405™ SFM at ; the cell density was 0 . 8 x l 0 6 cells/ml, and a low MOI (0 .001-

0.01)) was used. After 6 days the cells were removed by centrifugation (lO.OOOxg), and 

thee enzyme was purified from the medium. 

Forr the preparation of FeZn-recRPAP, metal-free buffer was prepared by passing it 

throughh a Chelex-100 column. A Sephadex G-25 column was eluted with a solution 

containingg 5 mM ascorbic acid and 1 mM o-phenanthroline to remove excess metals, and 

subsequentlyy eluted with metal free Millipore water and a metal-free solution containing 

400 mM Na-acetate buffer, 1.6 M KCI, and 20% glycerol in Millipore water. 

GenerationGeneration of recRPAP mutants 

Ratt PAP cDNA (1.4 kb (29)) was cloned into a pCMV5 vector, and site-directed 

mutagenesiss was performed using the 5'—>3' MORPH site-specific plasmid DNA 

mutagenesiss kit (5 Prime —> 3 Prime Inc., Boulder, CO). Primers used for each specific 

mutationn were as follows: D146E, primer: 5'-GCAATTCCGAAGACTTTGTCAG-3; D146A, 

5'-GTGGCAATTCCGCCGACTTTGTCAG-3';; D146N, 5'-GCAATTCCAACGACTTTGTCAG-3'. 

Thee underlined bases indicate changes compared to the wild-type sequence. The primers 

employedd for mutagenesis were phosphorylated by T4 kinase according to the 

manufacturer'ss instruction. DNA sequencing of the recRPAP mutants was used to verify 

thee sequence (Cybergene AB, NOVUM, Huddinge, Sweden). Wild-type or mutant RPAP 
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cDNAss were cloned into the baculovirus expression vector pFASTBACl donor plasmid 

usingg the EcoRI restriction site. The proper orientation was determined by PstI cleavage, 

andd confirmed by DNA sequencing. The pFASTBACl donor vectors containing wild-type or 

mutantt RPAP cDNAs were transformed into DHlOBac cells for homologous recombination 

withh bacmid. Recombinant bacmids were selected by Luria Agar plates containing 

antibioticss and IPTG (50 ug/ml kanamycin, 7 ug/ml gentamycin, 10 ug/ml tetracycline, 

1000 ug/ml Bluo-gal and 40 ug/ml IPTG ) and confirmed by PCR. Bacmid DNA of wild-type 

recRPAPP and mutants was used to transfect High 5 cells in the presence of Cellfect™ to 

preparee recombinant baculovirus, as described in the instruction manual of the bac-to-

bacc system of Life Technologies. The virus was amplified before use. 

PurificationPurification of wild-type and mutant enzymes 

Purificationn of wi ld-type recRPAP, and the D146N, D146E, and D146A mutants was 

performedd as described previously for recHPAP (27), with the exception that hydrophobic 

interactionn chromatography was performed at pH 6.9 in MES buffer. Since wild-type 

recRPAPP was found to be partly cleaved (10-15%) after purification, an additional FPLC 

stepp was used. RecRPAP was loaded onto a Pharmacia Mono S column preequilibrated 

withh 50 mM MES pH 6.5, 0.1M KCI. The protein was eluted with 20 ml of a 0.1 to 0.5 M 

KCII gradient. Intact recRPAP was eluted at approximately 0.2-0.25 M KCI. 

SDS-PAGESDS-PAGE analysis 

SDS-PAGEE was performed under reducing conditions essentially as described by 

Laemmlii (30). Gels were either stained with Coomassie or blotted to immuno-PVDF 

membraness and probed with rabbit anti-recRPAP antiserum (diluted x l 0 0 ) as the 

pr imaryy antibody and alkaline phosphatase-conjugated goat anti-rabbit IgG (diluted 

x500)) as the secondary. Development was performed with NBT/BCIP. All steps were 

performedd in accordance with the manufacturer's protocols. 

KineticsKinetics measurements 

EnzymeEnzyme assay: Enzymatic activity was determined by monitoring the formation of the 

p-nitrophenolatee anion at 410 nm (£410nm=16.6 mM^cm"1) in a buffer containing 50 mM 

MESS (pH 6.0), 300 mM KCI, 10 mM Na-K tartrate, 6.7 mM Na-ascorbate, 0.37 mM 

Fe(NH4)2(S04)22 and 50 mM p-NPP at . At intervals after enzyme addition, 250 pi 

aliquotss were removed and quenched with 1.0 ml of 0.5 M NaOH to convert all product to 

thee phenolate form. The intact and proteolytically cleaved FeZn form of recRPAP were 

assayedd in the absence of Na-ascorbate and Fe(NH4)2(S04)2. 

pHpH dependence: The pH dependence of kcat was measured in 100 mM buffer (Na-

acetate,, MES or HEPES), 300 mM KCI, 10 mM Na-K tartrate, 6.7 mM Na-ascorbate, 0.37 

mMM Fe(NH4)2(S04)2 , and p-NPP concentrations varied between 0.5 and 50 mM. For each 

determinationn of Vmax and KM, the hydrolysis rate was measured at 6 different p-NPP 

concentrations.. After each assay, the pH of the reaction mixture was measured to ensure 

thatt it had not changed. Values of KM and Vmax were obtained by non-linear regression 

usingg the program EnzymeKinetics (Trinity Software). 

ProteolyticProteolytic activation: Phosphatase activity was assayed in 96-well plates with p-NPP as 

substratee in 150 pi incubation medium, pH 5.8, with final concentrations: 50 mM p-NPP, 

11 mM ascorbic acid, 0.1 mM Fe(NH4)2(S04)2, 0.1 M Na-acetate, 0.15 M KCI, 10 mM Na-
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tartrate,, 0.1 % (v/v) Triton X-100. The p-nitrophenol liberated after l h of incubation at 

CC was converted to p-nitrophenolate by addition of 100 ul 0.3 M NaOH, and the 

absorbancee was measured at 405 nm (e405=18.9 mM'cm" 1 ) with a Spectramax 250 

spectrophotometerr (Molecular Devices, Sunnyvale, CA, USA). 

Osteopontin:Osteopontin: Enzyme assays with bovine milk osteopontin as substrate were performed 

essentiallyy as described by Baykov et al {31). Osteopontin (2-8 pM) was dissolved in the 

samee buffer as used for the p-NPP assay, except the pH was 5.0 (total incubation volume 

500 pi). The assay was stopped after 1 h at C by the addition of 50 pi color reagent 

(0.122 % malachite green in 3 M H2S04, 7 .5% ammonium molybdate, and 1 1 % (v/v) 

Tween-200 [10:2.5:0.2 by volume]) . A phosphate curve (0-4 nmol) was always run in 

parallel.. After color development for 30 minutes, the absorbance was read at 630 nm 

withh a Spectramax 250 spectrophotometer. 

ElectronElectron paramagnetic resonance (EPR) spectroscopy 

Sampless contained 20 % glycerol (v /v ) , and were frozen in liquid N2. X-band EPR 

spectraa (9.43 GHz) were obtained on a Bruker ECS106 EPR spectrometer equipped with 

ann Oxford Instruments ESR900 helium-flow cryostat with an ITC4 temperature controller. 

Thee magnetic field was calibrated with an AEG Magnetic Field Meter, and the frequency 

wass measured with a HP 5350B Microwave Frequency Counter. 

PreparationPreparation of zinc-substituted recRPAP 

Halff apo-recRPAP was prepared as previously prescribed for BSPAP {32). To 1 ml of 60 

uMM FeFe recRPAP in 40 mM Na-acetate buffer, pH 5.0, 1.6 M KCI, and 20% glycerol, 1 

mMM o-phenanthroline and 5 mM freshly prepared sodium dithionite were added. The 

releasee of Fe2+ was monitored by the absorbance of the [Fe(phen)3 ]2 + complex at 510 

nm.. After 3 minutes the half apo-enzyme was separated using a Sephadex G-25 column, 

whichh was eluted with a Chelex-treated 40 mM Na-acetate buffer, pH 5.0, containing 1.6 

MM KCI and 20 % glycerol. For reconstitution, the sample was incubated with a 20-fold 

excesss of ZnCI2 at room temperature for 5 hours, followed by incubation overnight at 

.. The enzyme sample was concentrated/diluted with 50 mM Na-acetate (pH 5.0), 2 M 

KCI,, to remove excess metal ions using a Centricon-30 concentrator. Enzymatic assays 

andd EPR measurements under reducing and oxidizing conditions confirmed that at most 

insignificantt amounts of FeFe-recRPAP were present. The enzyme was used without 

furtherr purification. 

ProteolyticProteolytic digestion of recRPAP 

Small-scaleSmall-scale procedure: RecRPAP (wt, D146E, D146A, or D146N) was digested with 

cathepsinn L at C for 2h with final concentrations: PAP, 7 ng/p l ; cathepsin L, 3 uU/ul ; 

500 mM Na-acetate; 1 mM EDTA; and 2 mM DTT, pH 5.5. Cathepsin L was pre-reduced in 

22 mM DTT for 7 min before it was added to the incubation solution. Trypsin (Sigma T-

8003)) digestion of recRPAP (wt, D146E, D146A, or D146N) was performed at room 

temperaturee for 45 min with final concentrations: PAP, 7 ng/p l ; t rypsin, 49.5 U/pl; 50 

mMM Tris-HCI, pH 7.5; 0.1 M NaCI; and 10 mM CaCI2- Proteolytic digestions were stopped 

withh proteinase inhibitor cocktail Complete (Roche) in accordance with the 

manufacturer'ss instructions. 
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Large-scaleLarge-scale procedure: 120 pi Pre-reduced (7 mM DTT, 1 mM EDTA) cathepsin L (354 

pg/ml)) was added to 1 ml solution (40 mM Na-acetate, pH 5.0) containing 2.1 mg/ml 

FeZnn recRPAP, 0.5 mM DDT, and 0.5 mM EDTA. After 2 hours at room temperature the 

samplee was maintained at C overnight. Cathepsin L and other reagents were removed 

byy repeated concentration/dilution using a Centricon (30 kDa cut off). 

Figuree 3.2: Fragmentation pattern after cathepsin L cleavage of recombinant RPAP. 
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Results Results 

Productionn of wi ld-type recRPAP and the three mutants by baculovirus-infected High 5 

cellss was followed by activity measurements. At 6 days post infection the activity was 

consistentt with the presence of 6-12 mg enzyme per liter, and the culture was stopped. 

Purificationn of the four enzymes gave protein samples with R values (A280/A515) of 16-20, 

andd a single band corresponding to single polypeptide PAP was observed for the mutants 

byy SDS-PAGE under reducing conditions stained with coomassie (not shown). Western 

blotss (Figure 3.2) after kinetics and spectroscopic characterization revealed that small 

amountss of proteolytically cleaved enzyme were present. The purified wild-type recRPAP 

containedd 10-15% proteolytically cleaved protein, which was separated from the intact 

formm using an additional Mono S cation exchange chromatography step (9). UV-VIS 

spectroscopyy of both wild-type enzyme and the mutants showed a maximal absorption at 

5155 nm (Amax). 

Reportedd pH optima for mammalian PAPs range from 4.7 to 6.3 (9, 27, 33). RecRPAP 

showedd a non-gaussian pH opt imum near 4.7, which shifted to 5.8 upon proteolytic 

cleavagee (9). Similarly, early studies on BSPAP reported an optimal pH of 5.9 {50). These 

studiess were, however, performed at a single non-saturating substrate concentration, 

whichh can result in an apparent pH optimum that is significantly lower than the actual 

value.. For example, measuring the pH optimum of single polypeptide Uf at high p-NPP 

concentrationss gives a pH opt imum that is 0.4 units higher than reported (M. Pinkse, M. 

Merkx,, B.A.A. Averi l l , unpublished results), while more detailed studies gave a pH 

opt imumm of 6.5 for BSPAP (29). We therefore analyzed the pH dependence of kcat of the 

wi ld- typee and mutant recRPAPs by measuring Vmax over the pH range 4 to 8. 
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ndd KM for w i ld - type (A) and mu tan t Asp l46Asn (B) , A s p l 4 6 G l u (C), 
anuu H s p i t o M i a j u ; i c L ^ n r wiu i ^ - i i r r as substrate at . The lines represents f i ts o f ' 
rapidd equi l ib r ium diprot ic model . The der ived kinetics constants are depicted in the table. 

Figuree 3 .3 : pH dependencies of kcat, kCat/KM ana i<*M ror wna- type ^MJ ana mutant; n (a), a s p i t o i j i u (.L. 
andd Asp l46A la (D) recRPAP with p-NPP as substrate at . The lines represents f i ts of kca, and kcat/KM to the 
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pKe! ! pK.... . PK.,2' ' 

RecRPAP P 

D146N N 

D146E E 

D146A A 

5. 5 5 

5. 4 4 

5. 7 7 

6. 3 3 

240 0 

530 0 

710 0 

1310 0 

4. 5 5 

4. 3 3 

4, 9 9 

5. 5 5 

6. 6 6 

6. 6 6 

6. 5 5 

7. 1 1 

5. 6 6 

5. 8 8 

55 5 

5. 7 7 

kcatt is defined as the number of substrate molecules hydrolyzed per enzyme molecule per second; pKes,i and pKeSr2 are for 
deprotonation/protonationn events of a group of the enzyme-substrate complex; and pKe2 is for a deprotonation/protonation event 
off a group of the enzyme. Ks is defined as the dissociation constant of the ES complex. 
<a)) Obtained from a fit of kcat,ob5 as a function of pH. 
[b)) Obtained from a fit of kC3t_0bJKMiObs as a function of pH with pKei<2. 
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Thee pH dependencies were analyzed according to a rapid equilibrium diprotic model {34), 

forr which the following expressions were derived for the kcat, and kcat/KM (assuming that 

alll equilibria are fast compared to kcst). 

k c a t ( o b s ) = k C a t / ( ll + [ H + ] / K e S i l + Kes ,2 / [H + ] ) ( a ) 

kcat(obS)/KM(obs)) = k c a t / K s ( l + [H + ]/Kel + Ke2/[H
 + ]) (b) 

Thee pH optima and pKa values obtained by fitt ing the data are given in Figure 3.3. 

RecRPAPP has a gaussian pH optimum near pH 5.5, which is substantially higher than 

previouslyy reported (pH 4.7) (9). The pH optima of the D146E (5.7) and D146A (6.3) 

mutantss are higher, due to a shift of pKes,i from 4.5 to 4.9 and 5.5, respectively. Except 

forr the D146A mutant (pKes2 = 7.1), the value of pKeSr2 is constant at around pH 6.6. kcat 

forr the mutants was up to five t imes greater than that of the wild-type enzyme (cf. 240 

s's'11 for recRPAP vs. 1310 s"1 for the D146A mutant, at their respective pH optima). 

Althoughh the pKa values for the D146N mutant are not significantly different from those 

off the wild-type enzyme, kcat is twice as large for the mutant. The D146E mutant showed 

aa greater increase in kcat (710 s"1) compared to D146N (530 s"1). Fitting of the kcat/KM 

valuess of all four forms using a single pKa showed no significant change in pKe,2. The KM 

valuess of the mutants do not vary significantly. 

Mammaliann PAPs isolated as single polypeptide or proteolytically cleaved proteins 

exhibitt characteristic EPR spectra. Typically, uncleaved proteins have a gz value around 

1.94,, which is shifted to 1.86 in the proteolytically cleaved proteins (35-37). As reported 

earlierr (29), the EPR spectrum of intact wild-type recRPAP at pH 5.0 (Figure 3.4) has 

apparentt g-values of 1.97 (with a shoulder at 1.94), 1.73 and 1.61. In the D146A 

mutant ,, where the interaction between Asp l46 and Asn91 and/or His92 has been 

abolished,, the gz value was shifted to 1.86 and gx to 1.58; some broadening of the EPR 

signall was also observed. The spectrum of the D146E mutant resembled that of a 

Tablee 3 . 1 : Act iv i ty ( a ) of w i ld - type (w t ) recRPAP and D146 mutants af ter proteolyt ic d igest ion. 

wtt recRPAP 

++ cat L 

++ Trypsin 

D146N N 

++ cat L 

D146E E 

++ cat L 

D146A A 

++ cat L 

++ Trypsin 

Spec.. Act. ( b ) 

(UU mg-1) 

4599 (41) 

36177 (269) 

13033 (44) 

6733 (97) 

33100 (327) 

15511 (53) 

42055 (141) 

24066 (85) 

42255 (191) 

17122 (91) 

kcat(13) ) 

(s-1) ) 

2688 (24) 

2108(157) ) 

7599 (26) 

3933 (57) 

19299 (191) 

9044 (31) 

24500 (82) 

14022 (49) 

24622 (111) 

9988 (53) 

Ac t iva t ion 1 0 0 

(vs.. w t recRPAP) 

l l 

7.9 9 

2.8 8 

1.5 5 

7.2 2 

3.4 4 

9.1 1 

5.2 2 

9.2 2 

3.7 7 

KM M 

(mM) ) 

3.4 4 

1.1 1 

2.0 0 

3.1 1 

1.1 1 

3.2 2 

0.9 9 

2.1 1 

1.0 0 

1.4 4 

kca t /Km m 

(10 33 M ' s 1 ) 

79 9 

1916 6 

271 1 

127 7 

1754 4 

283 3 

2722 2 

668 8 

2462 2 

713 3 

Act ivat io o 

(vs.. w t rec 

l l 

24.2 2 

3.4 4 

1.6 6 

22.2 2 

3.6 6 

34.5 5 

8.5 5 

31.2 2 

9.0 0 
(a)) Activity measurements were performed with p-NPP as substrate as described in the experimental section under "kinetics 
measurements;; proteolytic activation". 
(b)) Numbers in parentheses are standard deviation values. 
(c)) times activation of kca, 
(d)) times activation of kC3t/KM 
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Figuree 3.4: EPR spectra of single polypeptide wild-type and mutant recRPAP at pH 5.0. EPR conditions: 
microwavee power 2mW; microwave freguency, 9.42 GHz; modulation, 12.7 G at 100 kHz; temperature, 
4.66 K. 

3500 400 450 
Fieldd (mT) 

mixturee of the intact and proteolytically cleaved wild-type enzyme, with a small g2 

featuree at 1.97-1.94 together with a major feature at g = 1.86. Except for the presence 

off a small g = 1.86 signal, the EPR spectrum of the D146N mutant was essentially 

identicall to that of the wild-type enzyme. A weak copper signal around g = 2.05 was 

observedd in all spectra. To investigate whether additional interactions are partially 

responsiblee for the low activity of the single polypeptide enzyme, cleavage of the mutant 

PAPss by proteases was performed. I t has previously been demonstrated that the cysteine 

proteasess papain and cathepsin B are more effective at activating RPAP than trypsin, and 

thatt cysteine proteases may be involved in proteolytic cleavage and activation of PAPs in 

vivoo (9) . Consequently, wild-type recRPAP and the D146N, D146E and D146A mutants 

weree treated with cathepsin L, which results in even higher activation than cathepsin B 

(J.. Ljusberg, G. Andersson, unpublished results); the results are presented in Table 3 .1 . 

Afterr cathepsin L digestion, the kcat of all PAP forms investigated was about the same 

magnitudee (2000-2400 s"1), which is approximately 8 fold higher than that of wild-type 

recRPAP.. Since the activities reported in Table 3.1 were measured at higher temperature, 

andd at a single, non-optimal pH, the values do not exactly parallel the kcat values in 

Figuree 3.3. The proteolytically cleaved recRPAPs were analyzed by Western blots in order 

too confirm the expected cleavage pattern and the absence of single polypeptide PAP. 

Cathepsinn L treatment converted all of the 36 kDa PAP forms examined into forms with 

subunitt masses of 20 kDa and 16 kDa, respectively (Figure 3.2). 
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Tablee 3 .2 : PAP act iv i ty ' * ' w i th OPN as substrate'"1 at pH 5.8 and . 

wtt recRPAP 

++ cat L 

D146A A 

++ cat L 

Spec.. Act. 

(UU m g ' ) 

19.8 8 

134.3 3 

37.8 8 

152.6 6 

kcat t 

( s 1 ) ) 

11.5 5 

78.3 3 

22.0 0 

89.0 0 

Act ivat ion ( c ; ; 

(vs.. wt recRPAP) 

l l 

6.8 8 

1.9 9 

7.7 7 

KM M 

CuM) ) 
26.1 1 

22.3 3 

9.4 4 

25.1 1 

kc a t /Km m 

( *10 33 M 1+s-1) 

440.6 6 

3511 1 

2340 0 

3546 6 

Act ivat ion [ d ) ) 

(vs.. wt recRPAP) 

l l 

8.0 0 

5.3 3 

8.0 0 
Activityy measurements were performed as described in the experimental section under "kinetics measurements; 

osteopontin". . 
(b-'' Mean values from two experiments. 
'c)) Times activation of kC3I. 
fd;; Times activation of kcat/KM 

Previouss work showed that proteolytic cleavage of recRPAP with trypsin resulted in 

significantlyy less activation (9) than is observed for cleavage with cysteine proteases. 

Basedd on these results and MS experiments on recHPAP, we proposed that cleavage of a 

singlee peptide bond in the loop region results in a fragment that is held in place by 

noncovalentt forces (27). To test this hypothesis, wild-type recRPAP and the D146A 

mutantt were digested with trypsin. The activity of wild-type recRPAP increased 2.8 fold 

(2688 versus 759 s"1), while cleavage of the D146A mutant with trypsin gave no increase 

inn activity (Table 3.2). Immunostained Western blots of the trypsin-digested preparations 

showedd undetectable amounts of the single polypeptide forms (data not shown). 

Basedd on the crystal structure of RPAP, it was proposed that the low enzymatic activity 

off the single polypeptide enzyme was due to steric interactions between the loop region 

andd the substrate (17). The fact that the KM value of a small (p-NPP) or a large 

(osteopontin,, OPN) substrate molecule does not change significantly upon proteolysis of 

thee enzyme indicates that steric effects are not responsible for the increase in activity 

observedd upon proteolysis. To address this point directly, we examined the effect of 

proteolysiss of wild-type recRPAP and the D146A mutant on their activity with a much 

bulkierr substrate, the acidic phosphoprotein OPN, a putative in vivo substrate for PAP. 

Thee results (Table 3.2) show that cleavage by cathepsin increases the rate of hydrolysis 

off OPN 6.8-fold (11.5 versus 78.3 s"1) for the wild-type protein and 4-fold (22.0 versus 

89.00 s"1) for the D146A mutant. Thus, comparable levels of activation are observed for 

bothh the wild-type enzyme and the D146A mutant with either p-NPP or OPN as substrate. 

Basedd on the available crystal structures of mammalian PAPs, two specific interactions 

weree suggested to be responsible for the differences between intact and proteolytically 

cleavedd enzyme: that between Aspl46 and His92, which primarily affects the 

water/hydroxidee bound to Fe3+; and that between Asp l46 and Asn91, which decreases 

thee Lewis acidity of the divalent metal ion, thereby decreasing the electrophilicity of a 

substratee bound to that (27). Because the EPR spectrum of the Fe3+Fe2+ form of recRPAP 

iss due to an antiferromagnetically coupled system with an S = 1/2 ground state, it is 

difficultt to correlate changes in the EPR spectrum with changes in the environment of the 

individuall components of the binuclear center. Substitution of high-spin ferrous ion (S = 

2)) by a diamagnetic metal such as Zn2+ results in an EPR spectrum due to the 

magneticallyy isolated high-spin ferric ion (S = 5/2) (37). The FeZn form of recRPAP was 

thereforee prepared, and the effect of proteolytic cleavage was examined. 
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Figuree 3.5: EPR spectra of single polypeptide (A) and cathepsin L proteolytically cleaved (B) forms of FeZn-
recRPAP.. EPR conditions: microwave power 2 mW; microwave frequency, 9.42 GHz; Modulation, 12.7 G at 
1000 kHz; temperature, 4.6 K. 
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Intactt FeZn-recRPAP had a Amax of 525 nm, and its activity at pH 5.5 was considerably 

higherr (800 s"1) than that of the Fe3+Fe2+ protein (230 s"1). The activity measured after 
incubationn with H202 was the same as that measured in the presence of Fe2+/ascorbate, 
indicatingg that significant amounts of the FeFe form were not present. Cleavage with 
cathepsinn L produced fragments of m.w. 16 and 20 kDa, as shown by SDS-PAGE under 
reducingg conditions. Kinetics measurements showed that proteolysis resulted in an 
increasee in kcat to 4200 s"1 at pH 6.2, with no change in KM. As shown in Figure 3.5, the 
EPRR spectra of intact and proteolytically cleaved FeZn-recRPAP are essentially identical 
overr the range pH 4.1 to 6.0. At pH 4.1, the spectra of both show peaks due to a mixture 
off high-spin Fe3+ species with rhombicities of E/D = 0.02 (g = 6.5 and 5.9 for the ground 
andd middle Kramer's doublets, respectively), E/D = 0.08 (g = 7.6 and 5.8 for the ground 
andd middle Kramer's doublets, respectively), and E/D = 0.33 (g = 4.3). At pH 6.0, both 
intactt and proteolytically cleaved recRPAP show additional features at g = 7.0 (E/D = 
0.05)) and g = 8.8 (E/D = 0.17). Thus, in contrast to Fe3+Fe2+-recRPAP, proteolysis of 
FeZn-recRPAPP produces no changes in EPR spectra at pH 5.0. 

Discussion Discussion 

Thee mammalian purple acid phosphatases are single polypeptide or two-subunit 
enzymess with molecular masses of 36 kDa, and 20 and 16 kDa respectively. In addition, 
theyy differ in turnover number, pH optima, and EPR spectra at pH 5.0. The differences 
betweenn these two species are due to proteolytic processing of an exposed loop near the 
activee site (9, 26, 27), as can be seen by comparing the X-ray structures of rat bone PAP 

71 1 



Chapte rr  3 

att 2.2 A (17) and 2.7 A (JS) resolution. In the latter structure, the loop region (residues 

1466 to 161 according to the human sequence (38)) is absent, while in the former 

structuree it is present and well-resolved. Mass spectrometry of recombinant human PAP 

revealedd that a portion of this loop is removed by trypsin digestion (27). Western blot 

analysiss of recRPAP cleaved with various proteases showed different fragmentation 

patternss (9), suggesting a correlation between enzymatic activation and the extent of 

cleavagee and/or the identity of the cleavage sites (vide infra). 

Basedd on the recently published X-ray structures of Uf and recRPAP, an interaction 

betweenn this loop and the active site was proposed to be responsible for the kinetics and 

spectroscopicc differences observed for various mammalian PAPs (27). The carboxylate 

sidee chain of Asp l46 is well positioned to hydrogen bond to the amido group of Asn91, a 

ligandd to the ferrous ion. Although the orientation is less favorable, the Aspl46 

carboxylatee can also interact with the imidazole group of His92, which is located near the 

ferricc ion and has been proposed to be involved in substrate binding, Anologous residues 

havee been shown to be important in the protein phosphatases, whose catalytic sites are 

veryy similar to those of the purple phosphatases. In the protein phosphatases, Asn91 is a 

ligandd to one of the metal ions and it has been proposed to function in both catalysis and 

substratee coordination. Mutation of this residue to Asp, which is a better electron donor, 

resultss in a more acidic pH opt imum and a decrease in activity. The Asn91Ala mutant 

showss a drastic decrease in catalytic activity, and the basic limb of the pH opt imum was 

nott observed in the pH versus activity plot (39). His92 of the protein phosphatases has 

beenn proposed to act as a general base catalyst that deprotonates an iron-coordinated 

solventt molecule (25, 28), but isotope effect studies have not yet confirmed this proposal 

(40). (40). 

Inn the present study, we prepared mutants of recRPAP in which the loop residue 

Asp l466 was mutated to : Asn, whose neutral but polar side chain should interact more 

weaklyy with both Asn91 and His92; Glu, with a longer side chain that in principle could 

stilll interact with His92; and Ala, whose small nonpolar side chain should completely 

abolishh this interaction. The properties of the Aspl46Ala mutant convincingly show that 

thee interaction of this residue of the loop region with the binuclear iron site is responsible 

forr the lower catalytic activity and pH optimum and the more rhombic EPR spectrum of 

thee single polypeptide wild-type enzyme. Moreover, these results show that activation 

doess not depend upon the presence of the loop, which excludes relief of steric hindrance 

ass an explanation for the activation phenomenon (17). Consistent with this observation is 

thatt the activation of both wild-type enzyme and Aspl46Ala mutant upon proteolysis 

withh cathepsin L does not depend on the size of the substrate. Although OPN is preferred 

too p-NPP as substrate, (as shown by the higher kcat/KM values), the catalytic activity 

increasess by approximately 4-8 fold for both p-NPP and OPN upon proteolysis. KM for OPN 

increasess upon proteolysis, in contrast to the observed reduction in KM for p-NPP, further 

support ingg the conclusion that activation is an electrostatic rather than a steric effect. 

Thee properties of the Aspl46Asn mutant do indeed show that reducing the strength of 

thee electrostatic interaction of this side chain with the active site increases the catalytic 

activityy and makes the EPR spectrum more axial, as shown by the shoulder at g = 1.86. 

I tt cannot be completely excluded that part of the higher activity and the shoulder in the 

EPRR spectrum of the Aspl46Asn mutant are due to the presence of small quantities of 

proteolyticallyy cleaved enzyme that were not detected with Coomassie staining. Based on 
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calculationss using the specific activity of highly purified recRPAP (9) , the proportion of 

proteolyticallyy cleaved protein in the Aspl46Asn should be approximately 15%, 8% for 

recRPAP,, and 30-50% for the other mutants. Based on the SDS-PAGE results (Fig 3.1) 

thiss amount of proteolytically cleaved protein could very well be present in the wild-type 

protein,, but not in the mutant proteins. In the Aspl46Glu mutant, it is clear that both the 

enzymaticc turnover number and the pH opt imum are higher than in the wild-type 

enzyme,, which correlates nicely with the shift in pKes,i to higher pH. On the other hand, 

thee EPR spectrum of this mutant is more affected than would be expected based on the 

three-foldd increase in activity. An explanation for this is provided by modeling of the 

threee mutants in the Swiss-PdbViewer (http: / /www.expasy.ch/spdbv/mainpage.html by 

Glaxoo Wellcome Experimental Research) and via Swiss-model 

(http:/ /www.expasy.ch/swissmod/)) (Figure 3.6). The modeled structure of the 

Aspl46Gluu mutant shows that the carboxylate side chain of the Glu points outward 

insteadd of inward toward the active site. Thus, the interaction with Asn91 is lost 

completely,, but the distance between the carboxylate and His91 is unchanged (although 

thee orientation for hydrogen bonding remains unfavorable). The structure of Uf (16) 

showss that water molecules are present in this region, which could form a hydrogen 

bondingg network between the side chain and the iron site that affects the activity but not 

thee Fe-Fe interaction, as shown by EPR spectra. Consequently, kcat and the pH opt imum 

mightt be expected to be affected less than the EPR spectrum, as is observed. These 

argumentss imply that the interaction of Asp l46 with Asn91 is more important than its 

interactionn with His92, which is supported by the site-directed mutagenesis studies on 

PPss discussed above (28, 39, 41, 42). 

Too examine the nature of the Aspl46-act ive site interactions in more detail, we 

preparedd the FeZn form of recRPAP. The EPR spectrum of this species should be quite 

sensitivee to changes at the Fe3+ site and relatively insensitive to changes at the Fe2+ site 

(33).(33). Since it is known that proteolysis alters the EPR spectrum of FeFe-recHPAP at pH 

5.00 (27) and FeFe-recRPAP (unpublished results, E.G. Funhoff, and B.A. Averil l), the 

effectt of proteolysis on the EPR spectrum of FeZn-recRPAP should allow us to distinguish 

betweenn interactions with the trivalent and divalent metal sites. Proteolysis of FeZn-

recRPAPP with cathepsin L resulted in no significant changes in the EPR spectrum. This 

resultt strongly suggests that the interaction between the loop region and the active site 

primarilyy involves the Fe2+ site, presumably via hydrogen bonding between the Asp l46 

carboxylatee group and the Asn91 amido group. 

Sincee there is a relationship between the site of cleavage and the specific activity of 

proteolyzedd PAPs (9, 26, 27), the effect of proteolysis of recRPAP mutants by trypsin and 

cathepsinn L was examined. The sequence of recRPAP indicates the presence of only a 

singlee trypsin cleavage site (after A rg l57 ) , presumably resulting in a " ta i l " that is held in 

placee by non-covalent forces. Cathepsin L, however, displays a broad hydrolytic activity, 

especiallyy towards substrates with hydrophobic residues. Consequently, it is capable of 

cleavingg the exposed loop region at several sites and possibly excising the entire loop, as 

supportedd by SDS-PAGE analysis (9). I f the only relevant interactions are those between 

Asp l466 and His92 or Asn91, trypsin or cathepsin L digestion should not affect the activity 

off the Aspl46Ala mutant. As shown in Table 3.2, however, treatment of the Aspl46Ala 

mutantt with cathepsin L results in an almost two-fold increase in its enzymatic activity, 

whilee trypsin has no effect. Thus, interactions between other residues in the loop and the 
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Figuree 3.6: Modeled 3-D orientation of residue Aspl46 in wild-type and mutants Aspl46Asn, Aspl46Glu, 
andd Aspl46Ala using the program Swiss-PdbViewer by Glaxo Wellcome Experimental Research 

D146EE D146A 

activee site are also factors in the low catalytic activity observed for mammalian PAPs 

isolatedd as a single polypeptide. 

Analysiss of the interaction between the active site and the loop region of Uf and 

recRPAPP with the program Chime (available at 

http:/ /www.umass.edu/microbio/chime/f ind-ncb/ index.html ')) showed that a hydrogen 

bondingg network of water molecules is present in a cavity between the loop and the 

activee site residues. This network results in additional interactions between the active site 

andd the loop region, which could affect the enzymatic properties. In particular, hydrogen 

bondingg of residues G l n l 51 and Glnl52 via water can occur to either His l95, postulated 

too be involved in binding the substrate, or to one of the oxygen atoms of a bridging 

phosphate.. The distances between the side chains of these residues and the water 

moleculess vary between 2.5 and 3.1 A, within the range of hydrogen bonding. The 

presencee of a hydrogen-bonding network of water molecules can also explain the 

differencee between the effects of cleavage by cathepsin L and trypsin. Since cathepsin L 

appearss to remove the entire loop region, the effects of hydrogen bonding with G ln l51 

andd G ln l52 are lost upon t reatment with cathepsin L but not with trypsin. The side chain 

off Se r l 45 is also capable of interacting with Hiss221 and/or Asn91 (ligands to the Fe2+ 

ion,, although less favorably). This residue is, however, present in the X-ray structure of 

proteolyticallyy cleaved recRPAP at 2.7 A resolution {18), indicating that it is not part of 

thee portion that is removed upon proteolysis. 

Inn conclusion, we have shown that the interaction between residue Asp l46 of the loop 

regionn and (an) active site residue(s) is the major factor in the observed differences 

betweenn single polypeptide and two-subunit forms of mammalian PAPs. Other 
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interactions,, such as water-mediated hydrogen bonding between residues in the loop 
regionn and the active site, are also present but are less important. Interactions between 
thee loop and the active site primarily affect the divalent metal ion, and loss of these 
interactionss upon proteolysis results in altered kinetics and spectroscopic properties. 
Thesee results are consistent with the proposal that the nucleophilic hydroxide bridges the 
twoo metal ions (43-45), as has also been proposed for binuclear Ni and Zn enzymes (46-
48).48). Our results do not support a mechanism in which the nucleophilic hydroxide ion is 
terminallyy bound to the trivalent (ferric) site (33, 49-53), as has also been proposed for 
thee PPs (22, 23, 54). Further studies on the identity of the nucleophile using different 
spectroscopicc techniques are necessary to resolve this issue, and the differences between 
singlee polypeptide and proteolytically cleaved PAPs should be useful in this regard. 
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Abstract Abstract 

Mostt spectroscopic studies on mammalian purple acid phosphatases (PAPs) have been 

performedd at a single pH, in almost all cases pH 5. Detailed analysis of the kcat versus pH 

profiless of several mammalian PAPs, however, revealed that their pH optimum is 

approximatelyy 0.5 to 1 pH unit higher than pH 5 (depending on the form). Moreover, the 

pHH opt imum of PAPs isolated as single polypeptides is more than half a pH unit lower 

thann that of proteolytically cleaved PAPs, while the catalytic activity of single polypeptide 

PAPss is also 4-5-fold lower than that of the cleaved enzymes. Both forms of recombinant 

humann PAP (recHPAP) have been studied over the pH range 4 to 8 using several 

spectroscopicc methods. 

Thee EPR spectra of single polypeptide recHPAP are pH dependent, and show the 

presencee of three species: a low pH form (pH<pKa ;1), an active form (pKa,1<pH<pKa,2), 

andd a high pH form (pH>pKa,2). The previously observed shift in pKa4 upon proteolysis is 

alsoo observed in the EPR spectra. The enzyme-phosphate complex (which should mimic 

thee coordination of substrate), the enzyme-fluoride complex, and the enzyme-fluoride-

phosphatee complex (which should mimic the ternary complex) were also examined. 

Spectroscopicc results showed no evidence for binding of phosphate to the diiron center of 

thee single polypeptide form of the enzyme. Fluoride was unable to substitute for 

hydroxidee in the active protein state but appeared to replace a coordinated water in the 

loww pH form. 
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Introduction Introduction 

Purplee acid phosphatase (PAP), also known as tartrate-resistant acid phosphatase (EC 

3.1.3.2.)) or type 5 acid phosphatase, is a member of the ap-hydrolase family (1-4). I t is 

alsoo related to the family of non-heme diiron enzymes (1, 2), such as methane 

monooxygenasee (3), ribonucleotide reductase (4), and hemerythrin (5). 

Too date, research has centered on the elucidation of the active site structure of PAP. 

Withh the published structures of kidney bean PAP (KBPAP) (6, 7) , pig uterine fluids, also 

calledd uteroferrin (Uf) (8, 9), and rat bone PAP (recRPAP) (10, 11) the focus of attention 

hass turned to ascertain the physiological function of these enzymes (12). Mammalian 

PAPss show a broad phosphatase activity towards phosphoproteins (13-15) and are able 

too perform Fenton type chemistry (15-17). PAPs have been proposed to be involved in 

thee transport of iron in fetal pigs (18, 19), in osteoporosis (20, 21), in the immune 

responsee (22-24), and possibly in pathological processes such as Alzheimer's disease 

(25).(25). Although the cDNA sequence indicates that the mammalian enzymes are translated 

ass single polypeptide proteins (26, 27), purification often yields an enzyme that consists 

off two fragments with masses of 20 and 16 kDa respectively (13, 28, 29). This form 

differss from the single polypeptide form in catalytic activity, pH opt imum, and 

characteristicc EPR spectrum at pH 5.0 (13, 28), due to differences in the interaction 

betweenn a loop residue, Asp l46 , and the active site residues (30). 

Despitee the detailed knowledge of the structure, the catalytic mechanism of PAPs 

remainss unresolved. Experiments with bovine spleen PAP (BSPAP) and the chiral 

substratee Sp-2',3'-methoxymethylidene-ATP-ySy18OY170 showed that hydrolysis resulted 

inn net inversion of configuration at phosphorus (31), ruling out a mechanism with a 

phosphoenzymee intermediate that has been proposed earlier (32) and supporting a 

mechanismm in which the substrate is directly attacked by water. The mode of 

coordinationn of the substrate in the active enzyme is not known, nor is it known which 

metall bound water/hydroxide acts as the nucleophile. Possibilities include: (1) a 

terminallyy bound Fe3+ hydroxide; (2) a hydroxide bridging the two Fe3+Fe2+ ions; (3) a 

terminallyy bound Fe2+ hydroxide; and (4) a water/hydroxide molecule in the second 

coordinationn sphere (33). The absence of burst kinetics for BSPAP at pH 7 has been 

interpretedd in terms of a model in which the hydrolysis of the phosphate ester is the rate 

limitingg step, rather than the release of phosphate (33). 

Becausee it is assumed to mimic the binding mode of the substrate, phosphate has 

beenn used extensively as a substrate analogue. Several kinetics (34, 35) and 

spectroscopicc studies at pH 5 (e.g. Mössbauer (34, 36, 37), NMR (38-40), EPR (35), 

EXAFSS (41-43), and CD/MCD (44)) have shown that phosphate is a competitive inhibitor 

off the enzyme and that it binds in a bidentate fashion to the two metal ions. Merkx et al. , 

however,, showed that these studies were performed at a pH that is well below the 

optimall pH, and proposed that at the pH optimum phosphate binds in a monodentate 

fashionn to the Fe2+ site (33). Recent X-ray structures of recRPAP crystallized at pH 7 

(11),(11), and A phage protein phosphatase (APP) (45), in which the active site residues are 

almostt identical to those of PAP (46), with sulfate bound to the binuclear site support this 

proposal.. I t should be noted, however, that in both protein structures an inhibiting cation 

iss present (Zn in RPAP and Hg in APP) which may distort the active site structure. 
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EPRR and kinetics studies, using fluoride as a hydroxide analogue and phosphate as a 

substratee analogue, have shown that FeZn-BSPAP forms a ternary enzyme-phosphate-

fluoridee complex in which fluoride presumably replaces a water/hydroxide bound to the 

ferricc ion (47). Based on the shift in the Fe3+-u-OH vibration of FeZn-Uf and FeZn-Uf-

As0 44 in a resonance raman study, however, Que and coworkers proposed that the 

bridgingg water/hydroxide acts as the nucleophile. Because this shift was not observed 

whenn phosphate was used as oxyanion, the mode of orientation of phosphate, and thus 

off substrate, remains an open question (48). 

Inn the present study we examined the pH dependence of the kinetics and 

spectroscopicc properties of the single polypeptide and the proteolytically cleaved form of 

Fe3+Fe2+-recHPAPP in the absence and presence of the substrate analogue phosphate and 

thee nucleophile analogue fluoride. The results provide new insights into the mode of 

coordinationn of these anions to the diiron site of mammalian PAPs under various 

conditions. . 

ExperimentalExperimental  procedures 

General General 

Singlee polypeptide recHPAP was expressed by a baculovirus expression system and 

thee reduced form was purified, as described (28). Reduced proteolytically cleaved protein 

wass obtained by trypsin digestion (28). Enzyme concentrations were determined from 

thee maximal absorbance in the UV-vis spectrum (Am a x=505-550; £=4080 M"1 cm"1) on a 

Careyy 50 spectrophotometer. 

Kinetics Kinetics 

Alll assays were performed using the fixed-point assay at C (28). The assay buffer 

containedd 100 mM Na-acetate, 100 mM MES, and 100 mM HEPES. Enzyme dilutions were 

madee in 50 mM MES pH 6.5, containing 2M KCI and 0.5 mg/ml BSA. Values of K, were 

determinedd by measuring the rate of hydrolysis of p-NPP, using at least 6 different p-NPP 

concentrationss with several f ixed inhibitor concentrations. The results were fitted to the 

mixedd competit ive inhibition equation using the program Leonora (Athel Cornish-Bowden, 

versionn 1.0, 1994). 

pHpH dependence of the EPR spectrum of reduced recHPAP 

Electronn paramagnetic resonance spectra were obtained at 4-5 K on a X-band Bruker 

ECS1066 EPR spectrometer equipped with an Oxford Instruments ESR900 helium-flow 

cryostatt with an ITC4 temperature controller and a AEG magnetic field calibrator. 

Too follow a pH t i trat ion by EPR, 150 pi of recHPAP was taken for each pH from an 

enzymee stock solution, and buffer exchanged into a buffer mix (150 mM Na-acetate, 150 

mMM MES, and 150 mM HEPES, 180 mM KCI, and 2 0 % glycerol) at the appropriate pH by 

repetit ivee di lut ion/concentration. The pH of each sample was measured to ensure correct 

pH.. The enzyme concentration and its Amax at this pH were determined by UV-vis 

spectroscopyy before the sample was transferred to the EPR tube. The protein was frozen 

inn liquid N2. 
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pHpH dependence of the EPR spectrum of the enzyme-phosphate complex 

EPRR samples containing reduced recHPAP were thawed and made anaerobic by 

repetitivee vacuum/flushing with argon. From anaerobic stock solutions of phosphate, 

preparedd at the correct pH to avoid changes in sample pH, phosphate was added under 

anaerobicc conditions to a concentration of 50 mM and the samples were immediately 

frozenn in liquid N2 after mixing. After recording the EPR spectrum, the sample was 

thawedd and Amax and its concentration were determined within a minute by measuring its 

UV-viss spectrum. 

pHpH dependence of the EPR spectrum of the enzyme-fluoride and enzyme-phosphate-

fluoridefluoride complex 

Freshh samples of recHPAP were buffer exchanged to the appropriate pH in a buffer 

containingg 150 mM Na-acetate, 150 mM MES, 150 mM HEPES, 180 mM KCI, and 2 0 % 

glycerol,, and EPR spectra were recorded. After thawing, the samples were made 10 mM 

inn fluoride using stock solutions and the samples were frozen in liquid N2. After recording 

thee EPR spectra, the samples were thawed and made anaerobic, and phosphate was 

addedd from an anaerobic stock solution that had been adjusted to the destined pH, to 

givee concentrations of 50 mM. After again recording the EPR spectra, the samples were 

thawedd and UV-vis spectra were recorded within a minute at thawing. 

Results Results 

pHpH dependence of single polypeptide and proteolytically cleaved recHPAP 

Earlierr studies on the single polypeptide and proteolytically cleaved forms of PAP 

showedd that upon proteolysis the characteristic EPR spectrum at pH 5.0 changes from a 

signall with features at gx y z=1.58, 1.73, 1.94 into a spectrum with features at gx y z=1.58, 

1.73,, 1.86. Together with this change, a shift in pKa,i was observed in the kcat versus pH 

opt imum.. I t suggested that at pH 5.0 two different species are present. To gain more 

insightt into the pH dependence we measured the EPR spectrum of the single polypeptide 

recHPAPP over the pH range 4.0 to 8.0. Figure 4.1A shows that as the pH is increased 

fromm 4.0 to 8.0, three different species are observed with gx y z=1.86, 1.73, 1.58; 

gx y z=1.94,, 1.73, 1.58; and gxyz=1.97, 1.73, 1.60, respectively. Simulation of the EPR 

spectraa of the three species and summation in varying ratios confirmed the observed EPR 

spectraa (not shown). Plotting the relative intensities of the three species versus pH 

(Figuree 4.7) shows that the intensity of the signal of the low pH species (gz=1.86) 

decreasess as the pH increases. At pH 5.5, (the optimal pH) one species is present 

(g z=1.94) ,, the relative intensity of this species increases as the pH increases from 4.0 to 

5.55 and the intensity decreases as the pH increases further. As the signal due to the 

gz=1.944 species decreases in intensity, a concomitant increase in the intensity of a 

speciess with gz=1.97 is observed. The gz=1.97 feature is observable as a shoulder on the 

gz=1.944 signal at pH below pKa2 . A similar pH dependency is observed for other 

mammaliann PAPs, such as recombinant rat PAP (E.G. Funhoff, G. Andersson, B.A. Averil l, 

unpublishedd results). Even although in kinetics the enzyme-substrate complex is studied 

andd in EPR the native enzyme, the similarity of the pH dependence of the gz=1.94 

speciess and kcat (28) suggests that pKa,i and pKa2 correlate with the conversion from the 
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Figuree 4 . 1 : EPR spectra of native (—) single polypeptide (A) and proteolytically cleaved (B) recHPAP (B) over 
thee pH range 4-8. Addition of 50 mM phosphate ) to the native form was performed under anaerobic 
conditions.. All spectra were corrected for instrument gain and temperature, and the phosphate spectra were 
normalizedd using the spin concentrations of the native samples. EPR conditions: microwave power, 2 mW; 
microwavee frequency, 9.42 GHz; modulation, 12.7 G at 100 KHz; T, 4.5-5 K. 
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g z=1.866 species into the gz=1.94 species and with the conversion from the gz=1.94 

speciess into the g z=1.97, respectively. 

Iff that is the case, then a similar correlation should be observed for the pH 

dependencee of the EPR spectrum of the proteolytically cleaved protein, which has a pK a l 

off 5.5 versus 4.6 for the single polypeptide form (28). The EPR spectra of recHPAP that 

hass been cleaved with trypsin are shown over the pH range 4.0-8.0 in Figure 4 . I B . 

Again,, three different species are observed with the same gxyz values as for single 

polypeptidee recHPAP. The conversion from the gz=1.86 species to the gz=1.94 species, 

however,, occurs at higher pH. A plot of the relative intensities of all three forms versus 

pHH (Figure 4.7) shows that there is indeed a correlation between the pKa values observed 

inn kinetics and the conversion from one species into another in the EPR. 

Thee UV-vis spectra of single polypeptide and proteolytically cleaved PAP in the 

presencee and absence of various inhibitors show a broad absorption band around 500-

5600 nm (Amax). For single polypeptide PAPs as well as for proteolytically cleaved "low salt" 

BSPAP,, Amax is observed around 510-515 nm, while for proteolytically cleaved "high salt" 

BSPAPP a maximum around 536 nm is reported. The pH dependence of Amax of both single 

polypeptidee and proteolytically cleaved recHPAP are depicted in Figure 4.2A, which shows 

thatt for the proteolytically cleaved enzyme Amax shifts to higher wavelengths with 

decreasingg pH (from 513 nm at pH 6.0 to almost 535 nm at pH 4.1). The single 

polypeptidee form, however, does not display such a strong pH dependency with a Amax 
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Figuree 4.2: pH dependence of Am„ of single polypeptide 
(o)) and proteoiytically cleaved ) recHPAP in their native 
statee (A), in the presence of 50 mM phosphate (B), 10 
mMM fluoride (C), and 50 mM phosphate and 10 mM 
fluoridee (D). 
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shiftt from 514 nm to 518 nm. This 

observationn suggests that in the 

proteoiyticallyy cleaved enzyme a 

changee in nuclear charge of the 

phenolatee bound ferric center occurs, 

whilee in single polypeptide PAP this 

hardlyy takes place. 

PhosphatePhosphate coordination 

Ass a substrate analogue, phosphate 

eitherr coordinates to the active site in 

aa bridging mode (as observed by 

EXAFSS (49) and in X-ray crystal 

structuress (8)) , or in a monodentate 

fashionn to the ferrous ion (33). To 

followw the pH dependence of 

phosphatee coordination, 50 mM 

phosphatee was added to the EPR 

sampless at various pH's under 

anaerobicc conditions, and the EPR 

spectraa were recorded. The dotted 

liness in Figure 4.1A represent the 

spectraa of the enzyme-phosphate 

complex,, and show that the gz=1.86 

signall is not present in the phosphate 

complexx of single polypeptide PAP. 

Togetherr with the loss of the g2=1.86 

signall a decrease in the intensity of 

thee total signal is observed; fitt ing of 

thee relative spin concentrations of free 

enzymee and enzyme-phosphate 

complexx to the Henderson-Hasselbalch 

equationn gives an apparent pKa of 4.5. 

Thee relative intensities of the 

remainingg signals do not change 

(Figuree 4.7). This result suggests that 

phosphatee is able to bind to the 

gz=1.866 species in single polypeptide 

recHPAP,, but not to the active gz=1.94 

species.. In addition, the signal of 

gz=1.977 species does not change upon 

additionn of phosphate. 

Proteoiyticallyy cleaved recHPAP 

behavess differently as shown in Figure 

4 . IB .. In this case, addition of 

phosphatee results in a loss of intensity 
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Figuree 4.3: Competitive inhibition constants for phosphate of single polypeptide ) and proteolytically 
cleavedd ) recHPAP versus pH. 
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off the other two EPR features in addition to the g2=1.86 signal. Sixty percent of the 

intensityy of the signal remains at pH 7, and fitt ing the remaining intensities to the 

Henderson-Hasselbalchh equation results in an apparent pKa of 6.0. The distribution of the 

remainingg features remains the same as for the proteolytically cleaved enzyme in the 

absencee of phosphate throughout the titration (Figure 4.7). In addition the pH at which 

thee g z=1.94 signal is converted into the gz=1.97 species shifts from approximately 6.6 

forr the native form to 7.3 for the enzyme-phosphate complex. 

Additionn of phosphate to the reduced single polypeptide recHPAP has little effect on 

Amaxx (Figure 4.2B). At pH's below 5, a slight increase in Amax is observed, from 518 to 520 

nm.. For the proteolytically cleaved enzyme Amax increases from 534 to approximately 550 

nmm at pH 4. No changes are observed for either the single polypeptide or proteolytically 

cleavedd enzyme as the pH increases above 5-6. 

Thee pH dependence of the inhibition constants of phosphate for both the single 

polypeptidee and proteolytically cleaved forms of recHPAP are depicted in Figure 4.3. For 

thee single polypeptide protein, K; increases at higher pH, while for the proteolytically 

cleavedd form no change in Kj is observed as a function of pH. At pH below 5, a K; of 3 mM 

iss found, and phosphate is a competitive inhibitor, no uncompetitive element could be 

foundd for either single polypeptide or proteolytically cleaved recHPAP when fitting the 

dataa to a mixed competit ive inhibition equation. At higher pH, K( increases to 

approximatelyy 12 mM for the single polypeptide protein at pH 6.5. Plotting log K, versus 

pHH shows no evidence that deprotonation of an active site residue is coupled to 

phosphatee binding in this pH range. 

FluorideFluoride coordination 

Inn principle, fluoride is able to function as an analogue of the hydroxide ion. Fluoride 

could,, therefore, replace three different groups at the diiron site in PAP; a putative 

terminall ferric hydroxide, a bridging hydroxide, and/or a water/hydroxide bound to the 

ferrouss site. To study the pH dependence of binding of fluoride in EPR, 10 mM fluoride 

wass added to single polypeptide and proteolytically cleaved recHPAP at five different pH 

values.. As shown in Figure 4.4, a very broad EPR spectrum is observed at pH < pK a i . 

Abovee pH 5.1 for single polypeptide and pH 6.1 for proteolytically cleaved recHPAP, 
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Figuree 4 . 4 : EPR spectra of native (—) single polypept ide (A) and proteolyt ical ly cleaved recHPAP (B) over the 
pHH range 4 -8 . 10 mM f luoride ) was added to the nat ive fo rms. All spectra were corrected for ins t rument 
gainn and tempera tu re , and the f luor ide spectra were normal ized using the spin concentrat ions of the nat ive 
samples.. EPR condi t ions: microwave power, 2 mW; microwave f requency, 9.42 GHz; modula t ion , 12.7 G at 
1000 KHz; T, 4 .5-5 K. 
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Figuree 4 .5 : EPR spectra of single polypept ide (A) and proteolyt ical ly cleaved recHPAP (B) over the pH range 
4-88 in the absence (—) and presence ) of 10 mM f luoride and 50 mM phosphate. All spectra were 
correctedd for ins t rument gain and tempera tu re , and the enzyme- f luor ide-phosphate complex spectra were 
normal izedd using the spin concentrat ions of the nat ive samples. EPR condi t ions: microwave power, 2 mW; 
microwavee f requency, 9.42 GHz; modula t ion , 12.7 G at 100 KHz; T, 4 .5 -5 K. 
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additionn of 10 mM fluoride causes no significant changes in the EPR spectra, suggesting 

thatt fluoride does not bind to the binudear center of either form. As with phosphate, the 

pHH at which the added ligand perturbs the EPR spectrum of both forms is comparable to 

pKa 4 .. This result strongly suggests that fluoride can replace a coordinated water 

molecule,, but not a bound hydroxide ion, and it supports the assignment of pK3/1 to the 

deprotonationn of a coordinated water molecule. Thus, proton transfer events at the active 

sitee can be monitored by EPR spectroscopy. In contrast, the pH at which the gz=1.94 

featuree is converted into the gz=1.97 signal, which correlates with pKa 2 in the native 

enzyme,, is apparently affected by the presence of fluoride, and shifts from approximately 

77 to 7.5. 

Withh visible spectroscopy, a shift of Amax to higher wavelength is observed upon 

addit ionn of fluoride at pH < 5 for single polypeptide PAP and at pH < 6.5 for 

proteolyticallyy cleaved. The data for the Amax versus pH graphs of single polypeptide and 

proteolyticallyy cleaved enzyme-fluoride complex, shown in Figure 4.2C, were obtained by 

t i t rat ionn of a pH 7.4 sample with HCI, rather than by measuring the visible spectra of the 

EPRR samples. The shift to higher wavelength at low pH is further supported by fluoride 

t i t rat ionss of single polypeptide recHPAP at pH 7.0 and proteolytically cleaved recHPAP at 

pHH 4.0. At pH 7.0 no shift in Amax is observed (i.e. Kd » oo), while at pH 4.0 a Kd of 

approximatelyy 0.4 mM was found (not shown). 

Kineticss experiments with fluoride as inhibitor show a pH dependent uncompetitive 

inhibit ionn pattern (Figure 4.6). Values of K, are ~ 0.2 mM at pH 4-4.5 for both forms, 

comparablee to the Kd found in the previously mentioned fluoride titrations in EPR at this 

pH,, and 7 mM for single polypeptide and 2 mM for proteolytically cleaved recHPAP at pH 

6.5.. Plots of the logarithm of K, versus pH show that fluoride binding to the proteolytically 

cleavedd enzyme is independent of pH between pH 4.0 and 5.4, while a slope of 

approximatelyy 1 is found above pH 5.4. Although the break in the plot is not as obvious 

forr the single polypeptide enzyme, the data are consistent with a pKa of ~4-4 .5 . At 

higherr pH the maximum inhibition of fluoride decreases, resulting in only 40 % inhibition 

att pH 7.3 for single polypeptide and 20 % inhibition for proteolytically cleaved recHPAP, 

ass observed in a plot of fluoride concentration versus relative activity at 50 mM p-NPP 

(nott shown). When residual activity was plotted versus pH and fitted to the Henderson-

Hasselbalchh equation, a pKa of 6.4 was f i t ted for single polypeptide recHPAP and 6.9 for 

proteolyticallyy cleaved recHPAP respectively. 

TheThe enzyme-phosphate-fluoride complex 

Figuree 4.5 shows the EPR spectra of the enzyme-phosphate-fluoride complex of single 

polypeptidee and proteolytically cleaved FeFe-recHPAP. Anaerobic addition of either 

phosphatee to the enzyme-fluoride complex or fluoride to the enzyme-phosphate complex 

resultss in disappearance of the EPR signal due to the formation of an EPR silent species 

(orr a species with a very broad signal under the conditions examined). For the single 

polypeptidee enzyme, the spectrum above pH 6 is almost identical to that of uncomplexed 

enzyme,, i.e., a mixture of the gz=1.94 and 1.97 species. With proteolytically cleaved 

PAP,, the signal due to the uncomplexed enzyme is observed above pH 7. The pH at which 

thee 1.94 species is converted into the 1.97 species is higher, as in the enzyme-fluoride 

complex.. The loss of intensity is not due to oxidation of the sample, as shown by 

88 8 



Multipl ee protonat io n state s o f PAP 

Figuree 4.6: Plot of the logarithm of the uncompetitive inhibition constant for fluoride of single polypeptide (o) 
andd proteolytically cleaved ) recHPAP versus pH. 
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separatee addition of fluoride or phosphate. The change in the EPR spectrum is thus due 

too the combined effects of phosphate and fluoride. 

Inn the visible spectra a shift in Amax to higher energy is observed for the enzyme-

phosphate-fluoridee complex at pH < 5; this shift is most pronounced for proteolytically 

cleavedd recHPAP as depicted in Figure 4.2D. 

Discussion Discussion 

Previouss studies of the pH dependence of the EPR spectrum of PAP weree performed on 

proteolyticallyy cleaved "low salt" FeFe-BSPAP over the pH range 3.1 - 6 .1 . A change in 

thee EPR spectrum from gx y z=1.65, 1.77, 1.95 at pH 3.6 to a species with gx y z=1.59, 1.74, 

1.866 at pH 6 . 1 , was observed with an apparent pKa of 4.5, which was attributed to the 

deprotonationn of a metal bound water (50, 51). Addition of phosphate gave a signal with 

gx y z=1.49,, 1.74, 1.91 at pH 3.6 and gx y z=1.45, 1.74, 1.85 at pH 6 . 1 , whose intensity 

increasedd with increasing pH (50). With the "high salt" BSPAP-phosphate complex, a 

singlee species was observed in EPR between pH 4.5 and 7. The intensity of the signal 

increasedd with increasing pH with an apparent pKa of 6 (33), substantially higher than 

thee pKa of 4.5 reported for the "low salt" form. This pKa was, however, identical to that 

observedd in subsequent kinetics studies (33). In recHPAP the pKa observed by kinetics 

wass shown to be affected by proteolysis, suggesting that it is due to deprotonation of a 

residuee bound to the ferrous ion (28, 30). To gain more insight into the differences in 

kineticss and spectroscopic characteristics of single polypeptide and proteolytically cleaved 

PAP,, we have examined the pH dependence of both forms using kinetics, EPR 

spectroscopy,, and visible spectroscopy over a pH range that includes both kinetics pKa 

values. . 

Thee three different species observed previously by EPR for PAPs purified from different 

sourcess (52-54) have been observed in a single system and shown to be due to three 

differentt protonation states of the enzyme (E, EH+, and EH2
2+). The pH dependence of 

thee EPR spectra correlates well with the pKa values obtained by kinetics studies (28) 

(Figuree 4.7 and the table therein), even though the EPR spectra are due to the native 

enzymee while kinetics studies give pKa values for the enzyme-substrate complex. 
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Figuree 4.7: relative intensities of the EPR signals of single polypeptide (left panel) and proteolytically 
cleavedd (right panel) recHPAP. A: kcat versus pH of recHPAP, from (28); B: relative intensity of the 
gz=1.866 signal of the native enzyme; C: relative intensity of the gz=1.94 signal in the absence (closed 
marks)) and presence (open marks) of 50 mM P04; D; relative intensity of the gz=1.97 signal in the 
absencee (closed marks) and presence (open marks) of 50 mM P04. All relative intensities were normalized 
betweenn 0 and 1. In the table the apparent pKa values, derived from kinetics and spectroscopic 
measurements,, for single polypeptide and proteolytically cleaved recHPAP are given. 
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Additionn of substrate, therefore, appears to result in only minor changes in the pKg 
valuess of catalytically relevant residues. The proton transfer event that is associated with 
pKa,!! also produces a shift in Amax, which is more pronounced for proteolytically cleaved 
PAP.. pKa,2 is also observed in the EPR spectrum, as shown by the change in gz from 1.94 
too 1.97. No change in Amax is observed, however, which suggests that the residue 
responsiblee does not affect the ferric ion. The gz=1.97 signal is present even at lower pH 
andd increases in intensity above pKa,2, suggesting that protonation/deprotonation of the 
residuee that is responsible for pKa,2 results in a conformational change affecting the diiron 
site.. Studies on PPs suggest that deprotonation of a conserved histidine, His92 in 
recHPAP,, is responsible for pKa,2 (55), and mutagenesis experiments indicated that this 
residuee might be involved in base catalysis (56). However, neither isotope effect studies 
norr the expected loss of the basic limb of the pH profile of mutants have been reported 
too support this proposal (57-59). Another option is that His92 is involved in regeneration 
off the metal-bound nucleophile (55, 60). 

Coordinationn of the substrate analogue, phosphate, to PAP has been intensively 
studied.. EXAFS (43, 61) and EPR (48, 50) studies have suggested a bridging coordination 
modee for phosphate, while the second class of oxyanions represented by tungstate and 
molybdatee are bound to the ferric ion in a primarily monodentate fashion (61). In the 
crystall structures of KBPAP, uteroferrin, and rat bone PAP complexed with phosphate (8, 
10,10, 62), the phosphate bridges the two metal ions in a 1,3-mode. With tungstate a 
distortedd bridging coordination is observed in KBPAP (62), with a slightly stronger binding 
too the ferric site, as has been observed in the closely related protein phosphatases (63). 
Merkxx et al. have argued that these studies were performed at non-optimal pH values, 
andd that at the optimal pH of these enzymes phosphate binds to the ferrous site in a 
monodentatee fashion, as shown by EPR spectra of the FeZn-form of "high salt" BSPAP 
(33,(33, 47). Addition of phosphate to recHPAP at different pH's showed that the gz=1.86 
speciess binds phosphate to give a species that is effectively EPR silent (35, 64). In 
principle,, phosphate can coordinate either in a bridging mode, replacing the presumed 
water/hydroxidee molecules at the ferric and ferrous ions, or to the ferrous ion via 
replacementt of the water by one phosphate oxygen atom. Because ENDOR experiments 
onn FeZn-Uf have shown no evidence for the presence of a water molecule at the ferric 
sitee (65), monodentate coordination of phosphate to the ferrous ion seems more likely. 
Inn the 2.2 A resolution recRPAP structure (10) and in the native PP1 (63) and PP2B 
structuress (66), however, water molecules are found at the ferric site. Moreover, the 
absencee of the tyrosine ligand in the PP structures could provide the space necessary for 
thee coordination of water, and in the 2.2 A resolution recRPAP structure, the presence of 
ann inhibitory Zn ion could alter the active site structure. Thus, the presence and location 
off solvent molecules in and near the active site of PAPs remains unclear. 

Phosphatee does not appear to bind to the binuclear metal center in the active 
(gz=1.94)) species of single polypeptide recHPAP, as shown by the absence of any change 
inn the EPR and optical spectrum upon addition of phosphate. The pH dependence of Kj did 
nott reveal a pKa for a residue involved in the binding of phosphate, as found previously 
forr Uf (34), the log Kj versus pH plot has an apparent pKa < 4. Aquino et al. (67) have 
studiedd the kinetics of phosphate binding to Uf. The reported rate constant varied from 
6.88 s"1 at pH 2.7 to 0.42 s"1 at pH 6, indicative of slow exchange of phosphate with the 
activee site. Thus, the present results suggest that phosphate does not bind to the diiron 
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sitee of single polypeptide recHPAP at the optimal pH (pH 5.5). Rapid freeze quench 

experimentss with proteolytically cleaved BSPAP at pH 6.5 indicated much higher 

phosphatee exchange values (kObs>200 s"1). At the pH opt imum, the EPR spectrum of 

proteolyticallyy cleaved recHPAP loses intensity due to partial formation of an enzyme-

phosphatee complex, but the absence of changes in Amax suggests that phosphate does 

nott coordinate to the ferric ion. At pH < pKa,i : ; however, visible spectra clearly show that 

phosphatee binds to the ferric site of proteolytically cleaved recHPAP, as found for the 

singlee polypeptide fo rm. Thus, at the optimal pH for activity, phosphate apparently binds 

too the ferrous site of proteolytically cleaved recHPAP. Phosphate could replace a water 

coordinatedd to the ferrous ion and mimic a non-bridging substrate molecule, as proposed 

byy Merkx et al. (33). The significant difference in reactivity with phosphate observed for 

thee single polypeptide and proteolytically cleaved forms of the enzyme might be related 

too the difference in turnover numbers for the two forms of mammalian PAPs. 

Onn the other hand, "high salt" cleaved BSPAP exhibits very different behavior (33), in 

thatt both the EPR and the visible spectra are independent of pH. We observe the same 

Amaxx (536 nm) at the optimal pH for recHPAP, but only if the enzyme is purified as a 

proteolyticallyy cleaved protein under "high salt" conditions (E.G. Funhoff, B.A. Averil l, 

unpublishedd results). In rapid freeze quench experiments using EPR spectroscopy to 

examinee the interaction with phosphate or p-NPP at pH 6.5, spectra exhibiting a mixture 

off features of "high salt" BSPAP and the gz=1.94/1.96 species were observed (33). These 

resultss imply that several species can be formed during the catalytic cycle: the gz=1.94 

species,, to which phosphate does not bind, and the uncomplexed high salt fo rm, which 

couldd be an activated or " rest ing" state of PAP. 

Too further explore the difference between single polypeptide and proteolytically 

cleavedd recHPAP, kinetics and spectroscopic studies were performed in the presence of 

f luoride.. Due to its ability to replace a nucleophilic water/hydroxide, fluoride inhibits a 

numberr of binuclear metalloenzymes, including urease (68, 69), pyrophosphatase (70-

73),73), and aminopeptidase (74, 75). In contrast to previous results on human PAP (14), 

inhibit ionn of both forms of recHPAP by fluoride was found to be uncompetitive over the 

pHH range studied. Fluoride has been reported to be either an uncompetitive (76) or a 

non-competit ivee inhibitor (77) of other PAPs. In the FeZn form of "high salt" BSPAP, only 

uncompetit ivee inhibition was observed below pKa,i (47, 48) and pH independent 

competit ivee inhibition was observed above pKa,i. The uncompetitive inhibition observed 

forr fluoride in this work below pKa, i, together with the loss of the EPR signal for both 

singlee polypeptide and proteolytically cleaved recHPAP and the small effects on the 

absorbancee max imum, suggest that fluoride replaces the coordinated water that is 

responsiblee for pKa, i , which pKa is apparently affected by changes at the divalent site 

(30),(30), and whose deprotonation gives the nucleophilic hydroxide. Earlier fluoride titrations 

off Uf at pH 4.9 monitored by EPR showed that fluoride does not bind at concentrations 

beloww lOxKj , (as is found for recHPAP). At higher fluoride concentrations (> 50xKi) , a 

broadd isotropic EPR spectrum was observed (65), which resembles the broad spectrum 

observedd at low pH for proteolytically cleaved recHPAP. Thus, fluoride can replace a 

coordinatedd water molecule, but nota coordinated hydroxide ion. The same study 

suggestedd the presence of a second fluoride binding site, which might explain the loss of 

f luoridee inhibition above pH K 6.5-7 observed in this study. Because no differences are 

observedd between the visible and EPR spectra of the native enzyme and its fluoride 
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complex,, the second fluoride does not appear to bind to the binuclear site. Thus, fluoride 

behavess similarly with both the single polypeptide and proteolytically cleaved forms of 

recHPAP.. Below pKa#1 it binds to the metal site, but at a pH where the enzyme is 

catalyticallyy active it does not. 

Althoughh neither phosphate nor fluoride appear to bind to the single polypeptide 

enzymee form at its optimal pH, addition of both phosphate and fluoride produces a 

ternaryy enzyme-fluoride-phosphate complex, which should mimic the ternary enzyme-

hydroxide-substratee complex. At its optimal pH, the EPR signal of proteolytically cleaved 

recHPAPP is abolished by addition of both fluoride and phosphate, consistent with 

formationn of a ternary complex even though Amax does not change. In "high salt" FeZn-

BSPAPP and FeZn-Uf, formation of a ternary enzyme-fluoride-phosphate complex has been 

observedd by EPR (47, 48). UV-visible spectroscopy, however, argued against this, 

becausee the Amax of FeZn-BSPAP-F and FeZn-BSPAP-F-P04 are identical at pH 5 and 6.5, 

evenn though phosphate is proposed to bind to the ferric site at pH 5 but not at pH 6.5. 

Distinguishingg between the various mechanistic possibilities based on these results is 

difficult.. Candidates for the nucleophile that attacks the phosphate ester substrate 

includee the following: (1) a hydroxide terminally bound to the ferric ion; (2) a hydroxide 

terminallyy bound to the ferrous ion; (3) a hydroxide bridging the two metal ions; and (4) 

aa water in the second coordination sphere of the ferric ion. Arguments for a ferric 

hydroxidee as nucleophile include the fact that fluoride is a 50-100-fold better inhibitor of 

thee AlZn form of BSPAP than of the FeZn or GaZn forms (78, 79), suggesting that it 

(and,, by inference, hydroxide) interacts with the trivalent metal. Similarly, visible and 

EPRR spectra (47) show that fluoride binding results in changes in the spectrum of the 

highh spin ferric ion. The following evidence, however, argues against a terminal ferric 

hydroxidee as the nucleophile: (i) kcat and pKa do not change upon replacing the ferric ion 

withh other metal ions (79); (ii) the EPR spectrum of FeZn-recRPAP at pH 5 does not 

changee upon proteolysis, in contrast to the results observed for the FeFe form (28, 30); 

andd (iii) ENDOR experiments give no evidence for coordination of a solvent molecule to 

thee ferric ion (65). 

Thee correlation between fluoride inhibition and the loss of the EPR signal of the 

enzyme-fluoridee complex below pKa, l f together with the sensitivity of pKa,i to 

perturbationss at the divalent site (30), suggest that the nucleophile is the bridging 

hydroxide.. Protonation of a bridging hydroxide, however, should decrease the exchange 

couplingg constant J substantially, resulting in much greater changes in the EPR spectrum 

thann are observed. For example, binuclear complexes containing a Ni(I I)-OH-Ni(I I) or 

Mn(II)-OH-Mn(II)) unit have J values of -4.5 cm"1 and -9 cm"1, respectively, which are 

decreasedd to < < -2 cm"1 and -1.7 cm"1, respectively, upon protonation (80). The lack of 

majorr changes in the value of J (80) and in the EPR spectrum (50) of cleaved BSPAP over 

thee pH range 3.7 to 5.6 argue against the bridging hydroxide as nucleophile. 

Thiss leaves the terminally ferrous ion bound hydroxide and a water molecule in the 

secondd coordination sphere as the remaining candidates for the identity of the 

nucleophilicc hydroxide. Unfortunately, several pieces of data also argue against these 

options.. For example, a shift in pKa of almost 6 pH units (from 10.2 in the 

hexaaquoferrouss ion to 4.5 in the enzyme) is hard to reconcile with the pKa of a water 

boundd to a divalent metal ion. The large red shift in Amax observed for proteolytically 

cleavedd recHPAP at pH values below pKa/1 suggests that protonation results in an 
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increasedd positive charge on the ferric ion, which is also difficult to correlate with the 

protonationn of a terminal hydroxide bound to the ferrous ion. However, the large red shift 

inn Amax upon oxidation and the increase in Amax to 525-530 nm for FeZn-BSPAP (81) show 

thatt changes at the divalent site do affect the nuclear charge of the trivalent site. Thus, it 

iss clear that further research using a variety of experimental approaches is necessary to 

resolvee the problem of the identity of the nucleophilic hydroxide. 

Inn conclusion, we have shown that three different protonation states of recHPAP can 

bee observed in EPR, and that the pKa values for interconversion of these species correlate 

withh the pKa values found from kinetics studies. At the optimal pH for activity, phosphate 

iss apparently unable to bind directly to the diiron site in single polypeptide recHPAP, while 

itt does bind to the ferrous site in proteolytically cleaved PAP. Kinetics studies and visible 

andd EPR spectra show that f luoride, a hydroxide analogue, can replace a coordinated 

waterr molecule, but not the nucleophilic hydroxide derived therefrom. 
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Abstract Abstract 

Inn previous NMR studies of single polypeptide and proteolytically cleaved mammalian 

purplee acid phosphatases (PAPs), the paramagnetically shifted signals could be assigned 

butt the pH dependence of the spectra was not examined. The pH dependence of the 1 H-

NMRR spectra of single polypeptide recombinant human PAP (recHPAP) revealed that the 

substratee analogue phosphate and the hydroxide analogue fluoride do not bind to the 

metall center at the optimal pH for activity. ^ - N M R spectra in the presence and absence 

off phosphate, f luoride, and fluoride plus phosphate have been obtained at pH 7 . 1 , 5.5, 

andd 4 . 1 , corresponding to the low pH inactive (<pKes , i ) , active (pKes,i<pH<pKes,2)/ and 

highh pH inactive state (>pKes,2). Above the pH opt imum, addition of inhibitory anions 

causess no changes in the spectra. Below pKeS/i of the single polypeptide enzyme, one 

hyperfinee shifted signal shifted to higher field in the native protein. Addition of fluoride 

completelyy abolished the hyperfine shifted signals, while the addition of phosphate 

shiftedd the signals to higher f ield. Formation of the enzyme-fluoride-phosphate complex 

wass also observed. NOE and T i relaxation experiments at pH 5.5 confirmed the 

resemblancee between single polypeptide recHPAP and uteroferrin and suggested that the 

pH-sensitivee signal is due to an aromatic proton of tyrosine. 
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Introduction Introduction 

Inn paramagnetically shifted ^ - N M R , the resonances of protons of the residues 

coordinatedd to the metal ions exhibit very large (10-100 ppm) upheld or downfield shifts. 

Thus,, only the catalytically relevant residues are studied, while the protons of the protein 

backbonee (between 2 and 12 ppm) do not interfere with the signals f rom the active site 

residues. . 

PAPP can be studied by NMR only in the reduced Fe3+Fe2 fo rm, and oxidation of the 

proteinn results in complete disappearance of the hyper-fine shifted resonances. The 

singlee polypeptide PAP isolated from the uterine fluids of pregnant pigs, uteroferrin (Uf), 

showedd resonance's at 88, 70, 63, 44, 30, 23, 15, -25, and -70 ppm, which were 

assignedd to several protons of the metal coordinated tyrosinate and histidine residues (1-

3).3). Integration of the resonances gave an intensity ratio of 2 : 1 : 1 : 3 : 1 : 1 : 1 : 1 : 1 . Exchange 

withh D20 reduced the intensity of the features at 88, 44, and -25 ppm, suggesting the 

presencee of three exchangeable protons. Because histidine is known to have 

exchangeablee protons and because NH resonances in high-spin ferric model complexes 

aree found near 100 ppm, the exchangeable signal at 88 ppm was assigned to a N5 of 

histidinee bound to the ferric ion (H is l86) . Because the NH resonances of imidazoles 

boundd to the high-spin ferrous ion appear in the range 55-70 ppm, the exchangeable 

signall at 44 ppm was assigned to a histidine bound to the ferrous ion, either NS of 

His2211 or NE of His223 (2). The third resonance, at -25 ppm, could origin from a 

Figuree 5.1: Schematic model of the PAP active site with the assigned signals. Adapted from (3). 

histidinee in close proximity (4.5 A) to the metal site. Possible candidates include His92 or 

Hisl955 ( i ) , which have been proposed to be involved in binding the substrate. 

Thee paramagnetically shifted signals of reduced proteolytically cleaved bovine spleen 

PAPP (BSPAP) were similar but not identical to those of Uf; the intensity ratio of the 

downfieldd resonances was 1 :3 :3 :1 :1 . Addition of 1.0 equivalent of tungstate to BSPAP 

gavee an NMR spectrum identical to that of Uf-W04 . This result suggests that binding of 

ann oxyanion that increases the reduction potential of the diiron site (W0 4 and Mo04) (4) 

andd stabilizes the mixed-valent state results in identical electronic distributions by the 
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metall sites of single polypeptide and proteolytically cleaved PAPs (3). Addition of 

arsenate,, which like phosphate decreases the reduction potential and makes the mixed-

valentt site more susceptible to oxidation, also produced small changes in the NMR 

spectrum.. With the substrate analogue phosphate, the NMR signal at pH 4.9 disappeared 

completely.. At pH 3.0, a spectrum was observed that was interpreted as a superposition 

off two states of the protein; no assignments could be made, however (1). 

Basedd on the observed chemical shifts, the presence or absence of hyperfine shifted 

signalss in D20, the estimated distances between the metals and the protons based on T1 

relaxationn measurements, and cross relaxation (nuclear Overhauser effect, NOE) studies, 

earlierr studies were able to assign almost all of the hyperfine shifted resonances to the 

protonss of various residues (Figure 5.1). Only the resonances at 44 ppm and 30 ppm 

couldd not be assigned (1-3). The NMR spectra of the FeFe and FeCo forms from kidney 

beann PAP showed a close similarity between mammalian and plant PAPs. The differences 

appearr to be located primarily at the ferrous site (5). 

Studiess of single polypeptide recombinant human PAP (recHPAP) showed that 

phosphatee and fluoride do not coordinate to the binuclear active site (chapter 5). This 

resultt implies that substrate also does not coordinate to the metal site during turnover, 

whichh is rather surprising. Consequently, an additional spectroscopic technique, nuclear 

magneticc resonance (NMR), was used to gain further insight into the coordination of 

thesee anions to PAP. ^ - N M R spectra of the reduced form of single polypeptide recHPAP 

att its active and inactive pH, of native and of fluoride- and phosphate-inhibited forms 

weree recorded. The results confirm and complement our earlier observation that 

phosphatee does not bind to the metal site and that fluoride can replace a coordinated 

waterr molecule, but not a coordinated hydroxide. 

ExperimentalExperimental  procedures 

GeneralGeneral procedures 

Proteinn purification and reduction was carried out as previously described (6). PAP 

concentrationn was determined by measuring the absorbance and position of the Tyr~to-

Fe3++ charge transfer at Amax (c=4080 M^cm'1) on a Cary 50 spectrophotometer. No 

oxidationn was observed during the experiments. Experiments involving the phosphate 

anionn were carried out under strictly anaerobic conditions 

NMRNMR experiments 

NMRR experiments were performed on Bruker Avance spectrometers operating at 500 

andd 600 MHz proton Larmor frequencies. Data acquisition and processing were performed 

usingg a standard Bruker software package (XWINNMR). ID NOE spectra on hyperfine 

shiftedd signals were recorded in difference mode after selective irradiation of hyperfine-

shiftedd and fast-relaxing resonance's (7, 8) . Two reference frequencies were set to the 

immediatee left and right of the irradiated signal, according to the scheme on-off ( le f t ) -

on-offf (r ight). Both repetition (acquisition time +  relaxation delay) and irradiation times 

weree 45 ms. 
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NOEE and Ti relaxation experiments at pH 5.5 were performed with a sample (720 pi) 

containingg 750 uM recHPAP in a 45 mM Na-Acetate, 45 mM MES, and 45 mM HEPES 

bufferr mixture, 0.45 M KCI, and 10% D20. 

Forr studies of the pH dependence, the sample was split into three aliquots (500 pi, 

3600 pM recHPAP) and the pH of each sample was adjusted by buffer exchange using a 

Microconn (10 kDa cut off); a minimum of three concentration/dilution events was used. 

D200 buffers had the same buffer and salt composition. The pH of the NMR sample was 

controlledd by measuring the pH of the eluate. Some loss of enzyme was observed during 

thee experiments. 

Fluoridee and/or phosphate were added from stock solutions set at the correct pH to 

givee a final concentration of 10 mM fluoride and/or 50 mM phosphate. Before addition of 

phosphate,, all samples were made anaerobic by repetitive (10-15 times) 

vacuum/flushingg with argon. 

ResultsResults  and discussion 

ActiveActive enzyme 

Thee downfield region of the 500 MHz 'H NMR spectrum of recHPAP in phosphate-free 

H2OO buffer at pH 5.5 and 292 K is shown in Figure 5.2A. The spectrum is characterized 

byy the presence of seven broad downfield hyperfine shifted signals at 92, 7 1 , 63, 44, 30, 

23,, and 13 ppm. Additionally, the spectrum features two broad upfield shifted signals at -

288 and -79 ppm (not shown). Integration of the downfield shifted resonances gives the 

followingg intensity ratio for signals a,b:c,d:e:f ,g,h: i :k ; 2 : 2 : 1 : ~ 3 : ~ 1 : ~ 1 . The baseline 

Figuree 5.2: 'H NMR spectrum (A) and nuclear overhauser effect (NOE) spectra (B-D) of recHPAP at pH 5.5 
andd 292 K. 
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Figuree 5.3: NMR spectra of native recHPAP at different Figure 5.4: NMR spectra of recHPAP-fluoride complex at 
pH's.. different pH's. 
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correctionn required for the spectra precludes an unambiguous determination of the exact 
intensityy ratio for the four least shifted signals (f,g,h; i; j ; and k). 

Inn order to assign the spectrum, NOE experiments were performed by saturating the 
hyperfine-shiftedd signals. Saturation of resonance a,b (92 ppm) (Figure 5.2B) reveals a 
connectivityy with signal k (13 ppm), while saturation of resonance c,d (71 ppm) and e 
(633 ppm) shows a connectivity between signals c (71 ppm) and e (63 ppm). Based on 
thee strong intensity of these connectivities (35-70% with respect to the saturated 
signals),, it can be concluded that they are due to exchange phenomena rather than to 
NOEE effects. Of the ligands to the di-iron center, only the aromatic protons of Fe(III)-
coordinatedd tyrosine can give rise to such a magnetization transfer through a ring flipping 
process.. On this basis, signals a and k are assigned to Tyr He or HS, while signals c and e 
aree assigned to Tyr H5 or HE. This assignment is further supported by the presence of 
smalll NOEs between the HS and HE signals. This spectral assignment differs from that 
reportedd for Uf (3). In particular, resonance a,b was assigned to an Fe(III)-bound Tyr HP 
andd His NH5. The simultaneous observation of four signals due to Tyr Hö and HE protons 
inn the NMR spectrum indicates that the aromatic ring of this residue rotates in the active 
sitee of PAPs, with an estimated upper limit for the flip rate of 4000 sec-1. From the 
similarityy of the NMR and the EPR spectra (6), it can be concluded that the electronic 
structuress (unpaired electronic density over the active site) and thus active site 
structuress of the single polypeptide mammalian PAPs, Uf and recHPAP, are identical. 
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Figuree 5.5: NMR spectra of recHPAP-phosphate complex Figure 5.6: NMR spectra of recHPAP-fluoride-phosphate 
att different pH's. complex at different pH's. 

pHpH dependence 

Too establish the spectral features of the enzyme along the pH vs. activity profile, the 

pHH dependence of the NMR spectrum of reduced single polypeptide recHPAP was 

investigatedd below pKa,i = 4.6, at the optimal pH (5.5) and above pKa2 = 6.7. As shown 

inn Figure 5.3, no differences are observed between the hyperfine shifted signals obtained 

att pH 5.5 and pH 7 .1 , indicating that pKa2 (proposed to be due to a protonated His 

residue)) does not involve a deprotonation equilibrium of a metal ligand. On the other 

hand,, decreasing the pH to 4.1 results in spectral changes in the far downfield region of 

thee spectrum. At pH 4.1 resonance a,b splits into two separate signals, b and a' (77 

ppm).. The most downfield shifted signal is due to an exchangeable proton, whereas the 

intensityy of the adjacent signal does not undergo any changes in D2O. While the position 

off signal a' remains unaltered, its intensity in the pH range 4.1-4.8 decreases as the pH 

increases.. This observation indicates that the two species (deprotonated at pH > p K M 

andd protonated at pH < pKa-1), represented by signals a and a' are in slow exchange on 

thee NMR time scale. The observed changes in the paramagnetic NMR signals in the pH 

rangee around pKa,i show that an acid-base equilibrium due to a metal-bound moiety that 

iss deprotonated in the active enzyme is responsible. One plausible candidate for such a 

groupp is a metal-bound water molecule, which when deprotonated, act as the nucleophile 

inn the phosphate ester hydrolysis reaction. Two main hypotheses have been proposed for 

suchh a nucleophilic hydroxide: the terminal Fe3+-OH (10) and the bridging hydroxide 

{ID-{ID-
CoordinationCoordination of fluoride 

Too probe the nature of the nucleophile and obtain further insights into the mechanism 

off the enzyme, the inhibition properties of fluoride and phosphate were exploited by 

monitoringg the interaction of these anions with recHPAP. Fluoride is an uncompetitive 
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inhibitorr of recHPAP over the pH range studied (6), indicating that it can bind to the 

activee site but does not abolish substrate binding. Spectra of recHPAP in the presence of 

f luoridee were recorded at pH 7 . 1 , 5.5 and 4,1 (Figure 5.4). The spectra at pH 5.5 and 7.1 

aree indistinguishable and are identical to those recorded in the absence of fluoride, 

indicatingg that the enzyme-fluoride complex is not formed at or above pH 5.5. At pH 4.1 

aa drastic spectral change occurs, resulting in almost complete disappearance of all 

hyperfinee shifted signals. This phenomenon can occur only if the interaction of fluoride 

withh PAP causes a significant perturbation of the super-exchange interaction between the 

twoo iron ions, which suggests that fluoride replaces the bridging ligand between the two 

metall ions. The replacement of terminal ligands of the metal ions should result in more 

modestt spectral changes. Thus, fluoride binds to the metal center only when the group 

responsiblee for pK a i is protonated, consistent with the EPR results and the observed pH 

dependencee of fluoride inhibition of PAP (6). Together, these observations constitute 

strongg evidence that pKa,i corresponds to the (de)protonation of a bridging nucleophilic 

solventt molecule, 

CoordinationCoordination of phosphate 

Thee interaction of reduced recHPAP with phosphate reveals that at pH 5.5 the NMR 

spectrumm is essentially unchanged with respect to the native PAP NMR spectrum (Figure 

5.5).. Only a small shoulder at 40 ppm is observed, which is also present in the enzyme-

fluoride-phosphatee complex (vide infra). This result suggests that phosphate does not 

bindd to the paramagnetic metal center at pH 5.5. On the other hand, phosphate does 

bindd to recHPAP at pH's below pKa,i via a direct interaction of the inhibitor with the metal 

sitee that results in significant spectral changes. The spectrum at pH 4.1 is characterized 

byy the presence of several hyperfine-shifted signals, whose chemical shifts and line 

widthss are difficult to correlate with the original signals in the spectrum of the native 

protein.. The NMR spectrum of the PAP-phosphate complex at this pH is also different 

f romm that of the PAP-fluoride complex, The presence of a pattern of broad hyperfine-

shiftedd signals indicates that the interaction with phosphate does not involve the bridging 

ligandd and that phosphate only slightly perturbs the magnetic interaction between the 

twoo metal ions. Coordination of phosphate to the binuclear center could be in a 

monodentatee fashion to the ferrous ion or in a bidentate bridging fashion, as suggested 

byy the EPR and visible spectra (6) . In the active enzyme, phosphate does not interact 

directlyy with the metal center but most presumably interacts only with active site 

residuess (through formation of H-bonds and other non-covalent interactions) prior to 

nucleophilicc attack by the bridging hydroxide. However, phosphate is a presumed 

substratee analogue and leaving group. This conclusion does not agree with the generally 

acceptedd view that phosphate ester substrates bind to the dimetallic center as the first 

stepp in catalysis. 

Enzyme-fluoride-phosphateEnzyme-fluoride-phosphate complex 

Ass observed by EPR at pH 7 . 1 , addition of phosphate to recHPAP does not result in a 

changee in the NMR spectrum. As shown in Figure 5.6, addition of both fluoride and 

phosphatee gives a spectrum due to superposition of two signals, that of native recHPAP 

andd a new signal with hyperfine shifted signals at 86, 58, 54, and 40 ppm. At pH 5.5, the 

signall f rom the native enzyme is almost lost, and only the new signal due to the enzyme-
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fluoride-phosphatee complex is observed, with minor changes in the position of the 

hyperfine-shiftedd signals. These small shifts suggest that neither anion has replaced the 

bridgingg hydroxide. Based on the available data, it cannot be determined whether the 

resonancess are due to coordination of both anions to the metal ions or to coordination of 

eitherr phosphate or fluoride. The shift in the NMR spectrum and the loss of intensity of 

thee EPR signal (6) suggest monodentate coordination of phosphate to the ferrous ion 

inducedd by the presence of fluoride. At pH 4 . 1 , the resonances are shifted up-field, 

suggestingg that the coupling constant, J, is reduced and that phosphate either 

coordinatess in a bridging fashion or fluoride replaces the bridging molecule. The spectra 

off both the enzyme-fluoride-phosphate complex and the enzyme-fluoride complex at pH 

4.11 show very weak signals around 47, 40, and 32 ppm, suggesting that the latter 

coordinationn is more likely. 

Conclusions Conclusions 

Twoo complementary spectroscopic methods have shown that phosphate, a presumed 

substratee analogue as well as product, does not bind to the binuclear metal site of the 

singlee polypeptide form of recHPAP. The hydroxide analogue fluoride, which is a pure 

uncompetitivee inhibitor of recHPAP (6), can only replace the nucleophilic hydroxide if it is 

protonated.. The shift in a downfield shifted resonance, assigned to an aromatic Tyr55 

proton,, correlates with pKa4. How the protonation of the bridging nucleophilic hydroxide 

affectss the aromatic protons of the tyrosine residue remains unclear. However, the 

bridgingg nucleophilic hydroxide is coordinated trans to the tyrosine residue, suggesting a 

closee relationship between the two. 
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Abstract Abstract 

Thee kinetics and spectroscopic properties of the single polypeptide and proteolytically 
cleavedd forms of mammalian purple acid phosphatases (PAPs) containing an Fe3+Fe2+ 

unitt at the active site differ due to the presence or absence of an interaction between a 
residuee in an exposed loop of the protein and one or more residues bound to the Fe2+. 
Comparedd to single polypeptide PAPs, the proteolytically cleaved enzymes show a four to 
eightt fold higher catalytic activity as well as a higher pH optimum and pKa,i. The single 
polypeptidee form of recombinant human PAP (recHPAP) containing an Fe3+Zn2+ unit at 
thee active site has an unexpected catalytic activity versus pH profile, in that the optimal 
pHH is similar to that of the proteolytically cleaved form. Compared to the Fe3+Fe2+ form, 
however,, the turnover number of the FeZn form is more than 10-fold higher. Although 
thee visible spectrum of FeZn-recHPAP is pH dependent, the EPR spectra of both the single 
polypeptidee and the proteolytically cleaved enzyme are independent of pH. The results 
suggestt that the properties and environment of the divalent metal are critical in 
determiningg the catalytic properties of PAPs. 
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Introduction Introduction 

Thee glycoprotein purple acid phosphatase (PAP) is widespread in nature, and contains 

ann FeFe, FeZn, or FeMn binuclear center, depending upon the source ( I , 2) . FeFe-

containingg PAPs are present in mammals, while plant PAPs use Zn and Mn as the divalent 

ionn (e.g. , FeZn in red kidney bean PAP (KBPAP) (3), and FeMn in sweet potato PAP (4)). 

Mammaliann PAPs, such as bovine spleen PAP (BSPAP) or PAP from pig uterine fluids (Uf), 

aree spectroscopically and kinetically well characterized (5, 6), but differ in specific 

activity,, pH opt imum, and their characteristic EPR spectrum at pH 5. 

Thee first study of the pH dependence of the catalytic activity of Uf (7) reported optimal 

catalyticc activity at pH 4.9, and the pH optima of Uf containing Zn2 + or Mn2+ in place of 

Fe2++ were also in this range (8). Consequently, most spectroscopic studies on 

mammaliann PAPs (e.g. EXAFS (9-11), NMR (12-16), MCD/CD (17), EPR (18, 19), and 

resonancee Raman (19, 20)) have been performed at pH 5. At pH 5, however, the 

proteolyticallyy cleaved forms of FeFe- and FeZn-BSPAP are catalytically inactive (21), 

suggestingg that earlier spectroscopic studies were performed on an inactive form of the 

enzyme.. At the optimal pH (6.5), the substrate analogue phosphate appears to bind in a 

monodentatee fashion to the ferrous site, rather than in a bridging mode as reported for 

thee crystal structures of KBPAP, Uf, and recombinant rat bone PAP (recRPAP) (22-24). 

Characterizationn of single polypeptide and proteolytically cleaved forms of recombinant 

humann PAP (recHPAP) demonstrated that the kinetics and spectroscopic differences 

betweenn single polypeptide and proteolytically cleaved forms of PAPs are not artifactual, 

butt are due to structural differences between the two forms of the enzyme (25). The loss 

off an interaction between a residue coordinated to the ferrous ion and Asp l46 in an 

exposedd antigenic loop (26) causes a full pH unit increase in pKa,i (from 4.5 to 5.5).Thus, 

residuess coordinated to the ferrous ion are important in determining the kinetics 

propertiess of mammalian PAPs. 

Too explore the dependence of the catalytic properties upon the properties of the 

divalentt metal, we have prepared the FeZn form of both single polypeptide and 

proteolyticallyy cleaved recHPAP and examined their kinetics and spectroscopic properties 

overr the pH range 4-7.5. The results show that single polypeptide and proteolytically 

cleavedd FeZn-recHPAP are very similar in their kinetics properties, which has implications 

forr the interpretation of several earlier spectroscopic studies on single polypeptide 

mammaliann PAPs. 

ExperimentalExperimental  procedures 

GeneralGeneral procedures 

Singlee polypeptide recHPAP was obtained as previously described (25). Enzyme 

concentrationss were determined by measuring the absorbance at Amax (£=4080 M"1 cm'1) 

onn a Cary 50 spectrophotometer or an HP8452A photodiode array spectrophotometer. 

Ironn analyses were performed on a Hitachi 180-80 polarized Zeeman atomic absorption 

spectrometerr equipped with a graphite furnace. 
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PreparationPreparation of FeZn-recHPAP 

Metal-freee buffer was prepared by passing it through a Chelex-100 column. A 

Sephadexx G-25 column (0 .7x12 cm) was eluted with a solution containing 50 mM Na-

acetatee (pH 5.0), 5 mM ascorbic acid, and 1 mM o-phenanthroline to remove excess 

metals,, and subsequently with metal-free Millipore water and a metal-free buffer 

containingg 40 mM Na-acetate (pH 5.0), 1.6 M KCI, and 20% glycerol. 

SingleSingle polypeptide FeZn-recHPAP: A 500 pi sample of single polypeptide FeFe-recHRPAP 

(2-44 mg/ml ) in 40 mM Na-acetate buffer, pH 5.0, 1.6 M KCI, 20% glycerol was made 1 

mMM in o-phenanthroline and 5 mM in freshly prepared sodium dithionite. The release of 

Fe2++ was monitored by measuring the absorbance of the [Fe(phen)3 ]2 + complex at 510 

nm.. After four minutes, the sample was applied to a metal-free Sephadex G-25 column 

andd eluted with metal-free 40 mM Na-acetate buffer, pH 5.0, containing 1.6 M KCI and 

200 % glycerol. Samples that contained half-apo protein (E28O = 60,000 M^cm"1) were 

pooledd and incubated with a 20-fold excess of ZnCI2 at room temperature for five hours, 

followedd by incubation overnight at . After incubation, the enzyme sample was 

concentrated/dilutedd with 50 mM Na-acetate (pH 5.0), 2 M KCI, to remove excess metal 

ionss using a Centricon-30 concentrator. SDS-PAGE under reducing conditions showed a 

singlee band. The enzyme was used without further purification. 

ProteolyticallyProteolytically cleaved FeZn-recHPAP: Trypsin digestion of a sample of single polypeptide 

FeZn-recHPAPP (50 mM MES, pH 6.5, 2M KCI) was performed as previously described 

(25).(25). Complete cleavage was confirmed by SDS-PAGE under reducing conditions. 

Kinetics Kinetics 
Alll assays were performed using the f ixed-point assay at C (25). Enzyme dilutions 

weree made in 50 mM MES pH 6.5, 2M KCI, and 0.5 mg/ml BSA. The pH dependence of 

kcatt was measured in a buffer containing 100 mM Na-acetate, 100 mM MES, 100 mM 

HEPES,, 300 mM KCI, 10 mM Na-K tartrate, and p-NPP concentrations varying between 

0.55 and 50 mM. For each determination of Vmax and KM, the hydrolysis rate was measured 

att a minimum of six different p-NPP concentrations. After each assay the pH of the 

reactionn mixture was measured to ensure that it had not changed. Values of KM and Vmax 

weree obtained by non-linear regression using the program EnzymeKinetics (Trinity 

Software).. Values of Kj were determined by measuring the rate of hydrolysis of p-NPP 

usingg at least six different p-NPP concentrations with several fixed inhibitor 

concentrations.. The results were fitted to the appropriate inhibition equation using the 

programm Leonora (Athel Cornish-Bowden, version 1.0, 1994). 

pHpH dependence of optical spectra 

FeZn-recHPAPP was buffer exchanged to a pH 7.4 buffer containing 100 mM Na-

acetate,, 100 mM MES and 100 mM HEPES, 450 mM KCI, and its UV-vis spectrum was 

recorded.. After measuring the pH of the protein sample, 1-2 pi aliquots of 1M HCI were 

addedd to decrease the pH by approximately 0.4 pH units and the sample was centrifuged 

too remove denatured protein. The UV-vis spectrum was then recorded, and the process 

wass repeated to a final pH of 4.0. 
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pHpH dependence of EPR spectra 

EPRR samples contained 20 % glycerol. An X-band Bruker ECS106 EPR spectrometer 

operatingg at 4-5 K and equipped with an Oxford Instruments ESR900 helium-flow 

cryostatt with an ITC4 temperature controller and a AEG magnetic field calibrator was 

usedd for recording the spectra. The pH of the samples was adjusted by repeated dilution 

withh a 100 mM Na-acetate, 100 mM MES, 100 mM HEPES, and 450 mM KCI buffer of the 

appropriatee pH and concentrated using a Centricon-30 concentrator. 

ResultsResults  and Discussion 

Preparation Preparation 

Thee single polypeptide and proteolytically cleaved forms of FeFe-recHPAP provide a 

well-characterizedd model system for mammalian PAPs, in which the effects of limited 

proteolysiss can be explored to reconcile the distinctive characteristics of Uf (isolated as a 

singlee polypeptide) and BSPAP (isolated in a proteolytically cleaved form) (25). The loss 

off the interaction between aspartate 146, which is located in a highly exposed loop 

region,, and most presumably the active site residue asparagine 91 upon proteolysis is 

responsiblee for the shift in pKa,i and the increase in catalytic activity (25-27). The single 

polypeptidee and proteolytically cleaved forms of recHPAP differ in their EPR spectra: at 

pHH 5, the former has a more rhombic spectrum, due to a shift in gz from 1.94 for to 1.86 

forr the latter. The pH dependence of the EPR spectrum correlates with the value of pKa,i 

determinedd by kinetics measurements. As shown by spectroscopic and kinetics studies of 

singlee polypeptide and proteolytically cleaved FeFe-recHPAP (28), pKa,i is the pKa for 

deprotonationn of the nucleophilic water molecule as earlier proposed (29). 

Too gain further insight into the characteristics of the ferrous site of recHPAP and the 

differencess between the single polypeptide and proteolytically cleaved form of the 

enzyme,, we prepared FeZn-recHPAP with an approximately 4 0 % yield of reconstituted 

protein.. Although the same protocol was used as for proteolytically cleaved BSPAP (30-

32),32), lower yields were obtained because preparation of half-apoprotein in 20% glycerol 

wass difficult. Prior to adding Zn 2 + , the specific activity of the half-apoenzyme was less 

thann 5 % of that of the FeFe-enzyme. After reconstitution with Zn, the purity of the FeZn 

formm was checked by assays under reducing conditions (0.5 mM Fe(NH4)2(S04)2, 6.7 mM 

Na-ascorbicc acid) and oxidizing conditions (enzyme incubated in 0.1 mM H202), which 

showedd no significant difference in specific activity. A SDS-PAGE gel run under reducing 

conditionss and stained with Coomassie Brilliant Blue confirmed the presence of single 

polypeptidee recHPAP. Atomic absorption spectroscopy showed the presence of 0.92

0.188 mol iron/mol enzyme, and no EPR signal due to the mixed-valent form of FeFe-

recHPAPP was observed under reducing conditions, confirming the presence of negligible 

amountss of FeFe-protein. Proteolytically cleaved FeZn-recHPAP was prepared by tryptic 

cleavagee of the single polypeptide FeZn-form, rather than by metal ion substitution of 

proteolyticallyy cleaved FeFe-recHPAP. Although the latter procedure gave better yields of 

metal-substitutedd protein, the differences in preparation procedures were minimized as 

muchh as possible in order to facilitate comparison with the corresponding forms of FeFe-

recHPAP. . 
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Figuree 6 . 1 : pH dependence of kcat, kcat/KM and K„ for single polypept ide (A) and proteolyt ical ly cleaved (B) 
FeZn-recHPAPP wi th p-NPP as subst ra te at . The lines represents f i ts of kca, and ko,, / K„ to the rapid 
equ i l i b r iumm diprot ic mode l . The kinet ics data obtained f rom fits of k^obs versus pH for FeZn-recHPAP are 
p resen tedd in the Table 
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kcatt is defined as the number of substrate molecules hydrolyzed per enzyme molecule per second; pKeSri and pKes2 are for 
deprotonation/protonationn events of a group in the enzyme-substrate complex; and pKez is for a deprotonation/protonation 
eventt of a group in the enzyme. 
<a)) Obtained from fitting s plot of kcat,0DS as a function of pH. 
!b ll Obtained from fitting a plot of kcat.obs/KM,<,bs vs. pH with pKe l<2. 

pHpH dependence of kinetics parameters 

Earlierr kinetics measurements of proteolytically cleaved FeZn-BSPAP showed a pH 

opt imumm of 6.3 (21), while a pH optimum of 5 was reported for the single polypeptide 

formm of FeZn-Uf, using a single fixed substrate concentration (8). In contrast, the FeZn 

PAPss from kidney bean (kbPAP) and sweet potato (spPAP) have pH optima around 6 (2, 

33).33). To study the single polypeptide and proteolytically cleaved form of FeZn-recHPAP 

beloww pKa,i, at their pH optima, and above pKa,2, we measured kcat as a function of pH for 

bothh forms. Figure 6.1 shows the pH dependency of kcat, KM, and kcat/KM for single 

polypeptidee and proteolytically cleaved FeZn-recHPAP. The data were analyzed according 

too a rapid equil ibrium diprotic model (34), assuming that all equilibria are fast compared 

too kcat (21, 26, 28). Values of pKa and kcat values obtained from the fits are given in 

Figuree 6 .1 . 

Thee pH opt imum of single polypeptide FeZn-recHPAP is 6.3, substantially higher than 

anyy previously reported for a single polypeptide FeZn-PAP, and kcat is approximately 

50000 s'1. The proteolytically cleaved enzyme has a pH optimum of 6.5 and a kcat that is 
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indistinguishablee from that of the single polypeptide FeZn-recHPAP. Due to small 

differencess in pKa values, the gaussian pH opt imum of single polypeptide FeZn-recHPAP 

iss narrower than that observed for proteolytically cleaved FeZn-recHPAP. Fitting the data 

resultss in pKes values of 6.1 and 6.5 for the single polypeptide enzyme vs. 5.6 and 7.3 for 

thee proteolytically cleaved form. The kinetics parameters for the proteolytically cleaved 

enzymee are similar to those reported for BSPAP {21), suggesting that the FeZn forms of 

thee proteolytically cleaved human and bovine spleen enzymes have essentially identical 

kinetics.. Upon proteolytic cleavage, pKeSil (the pKa of the nucleophilic hydroxide) shifts to 

lowerr values in the FeZn-enzyme. In contrast, a shift of comparable magnitude but to 

higherhigher pH values is observed upon proteolytic cleavage of FeFe-recHPAP. The decrease in 

thee Michaelis-Menten constants for the proteolytically cleaved enzyme results in a slight 

increasee in kcat/KM and a shift in pKe2 from 5.5 to 5.9. These results are similar to those 

observedd for FeFe-recHPAP. 

AA number of published spectroscopic studies on FeZn-Uf, including EXAFS studies {11, 

19,19, 35, 36), were performed at pH 4.9, the pH opt imum first reported for FeFe-Uf. At this 

pHH the value of kcatfor FeZn-Uf is almost equal to that of the FeFe form {37, 38). With 

onlyy one exception (8), the pH opt imum of the FeZn form of Uf has never been 

reexamined,, and it has been assumed that metal substitution causes no shift in pH 

opt imum,, as found for proteolytically cleaved BSPAP {30-32). The study by Twitchett (8), 

however,, used non-optimal substrate concentrations, which gives an apparent pH 

opt imumm that is lower than the actual value. There is a large discrepancy in kcat at the 

optimall pH between the results reported in (8) and in this work. Initial experiments 

suggestt that the pH optimum of FeZn-recRPAP is similar to that of FeZn-recHPAP (M. 

Bollen,, E.G. Funhoff, B.A. Averil l, unpublished results). Consequently, it is reasonable to 

assumee that the pH optimum of the single polypeptide form of other FeZn-PAPs is 

substantiallyy higher than previously reported. Thus, many earlier spectroscopic studies 

weree apparently performed on an inactive state of the enzyme. 

pHpH dependence of spectroscopic parameters 

Thee EPR spectra of the single polypeptide and proteolytically cleaved forms of FeZn-

recHPAPP were measured at a pH below pKa4 (pH 4.5), at its pH optimum (pH 6.2), and at 

pKa,22 (pH 7.0). As shown in Figure 6.2, the single polypeptide form of FeZn-recHPAP 

exhibitss features at g=8.7 and 5.1 (E/D=0.17), g=4.3 (E/D=0.33), and g~5.8-6 

(E/D=0.03) ,, due to a mixture of high-spin Fe3+ species. In contrast to the behavior 

observedd with FeFe-recPAP, no changes are observed in the EPR spectrum between pH 

4.55 and 6.2 that correlate with pKa/ i. At pH 7.0, the spectrum is similar to those at pH 

4.55 and 6.2, but the relative intensity of the E/D=0.17 species is greater. For 

proteolyticallyy cleaved FeZn-recHPAP at pH 6.2, species with rhombicities of E/D = 0.02 

(gg = 6.5 and 5.9 for the ground and middle Kramer's doublets, respectively), E/D = 0.08 

(gg = 7.6 and 5.8 for the ground and middle Kramer's doublets, respectively), and E/D = 

0.333 (g = 4.3) are observed. At pH 7.0, additional features at g = 8.7 and 5.1 (E/D = 

0.17)) are present. Thus, in contrast to FeZn-recRPAP {26), the distribution of species 

observedd by EPR depends on cleavage, but is essentially independent of pH for single 

polypeptidee and proteolytically cleaved FeZn-recHPAP. For the FeZn forms of other 

proteolyticallyy cleaved mammalian PAPs (BSPAP and recRPAP), similar EPR spectra are 

observedd with again no dependence on pH below the pH optimum {26, 30). The EPR 
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Figuree 6.2: pH dependence of the EPR spectra of single polypeptide (A) and proteolytically cleaved (B) FeZn-
recHPAP.. EPR conditions: microwave power 2 mW; microwave frequency, 9.42 GHz; Modulation, 12.7 G at 
1000 kHz; temperature, 4.5 K. 

spectrumm of single polypeptide FeZn-recHPAP is somewhat similar to that of FeZn-Uf, in 

thatt the E/D=0.17 species is present, but the E/D=0.03 species is not as obvious in the 

Uff spectrum (39). The E/D=0.17 species whose intensity increases at high pH was 

observedd earlier for FeZn-Uf-P04-F (19) at pH 5 and for BSPAP-P04-F at pH 5 and 6.5 

(40),(40), which was the basis for the proposal of the formation of a ternary enzyme-complex. 

Althoughh no change in EPR around pKa,i is found for single polypeptide and 

proteolyticallyy cleaved FeZn-recHPAP, the position of the visible absorption maximum is 

pHH dependent, as depicted in Figure 6.3. Above its pH opt imum, single polypeptide FeZn-

recHPAPP has a Amax of 515 nm, while at or below the optimal pH Amax is 535 nm. A plot of 

Amaxx vs. pH gave an apparent pKa of approximately 6 . 1 . For proteolytically cleaved FeZn-

recHPAP,, a slightly higher Amax is observed at pH >6 (520 nm), with an apparent pKa of 

approximatelyy 5.3. The difference in Amax at low and high pH of single polypeptide and 

proteolyticallyy cleaved FeZn-recHPAP is comparable to that observed for proteolytically 

cleavedd FeFe-recHPAP, but more pronounced than is found for single polypeptide FeFe-

recHPAP.. For FeZn-BSPAP no change in Ama!< (536 nm) between pH 5 and 6.5 was 

observedd (40), while Amax of the FeZn-BSPAP-P04 complex varies with pH consistent with 

aa pKa of 5.4, comparable to a p K a l of 5.5 observed by kinetics (21). 
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Figuree 3: pH dependence of Amai< of single polypeptide (A) and proteolytically cleaved (B) FeZn-recHPAP 

CoordinationCoordination of phosphate 
Thee substrate analogue phosphate is a (mixed) competitive inhibitor of PAPs (41, 42). 

AA pH independent inhibition constant was observed with proteolytically cleaved FeFe-
recHPAPP (28). In contrast, a plot of log K, versus pH for single polypeptide FeFe-recHPAP 
resembledd that found for Uf, in that the protonated form of a residue with pKa < 4 is 
apparentlyy involved in competitive inhibition by phosphate (42). With FeZn-recHPAP, only 
competitivee inhibition by phosphate is observed and no uncompetitive component is 
neededd to fit the data. Below pH 5.5, K, is independent of pH for single polypeptide FeZn-
recHPAP,, while at higher pH a slope of approximately 1 is observed in the plot of log K, 
versusversus pH (Figure 6.4), consistent with an apparent pKa of approximately 5.5. For 
proteolyticallyy cleaved FeZn-recHPAP, an apparent pKa of approximately 5.9 is observed. 
Thus,, phosphate inhibition of FeZn-recHPAP may correlate with pKe,2, which corresponds 
too a group in the free enzyme that needs to be protonated in order for the enzyme to 
bindd substrate (21). For FeZn-Uf, a pKa is also observed in the log K, versus pH plot (11, 

Figuree 6.4: Plot of the logarithm of the competitive inhibition constants for phosphate inhibition of single 
polypeptidee (A) and proteolytically cleaved (B) FeZn-recHPAP versus pH. 
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39),39), which has been proposed to be associated with a conserved histidine. Thus, the 
differencee between phosphate inhibition of FeFe and FeZn-recHPAP is real, and is due to 
replacementt of the Fe2+ ion by Zn2+, a slightly stronger Lewis acid. Because in 
proteolyticallyy cleaved BSPAP both pKe,2 and pKes,2 are affected in the same way by metal 
substitutionn (21), Merkx et al. suggested that both pKa's might be due to the same active 
sitee group. Similar results are also observed for recHPAP (25). The group responsible 
couldd be histidine 92, which has been proposed to coordinate substrate and is conserved 
inn both PAPs and the closely related protein phosphatases (PPs) (43). In PPs, mutation of 
thiss residue to asparagine results in a value of pKa,2 that is 0.7 pH units lower than is 
foundd for the wild-type protein (44). Histidine 92 is known to have an important function 
inn the catalytic mechanism (45), but why its pKa should depend upon the identity of the 
divalentt metal ion is unclear. 

CoordinationCoordination of fluoride 
Thee hydroxide analogue fluoride is an uncompetitive inhibitor of phosphatase activity 

withh apparent pKa's of 4.5 and 5.5 for single polypeptide and proteolytically cleaved 
FeFe-recHPAP,, respectively (28). For FeZn-BSPAP, noncompetitive inhibition by fluoride 
wass observed above pKa,1; while below pKa,i only uncompetitive inhibition was observed 
(40).(40). As shown in Figure 6.5, fluoride inhibition of single polypeptide and proteolytically 
cleavedd FeZn-recHPAP is noncompetitive over the pH range studied (4-7). At higher pH, 

Figuree 6.5: Plots of the logarithm of the competitive inhibition constants for fluoride inhibition of single 
polypeptidee (A) and proteolytically cleaved (C) FeZn-recHPAP versus pH and of the uncompetitive inhibition 
constantss for fluoride inhibition of single polypeptide (B) and proteolytically cleaved (D) FeZn-recHPAP. 
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thee value of the competitive Ki increases more rapidly than the uncompetitive K„ A line 

withh a slope of approximately 1 can be f i t to a plot of the logarithm of the competit ive K> 

vs.. pH for both single polypeptide and proteolytically cleaved FeZn-recHPAP, suggesting 

thatt the protonated form of a group with pKa < 4 is necessary for competitive binding of 

fluoride.. This pKa might well correspond to deprotonation of a water molecule 

coordinatedd to the ferric ion. 

AA plot of the uncompetitive Kj for fluoride inhibition of both single polypeptide and 

proteolyticallyy cleaved FeZn-recHPAP vs. gives straight lines with slopes of 0 and 1, 

whichh intersect at approximately pH 5. In FeFe-recHPAP (28), the value of the K; for 

fluoridee inhibition correlates with pKa i. The values found for the uncompetitive Kj's 

correspondd very well to those found for BSPAP, for which no competitive element was 

observedd at pH<5.5 (40). 

MechanisticMechanistic implications 

Comparedd to the single polypeptide form of FeFe-recHPAP, the single polypeptide form 

off FeZn-recHPAP has substantially different characteristics, which are not greatly affected 

byy proteolysis. Although the EPR spectra of single polypeptide and proteolytically cleaved 

FeZn-recHPAPP are independent of pH, the visible spectra are pH dependent, with an 

apparentt pKa that is approximately equal to pKes,i- Because the bridging hydroxide is 

transs to the tyrosinate ligand, changes in its chemical environment are likely to have a 

significantt effect on Amax. 

Proteolyticc cleavage of single polypeptide FeFe-recHPAP has been shown to result in 

losss of the interaction between Asn91, a ligand to the Fe2+, and Asp l46 (25). Loss of this 

interactionn increases the effective positive charge on the Fe2+ in the proteolytically 

cleavedd form, making it a slightly stronger Lewis acid. Since Zn 2 + is a slightly stronger 

Lewiss acid than Fe2+ (pKa of the hexaaquo complex of Zn2 + is 9.6 versus 10.1 for Fe2+) 

(46),(46), the divalent sites of single polypeptide FeZn-recHPAP and proteolytically cleaved 

FeFe-recHPAPP should be comparable in Lewis acidity. Proteolytic cleavage of FeZn-

recHPAPP should further increase the Lewis acidity of the Zn 2 + ion, consistent with the 

observedd decrease in pKa,i upon proteolysis. The properties of single polypeptide and 

proteolyticallyy cleaved FeZn-recHPAP are therefore most sensitive to the characteristics 

off the divalent metal ion. The presence of an asymmetric bridging nucleophilic hydroxide 

boundd to the divalent site, as proposed based on a VIS/CD/MCD study (17), is in 

agreementt with the present results. Such a model may also explain the observed 

differencess in pKa and kcat for single polypeptide and proteolytically cleaved mammalian 

PAPss (28). 

Conclusions Conclusions 

Thee kinetics characteristics of the single polypeptide form of FeZn-recHPAP resemble 

thosee of proteolytically cleaved FeZn-recHPAP, while their EPR and visible spectra differ 

onlyy slightly. Replacing the Fe2+ ion in single polypeptide recHPAP by Zn2 + results in an 

enzymee with a 10-fold increase in specific activity and a higher optimal pH, due to a 1.5 

pHH unit shift in pKes,i- The properties of FeZn-recHPAP are in sharp contrast with the only 

reportedd pH optimum for a single polypeptide FeZn-PAP (8), suggesting that many earlier 
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spectroscopicc studies may have been performed on an inactive state of the enzyme. The 
kineticss characteristics of proteolytically cleaved FeZn-recHPAP closely resemble those of 
FeZn-BSPAP.. The differences between the single polypeptide and proteolytically cleaved 
formss of FeZn-recHPAP can be adequately explained by considering only the properties of 
thee divalent metal ion. 
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Abstract Abstract 

Proteolysiss of single polypeptide mammalian PAPs results in the loss of an interaction 
betweenn the loop residue Aspl46 and the active site residues Asn91 and/or His92. 
Althoughh His92 is known to contribute to the catalytic mechanism, its specific role is 
unknown.. Site directed mutagenesis of Asn91 and His92 was performed to examine the 
roless of these residues. Conversion of His92 into either Ala, which eliminates the 
interactionn of this residue with the active site, or Asn, which cannot function as a proton 
donorr but can provide hydrogen bonding interactions, resulted in enzymes with a more 
acidicc pH optimum and a pKM that can only be attributed to an Fe3+-hydroxide unit. The 
EPRR spectrum of the His92Ala mutant resembled that of wild-type mammalian PAPs 
abovee pKa2. The KM for the His92Asn mutant increased 15-30-fold and kcat increased 3-
fold.. Together these observations support a role of His92 in either nucleophile or 
substratee positioning rather than in acid or base catalysis. The effect of increasing the 
negativee charge on the divalent site was explored by mutating Asn91 into Asp; the 
observedd kinetics parameters of the mutant indicate that the ferrous ion contributes to 
thee value of pKa,i. The presence of a hydrogen bonding network between both metal 
ions,, Asn91, His92, the bridging hydroxide, and a solvent molecule coordinated 
terminallyy to Fe3+ could account for these observations. 
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Introduction Introduction 

Thee binuclear metalloenzyme purple acid phosphatase (PAP), which may be involved 
inn disorders such as osteoporosis (1, 2), Gaucher disease (J), hairy cell leukemia (4), 
AIDSS (5), and Alzheimer's disease (6), is widely distributed in mammalian tissues (7). In 
thesee disorders the expression level of PAP (also referred to as tartrate resistant acid 
phosphatasee (TRAP) or type 5 acid phosphatase (AcP5; EC 3.1.3.2)) is elevated, 
suggestingg a relationship between the increased levels of the enzyme and the clinical 
picture.. The presumed role of PAP makes it important to develop drugs devoted to the 
inhibitionn of PAP activity. In order to facilitate this process, the function of each residue 
involvedd in catalysis must be known in order to elucidate the precise catalytic 
mechanism. . 

Althoughh the available crystal structures of PAPs (8-11) provide structural information 
aboutt the residues involved, to date only structures of inactive redox and protonation 
statess of the enzymes have been determined. All structures show an active site 
composedd of two metal ions bridged by a solvent molecule and an aspartate residue. In 
addition,, the ferric ion is coordinated by a tyrosinate (giving a LMCT that is responsible 
forr the purple color), a histidine, and an aspartate residue. The site that is ferrous in the 
activee enzyme is coordinated by two histidine residues and an asparagine. The ligating 
residuess are conserved in several other phosphatases (12), including the closely related 
proteinn phosphatases (PPs). As shown by several crystal structures (13-17), however, 
thee PPs lack the tyrosinate coordinated to the ferric ion. Because of the similarity of their 
activee sites, the catalytic mechanisms of PAPs and PPs are believed to be similar (18). No 
systematicc studies that involve the metal coordinating residues have yet been performed 
inn PAPs, making it difficult to interpret the functions of the individual residues. Several 
site-directedd mutagenesis studies have been performed with PPs, however, which makes 
themm potentially valuable for the understanding of the PAP mechanism. 

Bothh the PAPs and the PPs contain a highly conserved histidine residue, His92 
(numberingg of the residues according to the human PAP sequence (19) will be used 
throughoutt the paper, although the numbering differs in PPs). His92 is one of three 
residuess proposed to be responsible for substrate binding, and it also appears to be 
involvedd in the catalytic cycle. The other two possible substrate-coordinating residues 
(basedd on X-ray structures) are Asn91, which is coordinated to the divalent metal site, 
andd Hisl95. Mutagenesis of Hisl95 to alanine in KBPAP resulted in a sharp decrease in 
activityy (20), while in PPs an Arg residue is found in place of Hisl95. In PPs and KBPAP, 
His922 is part of a histidine/aspartate pair, which with a solvent molecule could be 
analogouss to the catalytic aspartate/histidine/serine triad of serine proteases (21). A 
numberr of mutagenesis studies on this residue in PPs have been published. Initially, the 
losss of catalytic activity of the His92Ala and His92Ser mutants was interpreted as due to 
eitherr improper folding and decreased stability of the protein or complete loss of catalytic 
activityy (22). Subsequent studies by Rusnak and others revealed that at pH 7.8 the 
catalyticc activity of mutants of His92 was 150-1000 fold reduced, without a significant 
changee in KM (21, 23, 24). These findings suggested that His92 was not involved in 
substratee binding, but only in catalysis. His92 could therefore function as: (1) an active 
sitee nucleophile; (2) a general acid catalyst involved in leaving group protonation; or (3) 
aa general base that deprotonates a solvent molecule coordinated to iron (21). Because 
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directt transfer of the substrate to water is observed and kcat is independent of the pKa of 

thee leaving group, options (1) and (2) are highly unlikely. Isotope effect studies, 

however,, showed no clear evidence for option (3) . Moreover, the Asn mutant showed a 

basicc l imb in the pH opt imum that should not have been present {23). Thus, the precise 

rolee of His92 is still unclear. In other zinc and manganese enzymes (e.g. arginase and 

carbonicc anhydrase), a similar histidine is present, which has been proposed to act as a 

shutt lee that switches between an " i n " and "out" conformation to regenerate the metal-

boundd hydroxide (25). In principle, a similar role for this residue is possible in PAP. 

Examinationn of the structures of PAP from pig uterine fluids (Uf) and recombinant rat 

bonee PAP (recRPAP) reveals that sufficient space is available to rotate the His92 side 

chain.. Another possible role is the positioning of the nucleophilic hydroxide or substrate 

forr optimal in-line attack (18), a phenomenon known as orbital steering (26). 

Studiess on single polypeptide and proteolytically cleaved recHPAP suggested that 

His922 could interact with a residue, Aspl46, present in a loop in the vicinity of the active 

site.. Asp l46 could also hydrogen bond to Asn91, a ligand to the ferrous ion (27). 

Mutagenesiss (28) and studies of the pH dependence (29) showed that the interaction 

betweenn Asp l46 and Asn91 is primarily responsible for the observed differences between 

singlee polypeptide and proteolytically cleaved mammalian PAPs. As mentioned earlier, 

Asn911 could also be involved in substrate binding. In the crystal structures of mammalian 

PAPss with bound phosphate (8, 10), the distance between the asparagine amido 

hydrogenn and the phosphate oxygen is 1.75 A. Mutation of Asn91 in PPs to aspartate or 

alaninee reduced kcat significantly, while KM was hardly affected (22, 30-32). These 

f indingss argue against a role in coordinating substrate. The pH optimum of the Asn91Asp 

mutantt was shifted a full pH unit down, while the Asn91Ala mutant lost the basic limb of 

itss pH profile (22). The observed increase in activity of the N91A mutant at higher pH 

wass attr ibuted to increasing solvent hydroxide concentration generated by the solvent, 

ratherr than to the action of the metal ions. 

Too study the interaction between Aspl46 and the residues Asn91 and His92, we 

preparedd mutants of the two latter residues and characterized their kinetics and 

spectroscopicc properties. The kinetics parameters of the Asn91Asp mutant are consistent 

wi thh involvement of the divalent site in catalysis. The characteristics of the His92Asn and 

His92Alaa mutants suggest an important role for this residue in positioning of the 

substratee or the nucleophile. They do not, however, support the proposal that His92 is 

involvedd in the catalytic process either as a proton donor for the leaving group or as a 

basee that regenerates the nucleophilic hydroxide. 

ExperimentalExperimental  procedures 

GeneralGeneral procedures 
Enzymee concentrations were determined by measuring the absorbance of the Tyr"- to-

Fe3++ charge transfer at Amax (510-550 n m ; £=4080 M ' W 1 ) on a Cary 50 or HP8452A 

photodiodee array spectrophotometer. 
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GenerationGeneration of mutant proteins 

RecRPAPP mutant enzymes were prepared as previously described with the QuickChange™ 

Site-Directedd Mutagenesis Kit (Stratgene, USA) (28). Primers used for specific mutations 

weree as follows: 

N91A,, 5 ' - GTACGTGCTGGCTGGAGCCCATGATCACCTTGGC - 3 ' ; 

N91D,, 5 ' - GATCGTGCTGGCTGGAGACCATGATCACCTTGGC - 3 ' ; 

H92A,, 5 ' - CTGGCTGGAAACGCTGATCACCTTGGC - 3 ' ; 

H92N,, 5 ' - GGCTGGAAACAATGATCACCTTG - 3 ' . 

Thee underlined bases indicate changes compared to the wild-type sequence. 

Recombinantt baculovirus stocks containing regions coding for the N91D, N91A, H92N, 

andd H92A mutants were used to infect High 5 cells cultured in 500-1000 ml Excel 405™ 

SFMM at ; the cell density was 0.7-0.9x 106 cells/ml, and a low MOI (0.001-0.01) was 

used.. After 5 days the cells were removed by centrifugation (10,000xg), and the enzyme 

wass purified from the medium as previously described (28). 

KineticsKinetics measurements 

Thee pH dependence of H92N and H92A was measured in 100 mM buffer (Na-acetate, 

MESS and HEPES), 300 mM KCI, 10 mM Na-K tartrate, 6.7 mM Na-ascorbate, 0.37 mM 

Fe(NH4)2(S04)2,, and substrate concentrations between 1 and 100 mM p-NPP as 

previouslyy described (28). After each assay, the pH of the reaction mixture was 

measuredd to ensure that it had not changed. Values of KM and Vmax were obtained by 

f i t t ingg the data to the Michaelis-Menten equation using the program Leonora (Athel-

Cornishh Bowden, version 1, 1994). 

Thee pH opt imum of the N91D mutant was measured at a fixed substrate concentration 

(500 mM p-NPP) in the presence of 10 mM ascorbic acid and 1 mM Fe(NH4)2(S04)2. All 

otherr kinetics measurements of this mutant were performed in the presence of this 

higherr amount of reducing agent. 

ElectronElectron paramagnetic resonance (EPR) spectroscopy 

Sampless were prepared in a buffer of the appropriate pH (100 mM Na-acetate, MES, 

HEPES;; 0.45 M KCI, 20 % glycerol (v /v ) ) , and frozen in liquid N2. X-band EPR spectra 

(9.433 GHz) were obtained on a Bruker ECS106 EPR spectrometer equipped with an 

Oxfordd Instruments ESR900 helium-flow cryostat with an ITC4 temperature controller. 

Thee magnetic field was calibrated with an AEG Magnetic Field Meter, and the frequency 

wass measured with a HP 5350B Microwave Frequency Counter. After recording the 

spectrum,, the sample was thawed and buffer exchanged into a buffer with the 

appropriatee pH by repetitive concentration/dilution using a Microcon (30 kDa cut-off). 

Thee N91D mutant enzyme was prepared under an N2 atmosphere in a degassed buffer 

mix.. After recording the spectrum, the frozen sample was made anaerobic by repetitive 

vacuum/argonn flushing and thawed in an N2 tentt for buffer exchange. Complete buffer 

exchangee during the complete EPR experiment took several hours. 
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Results Results 

Productionn of single polypeptide mutant recRPAP (N91D, N91A, H92N, and H92A) in 1 

II shaking flask cultures resulted in good yields of the N91D, H92N, and H92A mutant 

enzymes.. In contrast, the amount of N91A-recRPAP in the culture broth after 6 days post 

infectionn was very low. Purification of the mutant enzymes gave protein samples with 

AAmax/A28oo values of 17 -21 , and a single band with small impurities (~5%) was observed 

Figuree 7 . 1 : Vob5 versus pH for single polypept ide 
N91D-recHPAPP at 50 mM p-NPP and . The line 
representss fits of the data to the rapid equi l ibr ium 

•|gg _ j diprot ic model . The kinetics data obta ined f r om f i ts of 
Vobss versus pH are presented in the Table 

100 -

55 -

oo - L 

PHo, , PK« « pKe i i k „ tt (s•') KM (mM) 

RecRPAP'' ' 

N91D" " 

5.5 5 

5.44 (0.1) 
( "" Obtained from a fit of V 
'•'' from (28) 

4.5 5 

5 .1 (0 .2) ) 

6.6 6 

5.7(0.2) ) 

240 0 

7.5(0.2) ) 
,, (50 mM p-NPP) as a function of pH. 

4.5 5 

6.44 (0.9) 

forr each mutant in SDS-PAGE gels stained with Coomassie brilliant blue. The amounts of 

N91AA mutant enzyme obtained were insufficient for kinetics or spectroscopic studies, due 

too further loss of the enzyme during purification. The N91D mutant was difficult to obtain 

inn a reduced form. The enzyme sample was therefore prior to use reduced with 2.5 mM 

Fe(NH4)2(S04)22 and 25 mM ascorbic acid in an anaerobic tent and eluted over a 

Sephadexx G-50 size exclusion column and kept under anaerobic conditions. EPR 

experimentss on the N91D mutant were performed under anaerobic conditions, and the 

amountt of reducing agent in the buffer assay solution was increased for kinetics 

experiments. . 

KineticsKinetics characteristics 

Inn order to examine the pH dependence of the single polypeptide mutants, the pH 

opt imumm was measured at a single substrate concentration (50 mM p-NPP) for all 

mutants.. The pH optima obtained with this procedure differ slightly from the actual pH 

optimaa (as determined from a plot of kcat versus pH), due to non-saturating substrate 

conditionss at higher pH's. 
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Figuree 7.2: Plots of kca, and KM versus pH for single polypept ide H92A-recHPAP (upper panel) and H92N-
recRPAPP ( lower panel) at . The lines represents f i ts of the data to the rapid equi l ibr ium diprot ic model . 
Thee kinetics data obtained f rom fits of kca,,obs versus pH are presented in the Table 
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RecRPAP1 ' ' 

H92N(a> > 

H92A ( a l l 

PH0, , pKef f pK„ „ 

5.5 5 

4.44 (0.1) 

3.88 (0.1) 

4.5 5 

3 .2(0 .1) ) 

2.66 (0.2) 

.. (s-1) 

6.6 6 

5.66 (0.1) 

5 .2(0 .2) ) 

240 0 

7600 (51) 

211 (1.7) 

K„„ (mM) 

4.5 5 

23 3 

35 5 
k[att is defined as the number of substrate molecules hydrolyzed per enzyme molecule per second; pKeSj, and pKe, 
deprotonation/protonationn events of a group of the enzyme-substrate complex. 
!a'' Obtained from a fit of kcac as a function of pH 
<"'' from (28) 

Ass shown in Figure 7.1, the N91D mutant enzyme has a Gaussian pH optimum near 
pHH 5.4, with pKa,app values of 5.1 and 5.7. The specific activity of the N91D mutant is only 
5%% that of wild-type recRPAP (12.5 versus 240 s"1), although KM is unchanged (Figure 
7.1).. The low value of KM indicates that below the pH optimum saturating substrate 
concentrationss were present. The V versus pH plot was analyzed according to the rapid 
equilibriumm diprotic model (33) to give the values of pKa presented in Table 1. Proteolytic 
cleavagee of N91D-recRPAP with trypsin did not change the turnover number, but pKM 

shiftedd to lower pH (3.9 versus 5.1). In addition, pKa,2 increased by almost a full pH unit 
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uponn cleavage, from 5.7 to 6.6. No change in pH opt imum or KM was observed (not 

shown). . 

Inn contrast to the N91D mutant, mutation of His92 into Ala resulted in a sharp 

increasee in the KM value at the optimal pH, to approximately 30 mM. In order to define 

thee pH opt imum more accurately, kcat was measured as a function of pH (Figure 7.2). The 

kcatt versus pH plot showed a broad optimum at pH 3.8 with pKes values of 2.6 and 5.2. 

Becausee of the low activity, incubation times during the assay were increased, but even 

att the lowest pH the enzyme was stable over th e t ime range measured. Although the kcat 

valuess have rather small errors, the plot of KM versus pH suffers from very large error 

barss at each pH. Apparently KM parallels the behavior of kcat as a function of pH, rather 

thann simply increasing with increasing pH. The maximum activity at pH 3.8 is 21 s"1, less 

thann 10% that of wild-type enzyme, while KM is 15-30-fold larger. 

Thee H92N mutant shows an optimum at pH 4.4, with pKes values of 3.2 and 5.6 

(Figuree 7.2) and a turnover number of approximately 760 s"1, three times that of the 

wi ld- typee recRPAP. KM increases with increasing pH, and is about 10-15 t imes larger than 

thatt of the wild-type at its optimal pH. Upon tryptic cleavage, the pH optimum shifts to 

5.66 with pKa values of 3.7 and approximately 7.5 and a fitted kcat of approximately 470 s" 
11 is found. The value of KM is almost constant at the pH optimum (not shown). 

SpectroscopicSpectroscopic characteristics 

Thee EPR spectrum of single polypeptide N91D-recRPAP at pH 6.5 shows several 

g a v=1.744 species (Figure 7.3). Simulation of the spectra shows that the signal could be a 

superpositionn of two spectra with features at gxy2=1.65, 1.74, 1.93 and gx y z=1.58, 1.73, 

1.866 respectively with the latter being the major species. Upon decreasing the pH to 4.3, 

thee intensity of the signal decreases with a slight relative increase in the intensity of the 

Figuree 7.3: EPR spectra of N91D-recHPAP at 
differentt pH's. EPR conditions: microwave 
frequency,, 9.423 GHz; modulation, 12.7 G at 100 
kHz,, temperature 4.5-5.5 K. All spectra were 
normalizedd for gain, temperature, and power. 
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Figuree 7.4: EPR spectra of H92A-recRPAP at different 
pH's.. EPR conditions: microwave power 2 mW; 
microwavee frequency, 9.423 GHz; modulation, 12.7 G 
att 100 kHz; temperature, 4.5-5.5 K. All spectra were 
normalizedd for gain, temperature, and protein 
concentration. . 

Figuree 7.5: EPR spectra of H92N-recRPAP at different 
pH's.. EPR conditions: microwave frequency, 9.423 
GHz;; modulation, 12.7 G at 100 kHz; temperature, 
4.5-5.77 K. All spectra were normalized for gain, 
temperature,, power, and protein concentration. The 
spectrumm in the lower panel of the Figure is a 5-fold 
enlargementt of the pH 2.7 spectrum. 
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g z =1.58,, 1.73, 1.86 species. The observed decrease in intensity could be either an 

intrinsicc pH dependence or the result of some loss of protein at lower pH. At all pH's, the 

largestt contribution originated f rom species between g=4.3 and 8 (not shown), and the 

ga v=1.744 signal was due to a small fraction of the protein (~20-30%). Integration of the 

spectraa showed that at pH 5.3 the spin concentration was approximately 4 0 % of that 

foundd at pH 6.5. The presence of high spin Fe3+ species was not due to oxidation by 

oxygen,, because the enzyme was kept under strictly anaerobic conditions after reduction 

andd during all EPR experiments. Before thawing, the frozen samples were also made 

anaerobicc by flushing with argon. 

Thee EPR spectrum of the H92A mutant shows the presence of a single species at its pH 

opt imumm (Figure 7.4), with apparent g-values of gxyz=1.58, 1.73, 1.96. Measuring the 

spectrumm at pH < p K e M was not possible, due to the instability of the mutant enzyme 

uponn prolonged incubation at this pH during buffer exchange. Increasing the pH to pH > 

pKes22 gave no change in the EPR spectrum. Thus, a single EPR detectable species is 

presentt over the pH range 3.7-6.5. The intensity of this species is reduced at pH 4.1 and 

3.77 f rom ~0.5-0.7 to ~0.1-0.15 spins per molecule, suggesting a correlation with the 

protonationn of a catalytically important residue. In the visible spectra only small shifts in 

Amaxx are observed: at pH 3.7 Amax is 504 nm vs. 508 nm at pH 6.5. 

Thee EPR spectrum of the H92N mutant at pH 6.5 shows apparent g-values at 1.96, 

1.85,, 1.71, 1.60, and 1.41 (Figure 7.5), indicating the presence of several species. 

Simulationn of the spectra suggests that two main species are present, with gx y z=1.57, 

1.70,, 1.85, and g x y z =1 .41 , 1.60, 1.74, respectively. A weak feature with gx y z=1.93, 1.74, 

1.655 could also be present. Decreasing the pH to 2.7 causes the intensity of the 

g x y z =1 .41 ,, 1.60, 1.74 species to increase relative to that of the gxyz=1.57, 1.70, 1.85 

species.. At pH < pKa/1 (2 .7) , the total intensity of the spectrum decreased from ~0.5 

spinss per molecule to <0.05 spins. Together with the loss of signal intensity at ga v=1.74, 

ann increase in the intensity of the signal due to high-spin Fe3+ species was observed, 

f romm ~ l - 2 % to ~ 4 5 % of the total signal intensity, respectively. A shift of Amax to higher 

wavelengthh that parallels the loss of signal intensity in the EPR spectrum was observed: 

Amaxx of the H92N mutant shifted from 530 nm at pH 6.5 and pH 4.4 to 560 nm at pH 2.7. 

Increasingg the pH of the sample to pH 6.5 restored the original Amax of 530 nm. 

Discussion Discussion 

Too date, no site-directed mutagenesis (SDM) studies of active site residues of PAP 

havee been published. However, several studies have appeared on the closely related PPs 

{12),{12), in which all active site residues have been mutated [21-24, 30-32, 34). In most of 

thesee studies, the kinetics parameters were determined under only one set of conditions, 

whichh did not result in a clear understanding of the function of these residues. A few 

studies,, mostly performed by the Rusnak group, have given more detailed insight in the 

rolee of several active site residues (21-23). Two of these residues, Asn91 and His92, are 

proposedd to be involved in proteolytic activation of mammalian FeFe-PAPs. The 

interactionn of these two residues with Asp l46 in the exposed loop reduces the catalytic 

activityy and shifts pKa, i , which is the pKa of the metal coordinated nucleophilic residue 
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{29),{29), to lower values (28). Both the Asp l46 coordinating residues have been mutated to 

elucidatee their role in the catalytic process. 

Mutationn of Asn91 to Asp in APP reduced the catalytic activity significantly without 

affectingg KM. Although a stoichiometry of 1.6 [Mn2 + ] / [prote in] was found, the low 

temperaturee EPR spectrum of this Mn2+Mn2+ APP mutant, which probes the high affinity 

metall site (divalent site in PAP), showed a dramatic change in line shape, indicating large 

differencess in the ligand field. At higher temperature, where the signal due to the spin-

coupledd [(Mn2 +)2 ] cluster dominates, the spectrum of N91D-APP is quite similar to that of 

thee wild-type enzyme, suggesting that the parameters of the [(Mn2 +)2 ] unit are quite 

similarr to those in the wild-type system (32). In PP1, mutation of Asn91 to Asp resulted 

inn a 5-fold reduction in kcat. No significant change in KM with phosphorylase a as substrate 

wass observed, but the mutant was devoid of activity towards p-NPP. The pH opt imum of 

N91D-PP11 was shifted a full pH unit to lower values (6.5 versus 7.5) (22). For N91D-

recRPAP,, no shift in pH opt imum was observed; both the wild-type and the mutant 

enzymee have an opt imum around pH 5.5. The difference in activity is, however, 

significant;; kcat for the mutant is only 3% that of the wild-type enzyme. The KM value was 

nott affected by the mutat ion, which suggests that Asn91 is not involved in substrate 

binding,, as has been proposed due to the short distance (1.75 A in the Uf structure) 

betweenn the amido hydrogen of Asn and the phosphate oxygen (10). Mutation to a 

negativelyy charged carboxylate would be expected to decrease the affinity for phosphate 

oxygenn and therefore increase KM. Furthermore, mutation of Asn91 to Asp should partly 

neutralizee the positive charge of the ferrous ion, decreasing the Lewis acidity of the 

ferrouss ion, and increase the pKa of a coordinated solvent molecule to higher pH. The 

valuee of pKa,i of the N91D mutant has increased from 4.5 for the wild-type enzyme to 

5.11 for the mutant protein, and kcat is significantly reduced, in agreement with the effects 

off mutation discussed above. These results support the proposal that the nucleophilic 

hydroxidee is coordinated to the divalent site (29, 35). However, EPR spectroscopy shows 

thatt the spectrum of a sample of the mutant prepared anaerobically consists of more 

thann 70 % of high spin Fe3+ species; only a minor fraction can be assigned to the mixed-

valentt Fe3+Fe2+ unit. A possible explanation for the decrease in intensity of the EPR signal 

off the unpaired spin and the increase of the intensity of high spin ferric ion species is the 

losss of the Fe2+ leading to an unstable half-apo N91D-recRPAP. Some loss of protein was 

observed. . 

Thee second residue that could interact with Asp l46 is His92. Mertz et al. suggested 

thatt His92 in PPs is not required for protonation of the leaving group, because the same 

relativee kcat value was found for two substrates with different leaving group pKa's. 

Instead,, they suggested that His92 could function in concert with the nucleophilic water 

moleculee to either position a lone pair on the oxygen atom for opt imum in-line attack on 

thee phosphorus atom of the substrate or serve as a general base to take up a proton 

concomitantt with solvent nucleophilic attack (21). A subsequent isotope effect study of 

thee wild-type and H92N-APP showed that the increase in 1SN(V/K) and 180(V/K)br idge 

isotopee effects for the substrate p-NPP were analogous to those observed for protein 

tyrosinee phosphatases observed upon mutation of their general acid, but smaller in 

magnitude.. This study did not clearly answer the question of whether His92 functions as 

aa general base (23). 
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Forr recRPAP, the pH optima of both the H92N and H92A mutant are shifted 1-1.5 pH 

unitss to lower values due to a 1.5-2 pH unit shift in pKa 4 ; in addition pKa,2 decreased one 

pHH unit . The pH opt imum of H92N-APP shows more than a full pH unit decrease, together 

wi thh a significant increase in KM at low pH (23). The presence of a basic limb in the pH 

profilee of both H92N-recRPAP, H92N-APP {23), and H92A-recRPAP mutant shows that 

pKa,22 is not due to the (de)protonation of the imidazole group of this residue. The 15-30--

foldd increase in KM of H92A-recRPAP indicates that this residue is involved in coordination 

off the substrate in PAP, in contrast to the conclusions of a previous SDM study of APP 

(21).(21). A subsequent study of the pH dependence of kcat and KM showed that below pH 7 a 

largee difference is found between the wild-type and the H92N mutant. At pH above the 

pKaa of p-NPP, KM increases significantly, suggesting that the monoanion is the substrate 

andd that the dianion does not bind to the enzyme (23). An SDM study of PP1 could not 

detectt any activity from a His92Ala mutant (22), while mutation of His92 to Asn did not 

affectt the KM value very much (21, 23, 24). Mutation to a negatively charged glutamate 

inn calcineurin resulted in a 10-fold reduction in KM forp-NPP, while the KM for [P]-Rn-

peptidee was unaffected (21). For all these mutants, kcat was < 1 % of that of the wi ld-

typee enzyme. These values of catalytic activity contrast with the observed kcat values for 

H92AA and H92N-recRPAP. The almost 3-fold increase in kcat of the H92N mutant 

comparedd to the wild-type enzyme is especially surprising. The shift of pKa,i to lower pH 

uponn mutation of His92 into Ala and the increase in kcat for the H92N mutant strongly 

suggestt that the interaction of the positively charged His92 imidazole group with the 

nucleophilicc solvent molecule increases the p K a l of the nucleophile, but has no effect on 

itss nucleophilicity. Thus, His92 has no direct function in the catalytic cycle, such as 

regenerationn of the nucleophile as has been proposed for metal-containing enzymes such 

ass arginase or carbonic anhydrase (25), or as an acid or base catalyst. His92 does, 

however,, play a major role in substrate coordination. 

Thee EPR spectrum of H92A-recRPAP shows a single species that resembles those 

observedd above pKa,2 in the EPR spectra of recHPAP (29) and recRPAP (E.G. Funhoff, G. 

Andersson,, B.A. Averil l , unpublished results) over the pH range 4 to 8. The intensity of 

thiss species is reduced at pH 3.7 and 4.1 compared to the spectrum at pH 6.5, which 

couldd suggest a correlation with pKa,2. Apparently, His92 is capable of interacting with the 

metall site in PAP, even though it is positioned 4.5-5 A" away from both metals, as 

observedd in the X-ray structures of PAP (8-10) and PP (13-17). The structures of 

uncomplexedd PP1 (14) and calcineurin (13) show that His92 does, however, interact with 

thee metals via two solvent molecules in the active site. Thus, it could well be that in the 

wi ld- typee enzyme a change in the position of His92 at pH > pKa,2 is responsible for the 

observedd shift in the gz feature of the EPR spectrum (from 1.94 to 1.97) and the loss of 

act ivi tyy (29). Although His92 is apparently not directly involved in the catalytic process, it 

orr another hydrogen bonding residue is apparently crucial for the catalytic process. 

Thee presence of this residue influences the pKa of the nucleophilic group as mentioned 

before.. Subtle changes in its position, due to, e.g., proteolytic cleavage (27, 28), leading 

too loss of an Aspl46-His92 interaction via a hydrogen bonding network of water 

molecules,, could affect the orientation of the imidazole group of His92 in such a way that 

thiss residue positions either the nucleophilic hydroxide solvent molecule or the substrate 

betterr for optimal nucleophilic attack (18). This mechanism is analogous to "orbital 

s teer ing"" (26, 36), a phenomenon that explains differences in catalytic efficiency due to 
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smalll structural perturbations in enzymes. For example, in the Mg2+-containing enzyme 
isocitratee dehydrogenase, the activity is significantly decreased by substituting Mg2+ for 
Ca2+,, but not Cd2+, even though both metals are considered to be "hard" Lewis acids and 
havee a larger cation radius (0.65 for Mg2+ versus 0.99 for Ca2+ and Cd2+). The activity of 
thee Cd2+ substituted enzyme is equal to that of the wild-type dehydrogenase, even 
thoughh the radius of the metal has increased significantly. The difference between these 
metalss is that Ca2+ prefers to be 7- or 8-coordinate, while Cd2+ prefers 6-coordinate 
octahedrall coordination. Consequently, in the crystal structure of the Ca2+-substituted 
enzyme,, the metal-coordinated water molecules occupy different positions, resulting in a 
sharpp reduction in activity (37). In arginine kinase, a histidine residue was expected to 
bee involved in acid/base catalysis (38), but this was not supported by mutagenesis 
studiess (39). An X-ray structure of arginine kinase in the presence of transition state 
analogous,, however, showed that the only role of this analogues His was to bring the 
substratee into close proximity with the other reacting groups (40), in other words orbital 
steering.. An analogous role of His92 in PAP could well be responsible for the observed 
differences. . 

Thee results show that pKa,2 is not due to deprotonation of His92, but the identity of the 
groupp involved is unknown. The group responsible for pKa;i is a metal-bound nucleophilic 
solventt molecule (29, 41). However, the identity of the water/hydroxide is unknown: 
possibilitiess include a terminally coordinated Fe3+ or Fe2+ hydroxide, a bridging hydroxide 
ion,, or a second coordination sphere hydroxide (42). It is assumed that PAPs and PPs 
catalyzee the hydrolysis reaction via the same reaction path (18): hence, the groups 
responsiblee for pKa,i and pKa,2 are identical in the two clusters of enzymes. The observed 
pKMM values for PAP are 4.5 for wild-type single polypeptide, 5.5 for proteolytically 
cleavedd (27, 28), and 2.6 for H92A single polypeptide mutants. Based on the pKa values 
off the hexaaquo complexes of metal ions (43, 44), it is almost impossible to attribute a 
pKa,ii of 2.6 (H92A) or 3.2 (H92N) to a water group coordinated to a divalent metal ion. 
Thus,, the most plausible assumption is that a solvent molecule coordinated terminally to 
thee trivalent ion coordinated is involved. This is supported by the pH optimum of APPs, 

Figuree 7.6: Active site structure of calcineurin (2.1 A resolution) showing the hydrogen bonding network 
betweenn the divalent metal (II), trivalent metal ( I I I ) , Asn91, and His92. The distances between the 
residuess and solvent molecules are given in A. The figure was generated using the program Rasmol with 
thee coordinates of 1AUI. 
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whichh is 8.3, with a pKa j l of 7.7 (23). However, the tr ivalent site in these PPs is occupied 

byy a loosely bound divalent Mn2+ ion (14, 45), whose hexaaquo complex has a pKa of 

10.7,, several pH units higher than the pKa of the hexaaquo complex of Fe3+, which is 2.2. 

Thiss difference nicely explains the higher pH opt imum of these phosphatases vs. the 

earlierr proposal that the substrate coordinating residues, arginines in PPs versus His in 

PAPs,, are responsible for the higher pH opt imum (46). Arguments against a terminal 

tr ivalentt coordinated nucleophile are: (1) metal substitution of the trivalent metal site 

hass no effect on kinetics properties, while substitution of the divalent site results in 

significantt changes (35, 47, 48); and (2) fluoride is capable of replacing the nucleophile if 

protonatedd (29), but the NMR spectrum of the enzyme-fluoride complex disappears 

beloww pKa, i , suggesting a significant change in the super-exchange interaction between 

thee two iron ions, which is only possible if the bridging hydroxide/water has been 

replacedd (49). The presence of a hydrogen bonding network (Figure 7.6), observed in 

calcineurinn (13) and partly in uteroferrin (10), between the ferrous ion, the bridging 

hydroxide,, Asn91, His92, and the terminal Fe3+ coordinated solvent molecule could 

accountt for these contradictions. In general, the results are in favor of a model in which 

thee nucleophilic hydroxide is that coordinated to the ferric ion, which is optimally tuned 

byy positioning of the substrate by His92 and by the contribution of the bridging hydroxide 

(whichh is affected by the divalent site). 

Too obtain insight into the (transition state) structure of PAP, it is of utmost importance 

too obtain high-resolution crystal structures of a mammalian PAP in a redox and pH active 

statee in the presence and absence of a substrate analogues, such as AMP, in combination 

withh a method to visualize the solvent molecules, such as ENDOR. 
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Summary Summary 

AA detailed understanding of the catalytic mechanism of purple acid phosphatase is of 

majorr importance, because new insights into the physiological role of this enzyme 

indicatee that it plays a role in diseases such as: Gaucher disease, hairy cell leukemia, 

Pagetss disease, AIDS, osteoporosis, and Alzheimer's disease. More generally, PAP 

appearss to be an important factor in bone, immune, and inflammatory diseases. During 

thesee illnesses, the level of PAP expression in various tissues is elevated, suggesting a 

correlationn between the presence of PAP and the clinical symptoms. A viable approach to 

thee treatment of these diseases could be the development of very specific inhibitors 

againstt PAP, which could provide new leads for future drugs. This knowledge is important 

nott only for the understanding of the catalytic mechanism of PAP, but also for the closely 

relatedd protein phosphatases, which have a very similar active site. The protein 

phosphatasess are involved in a wide variety of processes, such as the control of T-cell 

activationn and the transition from intermediate-term to long-term memory. In a broader 

perspective,, the results described in this thesis could provide new insights into the 

catalyticc mechanism of enzymes such as arginase, urease, and aminopeptidase, which 

containn binuclear Ni and Zn centers. 

Chapte rr  1 gives a short overview of the main members of the phosphatase family, 

includingg several non-metal-containing and metal-containing phosphatases. The major 

emphasiss in this chapter is on the molecular, kinetics, and spectroscopic properties of 

PAPss and PPs, as well as their physiological roles. Based on results from a number of 

laboratories,, several catalytic mechanisms have been proposed for these enzymes in 

recentt years. These mechanisms and their shortcomings are discussed in the final section 

off Chapter 1. 

Recently,, the focus of attention in PAP research has turned to the in vivo localization 

off PAP. In the eighties and nineties, the spectroscopic and kinetics properties of the 

enzymess in the presence or absence of non-specific inhibitors were studied, but the 

medicall relevance of the information obtained was not clear. The best studied PAPs are 

thosee isolated from cow spleens (BSPAP) and from the uterine fluids of pigs (Uf). BSPAP 

iss purified as a protein consisting of two fragments of 16 and 20 kDa, respectively, while 

Uff is isolated as a single polypeptide of 36 kDa. The kinetics and spectroscopic properties 

off these proteins, which have an 80-90% sequence homology and identical active site 

residues,, differ significantly. As a result, it was difficult to determine the intrinsic 

parameterss of both forms of PAP, and the occurrence of the so-called "high salt" and "low 

salt"" forms of BSPAP made this even more difficult. Defining the correlation between 

specificc activity and proteolytic cleavage provided the basis for the study presented in 

Chapte rr  2. Controlled proteolysis of single polypeptide recombinant human PAP with 

trypsinn not only resulted in an increase in turnover number, but also in a shift in the pH 

opt imumm due to a full pH unit shift in pKa,i. Moreover, proteolysis converts the EPR 

spectrumm at pH 5 of single polypeptide recHPAP, which resembles that of Uf, into one 

thatt resembles that of BSPAP. Mass spectrometry in combination with N- and C-terminal 

sequencee analysis revealed that three residues of an exposed loop region (residues 158-

160)) near the active site were removed by trypsin. These results suggest that the loss of 

thee interaction between (a) residue(s) of this loop and the active site is responsible for 

thee differences between single polypeptide and proteolytically cleaved mammalian PAPs. 
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Becausee the secondary structure of the different forms of recHPAP did not change 
significantlyy upon proteolysis as determined by CD spectroscopy, the observed 
differencess in kinetics and spectroscopic properties could not be attributed to large 
changess in the protein structure. 

Severall crystal structures of mammalian PAPs have now been published, and these 
suggestedd a possible molecular basis for proteolytic activation. This hypothesis was 
exploredd in Chapte r 3. The only loop residue that can directly interact with the active 
site,, via asparagine 91 or histidine 92, is aspartate 146. Mutation of this residue in 
recombinantt rat bone PAP (recRPAP) to asparagine (less negatively charged), glutamate 
(longerr amino acid side chain), or alanine (which completely abolishes the interaction) 
confirmedd the hypothesis that the interaction between this residue and the active site is 
responsiblee for the reported differences in mammalian PAPs. The properties of the single 
polypeptidee form of the alanine mutant closely resembled those of proteolytically cleaved 
PAPs.. The asparagine and glutamine mutants affected the characteristics of the binuclear 
site,, but did not show which metal ion in the binuclear site is most affected by the loss of 
aspartatee 146. Two results, however, suggest that the effects of proteolysis are due to 
changingg interactions at the ferrous site: (1) the EPR spectra (at pH 5) of the single 
polypeptidee and proteolytically cleaved form of FeZn-recRPAP did not change upon 
proteolysis;; and (2) the specific activity of the mutants was further increased 
(approximatelyy 2-4 fold) upon proteolysis by cathepsin L, probably due to the loss of a 
hydrogenn bonding water network between the loop and the active site. These 
observationss do not support the proposal that the terminal ferric ion bound hydroxide ion 
functionss as the nucleophile; a possible alternative candidate for the nucleophilic 
hydroxidee is the hydroxide that bridges the two metals. 

Becausee pKa/1, the pKa of the proposed nucleophile, shifted a full pH unit upon 
proteolysis,, the pH dependence of the kinetics and EPR and visible spectra of single 
polypeptidee and proteolytically cleaved recHPAP were systematically examined in 
Chapte rr  4. This study showed that pKa<1 could be detected by EPR spectroscopy. More 
importantly,, however, it provided the first evidence that phosphate does not coordinate 
too the binuclear center of single polypeptide recHPAP under catalytically active 
conditions.. Because phosphate is a substrate analogue, this result was rather surprising, 
inn that it suggested that the substrate does not bind to the binuclear site either. This 
behaviorr was observed only for the single polypeptide form, in proteolytically cleaved 
recHPAPP phosphate appears to coordinate in a monodentate fashion to the ferrous ion. 
Thee difference in ligand binding properties could provide a basis for the observed 
differencess in kinetics between single polypeptide and proteolytically cleaved mammalian 
PAPs.. Fluoride, a hydroxide analogue, did not replace the nucleophilic hydroxide ion at pH 
>> pKa,!, but at pH < pKa,i, where the nucleophilic hydroxide is protonated, formation of 
ann enzyme-fluoride complex was observed. Thus, coordinated water can be replaced by 
fluoride,, but hydroxide cannot. These results confirmed the longstanding hypothesis that 
pKa,ii is due to deprotonation of a metal-bound nucleophilic hydroxide. 

Thee NMR study of single polypeptide recHPAP described in Chapte r 5 complements 
thee observations obtained from kinetics and EPR and visible spectroscopy. No shifts in 
thee paramagnetically shifted NMR resonances of the native enzyme were observed in the 
presencee of fluoride or phosphate above pKa4. Below pKa,i, addition of fluoride 
completelyy abolished the NMR spectrum, supporting the proposal that fluoride replaces 
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thee bridging solvent molecule. Addition of phosphate shifted the signals to higher field, 

suggestingg that phosphate coordinates either in a bridging or in a monodentate fashion 

wi thoutt replacing the bridging hydroxide. The studies presented in Chapters 4 and 5 

couldd not explain formation of a ternary enzyme-fluoride-phosphate complex at a 

catalyticallyy active pH in both the single polypeptide and proteolytically cleaved forms. 

Proteolyticc cleavage presumably results in the loss of an interaction between aspartate 

1466 and a residue coordinated to the divalent ion (chapter 3) To gain more insight in the 

characteristicss of the divalent site, the single polypeptide and proteolytically cleaved 

formss of FeZn-recHPAP were studied in Chapte r 6. Earlier kinetics measurements on 

FeZn-recRPAPP suggested that single polypeptide and proteolytically cleaved FeZn-

recRPAPP had almost identical values of kcat. For single polypeptide FeZn-recHPAP a pH 

opt imumm of 6.3 was found which is the same value observed for the proteolytically 

cleavedd FeZn-form, kcat for both forms is similar. Cleavage with trypsin shifted pKa,i to 

lowerr values, in opposite direction as found for FeFe-recHPAP, while pKa 2 shifted to 

higherr values, as found for FeFe-recHPAP. The changes in the kinetics parameters were 

explainedd with the assumption that only the zinc site is relevant in the catalytic 

mechanism. . 

Thee characterization of histidine 92 and asparagine 91 mutants described in Chapte r 

77 questioned the conclusion f rom previous studies that the divalent site is affected upon 

proteolysis.. Asparagine 1 and histidine 92 were mutated to asparagine and alanine and 

too aspartate and alanine, respectively. The Asn91Asp mutant showed that a negatively 

chargedd residue at the ferrous site, which should decrease the Lewis acidity of the 

ferrouss ion, shifted pKa,i to higher pH and reduced the turnover number, in agreement 

withh the ferrous ion playing a predominant role in the kinetics. However, the analysis of 

thee His mutants suggested that pKa,i should be assigned to the trivalent site, since the 

p K a ll of both the His92Asn and His92Ala mutants was in the range 2.6-3.2 (hexaaquo 

Fe3+,, pKa 2.2). Mutation of histidine 92 to alanine, which removes the interaction with 

thiss residue, reduced the turnover number 10-fold and increased KM 15-30-fold. For the 

His92Asnn mutant , a 3-fold increase in activity was found. The presence of a basic limb in 

thee pH profile of the His92Ala and His92Asn mutants showed that pKa,2 is not connected 

too deprotonation of histidine 92. EPR spectra of the His92Ala mutant over the pH range 

3.7-66 showed only one species, which was identical to the major species in the EPR 

spectrumm of native FeFe-recRPAP above pKa,2- These findings suggest that histidine 92, 

whichh is located 4.5 A away from the binuclear site, interacts with the metal ions under 

catalyticallyy active conditions. This residue is apparently critical in the catalytic cycle of 

PAP,, and may be involved in correct coordination of the substrate and/or nucleophile. 

Inn general, the kinetics and spectroscopic differences between single polypeptide and 

proteolyticallyy cleaved mammalian PAPs provided more insight in the catalytic 

mechanismm of PAP. Especially noteworthy are the results on the role of a conserved 

histidine,, which is also present in protein phosphatases, which strengthen the assumption 

thatt both enzymes share a similar catalytic cycle. The results provide a strong basis for 

futuree developments in the field of drug design against clinical disorders in which PAP 

couldd be involved. 

140 0 



Summar y y 

Outlook Outlook 

AA number of areas directly or indirectly connected to the catalytic mechanism and/or 
regulationn of PAP in vivo or in vitro are unexplored. The recent publication of several 
crystall structures of mammalian PAPs did not give more insight into these issues, 
becausee the enzymes were crystallized under catalytically inactive conditions (pH or 
redox).. The ultimate goal in mechanistic studies is to use a combination of 
spectroscopies,, kinetics and crystal structures to elucidate the catalytic mechanism. 
Althoughh many kinetics and spectroscopic studies have been performed, good crystal 
structuress are lacking. Thus, a systematic study based on high-resolution crystal 
structuress of PAP as a function of pH and/or redox state and in the presence and/or 
absencee of known products/inhibitors is necessary. 

Withh the development of E. coii, Baculovirus, and Pichia pastoris expression systems, 
largee amounts of homogenous protein necessary for crystallization studies can now be 
produced.. Moreover, the availability of a "poor" synthetic medium for the Pichia system, 
whichh could be "enriched" with isotopically labeled nutrients, makes Pichia a highly 
suitablee system for the insertion of labeled amino acids that can be detected by 
spectroscopicc techniques such as NMR or FTIR. Histidine 92, which is proven to be 
essentiall in the catalytic mechanism, is an especially suitable target for such a study. For 
example,, it has been proposed that the D20 exchangeable signal up-field in the NMR 
spectrumm origins from a histidine that is 4.5 A away from the metal site. This could be 
thee histidine residue studied in Chapter 7, and a more detailed spectroscopic mutant 
studyy using site-specific mutants of this position would provide more insight into the 
functionn of this residue in the catalytic mechanism. Metal-substituted forms could also be 
valuablee in this regard. 

Inn all these studies, the differences between single polypeptide and proteolytically 
cleavedd PAP could be helpful. The studies described in Chapter 4 show that phosphate as 
substratee analogue does not bind to the metal site in single polypeptide PAP, but it does 
bindd to the metal site in the proteolytically cleaved form. Coordination of substrates, such 
ass p-NPP, could therefore also be different in the two forms. Isotope effect studies using 
labeledd p-NPP might give information on the differences in transition state structure 
duringg catalysis of single polypeptide and proteolytically cleaved PAPs. Additional 
informationn could be obtained using a mutant that has very low catalytic activity. 
Becausee no large changes in pH dependence are observed, the Asn91Asp mutant could 
fulfilll this role, although both the electronic structure, as judged by EPR spectroscopy, 
andd kcat have changed. 

Althoughh most results described in this thesis suggest that the nucleophilic hydroxide 
iss coordinated to the ferrous ion, the results in Chapter 7 revive the discussion of a 
terminallyy bound Fe3+ hydroxide as the nucleophilic hydroxide. The recent finding that in 
APPP a (Mn2+)2 site is found could explain the higher pH optimum for these enzymes and 
supportss the nucleophilic coordination to the trivalent site in PAP. However, why are no 
changess in isomer shift or quadrupole splitting found at the ferric site in Mössbauer 
studiess of Uf upon metal substitution (FeFe, FeZn and FeHg-Uf), even though the kinetics 
change?? And why is it that metal substitution at the trivalent site has essentially no effect 
onn kinetics parameters, while substitution of the divalent metal ion does result in major 
changes?? The opposite would be expected if a terminally Fe3+ bound hydroxide functions 
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ass nucleophile. In addition, initial ENDOR experiments suggested that a solvent molecule 
iss not present at the trivalent site. To address this problem directly, a detailed Mössbauer 
andd ENDOR analysis of FeFe and FeZn-PAP as a function of pH is necessary. Such a study 
wouldd probe the electronic state of the proton atoms and the location of the hydrogens at 
thee binuclear site, which could provide more insight in this difficult question. The 
assignmentt of a H2

180 sensitive shoulder of the 521 cm"1 signal in the Resonance Raman 
spectrumm to the bridging Fe3+-u-OH vibration could also be of help. 

Thee isolation of proteolytically cleaved bovine spleen PAP under "high salt" conditions 
(2MM KCI) resulted in an enzyme with kinetics properties identical to BSPAP isolated under 
"loww salt" conditions. The spectroscopic characteristics (e.g. EPR and visible), however, 
weree quite different. The transition from "high salt" to "low salt" can be achieved by 
simplyy incubating the enzyme under low salt conditions. It has thus far proven impossible 
too effect the opposite transition. It is apparently impossible to isolate single polypeptide 
mammaliann PAPs (human or rat) with Ama>c=536 nm. Purification under high salt 
conditionss always results in a protein with Amax around 515 nm. If the purified single 
polypeptidee protein is proteolytically cleaved, no increase in maximal wavelength upon 
trypticc cleavage is observed (except below pKa,1( chapter 5). However, if proteolytically 
cleavedd enzyme with Amax=515 nm is incubated with phosphate, an enzyme with 
Amax=5366 nm is found after removal of phosphate and reduction. Also, if in the culture 
brothh PAP is found as proteolytically cleaved protein (in baculovirus expressed production 
afterr 8-10 days post infection) and isolated under high salt conditions, an enzyme with 
Amax=5366 nm is purified. Apparently, the proteolytically cleaved enzyme can exist in two 
differentt states; only one state is available for the single polypeptide form. Rapid freeze 
quenchh EPR spectra of BSPAP after 5 ms showed the initial presence of a gz=1.86 species 
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(whichh corresponds to the Amax=536 nm species) and a gz=1.94 or 1.96 species (which 

correspondss to the Amax=515 nm species). Thus, either the gz=1.94 or gz=1.86 species 

couldd be the active state of the enzyme. Resolving this issue is of major importance, 

becausee it suggests that either the single polypeptide form of Uf and recombinant PAPs 

orr the proteolytically cleaved FeFe-PAPs, such as BSPAP, is not the active catalytic 

species.. One way to visualize these possibilities is presented in Figure 8 .1 . In single 

polypeptidee PAPs, state A is energetically favored over state B, and therefore it 

accumulatess and can be studied by spectroscopic techniques. The kinetically active state, 

however,, is state B. The lack of coordination of phosphate to the metal site of single 

polypeptidee PAP, as found in chapter 4, could thus be a spectroscopic "art i fact". 

Althoughh PAP is a hydrolytic enzyme, an alternative role has been proposed that 

involvess Haber-Weiss-Fenton chemistry. I t is known that PAP is capable of generating 

reactivee oxygen species, but the mechanism is a completely unresolved question. 

Becausee a role for PAPs in inflammatory responses and even Alzheimer's disease has 

beenn suggested, chemical questions such as "What state of the enzyme is involved in this 

process?"" and more importantly "How does it work?" remain to be answered. 

Inn addition to the mechanism of PAP, it is important to know "How is this enzyme 

regulatedd in vivo?". In vitro it is possible to oxidize or reduce the diiron site by H202 or 

ascorbicc acid/ferrous ion, respectively. In vivo, oxidation by H202 could be a physiological 

process,, as could oxidation by nitric oxide. If the enzyme is in the Fe3+Fe3+ state, 

however,, it no longer can function as a hydrolytic enzyme. I t is either destined to be 

exportedd to another cell compartment to fulfill another function or to be reduced to 

regainn its hydrolytic activity. In the related protein phosphatases, enzymatic regulation is 

proposedd to include oxidation/reduction of two closely situated cysteine residues. The 

proteinss thioredoxin or glutathione can reduce disulfide bonds forming the free thiols, 

whichh restores the activity of PPs. These two cysteines adjacent to a cis-proline, forming 

aa thioredoxin-like active site, are found in PP1, which could perform a thioredoxin-like 

reaction.. In PAPs similar cysteine residues are found approximately 10 A from the active 

sitee (Cys l42 and 200). In the available crystal structures of mammalian PAPs, these two 

cysteiness are positioned at the surface of the enzyme, and can be present either as a 

disulfidee or as two thiols. Oxidation of the thiol groups to form a cystine bridge generates 

electronss that could be used to reduce the diiron site. In PAP, a proline is also found close 

too the cysteines, as in the thioredoxin-like active site in PP1, and the cysteines might 

functionn as an in vivo reducing agent. A combination of chemical and site directed 

mutagenesiss studies is necessary to gain more insight in the regulation of PAP. 
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Samenvatting Samenvatting 

Mett het duideli jker worden van de fysiologische rol van het metaal bevattende enzym 

purplee acid phosphatase (PAP) in zoogdieren bli jkt dat dit eiwit een belangrijke rol speelt 

inn verscheidene ziektes, zoals de ziekte van Gaucher, leukemie, ziekte van Paget, AIDS, 

enn de botziekte osteoporose welke een groot aantal ouderen treft. In het algemeen kan 

gesteldd worden dat een verhoogde aanwezigheid van PAP samengaat met aandoeningen 

welkee gerelateerd zijn aan botten, het immuun systeem en/of infecties. Als blijkt dat de 

verhoogdee aanwezigheid de aandoening tot gevolg heeft kan de ontwikkeling van 

specifiekee stoffen die de activiteit van het enzym volledig blokkeren een manier zijn om 

dezee ziektes in de toekomst te kunnen behandelen. Deze zogenaamde "leads" kunnen 

leidenn tot medicijnen die functioneren als zeer specifieke remmers van PAP. Echter 

voordatt dit kan gebeuren moet zeer nauwkeurig bekend zijn hoe dit enzym werkt, het 

katalytischh mechanisme moet opgehelderd worden. De kennis die hierbij wordt opgedaan 

iss niet alleen van belang voor PAP maar ook voor andere enzymen welke een of twee 

metaall ionen in hun active site hebben. Voorbeelden zijn de protein fosfatases welke een 

zeerr belangrijke rol spelen in allerlei metabole en neurologische processen, urease, 

arginases,, en aminopeptidases. 

Inn hoofdstu k 1 wordt een introductie gegeven over de eigenschappen van metaal en 

niet-metaall bevattende fosfatases. Het geeft een overzicht van de belangrijkste leden 

vann de enzymfamilie waartoe PAP behoort. PAP en de protein fosfatases worden 

uitgebreidd behandeld omdat beide een zelfde active site structuur hebben en daarom 

waarschijnli jkk gebruik maken van een zelfde katalytisch mechanisme. 

Gedurendee de laatste jaren heeft het onderzoek aan PAP zich steeds meer gericht op 

dee vraag waar in het dierli jk weefsel het enzym aanwezig is om op die manier een 

antwoordd te vinden op de vraag waartoe het enzym dient. In voorgaande jaren was PAP 

uitgebreidd bestudeerd middels spectroscopische en kinetische technieken, in aan- of 

afwezigheidd van minder specifieke remmers, zonder de directe medische relevantie te 

kennen.. Gedurende deze jaren werden de 2 best bestudeerde PAPs geïsoleerd uit de milt 

vann een koe (BSPAP) en uit het vruchtwater van een zwanger varken (Uf). Beide 

enzymenn waren wat aminozuur volgorde betreft bijna identiek (80-90%), en de 

aminozurenn welke de active site vormden waren 100% identiek. Desondanks werden er 

grotee verschillen in kinetische en spectroscopische eigenschappen waargenomen. 

Vanwegee deze verschillen was het moeilijk om de intrinsieke parameters van beide 

eiwit tenn te correleren, de vinding van zogenaamd "hoog zout" en "laag zout" koeienmilt 

PAPP bemoeil i jkte dit alleen maar. De eerder voorgestelde correlatie tussen activiteit en de 

vormingg van een eiwit bestaande uit 2 delen (verbonden met elkaar door een zwavelbrug 

tussenn 2 cysteines) was de basis voor de resultaten welke zijn gepresenteerd in 

hoofdstu kk 2. Gecontroleerde splitsing van recombinant menselijk PAP (recHPAP) met de 

proteasee trypsine resulteerde in een eiwit met sterk verhoogde activiteit, een verschoven 

pHH op t imum, en een veranderend EPR spectrum. De eigenschappen van monomeer 

recHPAPP kwamen overeen met de karakteristieken van Uf terwij l het gesplitste eiwit bijna 

identiekk was aan BSPAP. Dit resultaat liet zien dat de verschillen zoals die in de afgelopen 

200 jaar in de l i teratuur beschreven zijn een gevolg zijn van de vorming van een gesplitst 

eiwit.. Massa spectometrie tezamen met N- en C-terminal sequencen werd gebruikt om 

aann te tonen dat 3 aminozuren in een klein aminozuur lusje (aminozuren 158-160) nabij 
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dee active site verwijderd werden na proteolytische splitsing. Het verlies van deze 3 

aminozurenn suggereert dat een interactie tussen de active site en één of meerdere lus 

residuenn verantwoordelijk is voor de gevonden verschillen. Een verandering in de 

secundairee structuur van PAP kon worden uitgesloten met behulp van circulair dichroisme 

spectroscopie. . 

Toenterti jdd werd voor het eerst een kristal structuur van een dierlijk PAP gepubliceerd 

enn met behulp hiervan werd een moleculaire basis voor de activering voorgesteld welke 

werdd getest in hoofdstu k 3. De enige lus residu welke een interactie aan kon gaan met 

dee active site, via histidine 92 of asparagine 9 1 , was apartaat 146. Site directed 

mutagenesee van dit amino zuur in verschillende andere amino zuren bevestigde de 

voorgesteldee hypothese. De alanine mutant bezat eigenschappen identiek aan die van 

gesplitstt recHPAP. De asparagine en glutamine mutant lieten ook veranderde 

eigenschappenn zien maar konden geen antwoord geven op de vraag welk active site 

residuee coördineert met asparataat 146. Door het divalente ijzer ion te vervangen door 

eenn zink ion, waardoor niet het ongepaarde elektron maar de vri je elektronen van de 

highh spin trivalent ijzer ion middels EPR spectroscopie werd bestudeerd, kunnen 

veranderingenn aan het trivalente ijzer ion worden waargenomen. De EPR spectra van 

monomeerr en gesplitst FeZn-PAP lieten bij pH 5 geen verschillen zien waaruit volgde dat 

dee veranderingen die optreden ten gevolge van proteolytische splitsing plaats vinden aan 

hett divalente metaal ion. De grootste verandering ten gevolge van proteolyse is de 

verschuivingg van een volle pH unit van pKa i , toegekend aan de (de)protonering van het 

nucleofiel.. Hieruit volgde dat het tot dan toe voorgestelde katalytisch mechanisme 

waarbijj het nucleofiele hydroxide terminaal aan het trivalente ion is gecoördineerd niet 

mogelijkk is. Een mogelijke andere kandidaat voor het nucleofiele hydroxide ion is het 

bruggendd hydroxide ion. 

Omm systematisch de verschillen tussen monomeer en gesplitst recHPAP te bestuderen 

werdd in een kinetische en spectroscopische studie in hoofdstu k 4 de pH afhankelijkheid 

vann monomeer en gesplitst recHPAP onderzocht. De verrassende resultaten lieten voor 

hett eerst zien dat de "leaving group" fosfaat niet coördineert aan het actieve metaal 

centrumm van het monomere eiwit. Dit is nogal verassend want fosfaat wordt ook 

beschouwdd als een vervanging voor het substraat en dit impliceert dat het substraat niet 

coördineertt aan het metaalcentrum. Dit effect werd echter alleen waargenomen voor 

monomeerr recHPAP en niet voor het gesplitste eiwit. In het gesplitste eiwit coördineert 

fosfaatt alleen aan het divalente metaal ion en niet aan het trivalente zoals al eerder was 

gevondenn voor BSPAP. Fluoride, een anion dat homoloog is aan hydroxide, wisselt niet 

uitt met een hydroxide ion. Alleen als het hydroxide ion geprotoneerd is tot een water 

molecuul,, dus beneden pK3 j l , vindt er uitwisseling plaats. Tezamen met inhibitie 

experimentenn bewees dit resultaat definitief de al langer bestaande veronderstelling dat 

pK a ii het resultaat is van de (de)protonering van het metaal gecoördineerd nucleofiel 

hydroxidee ion. 

Mett behulp van nuclear magnetic resonance (NMR) werd dit nogmaals bewezen, en de 

resultatenn welke beschreven staan in hoofdstu k 5 verstevigden de eerdere observaties. 

Echterr in geen van beide studies kon een duidelijke verklaring worden gegeven voor het 

ontstaann van een enzym-fluoride-fosfaat complex bij pH 5.5, terwij l de vorming van een 

complexx met hetzij fosfaat of fluoride met het enzym bij deze pH niet plaats vindt. 
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Hett divalente metaal bl i jkt een sleutelrol te spelen in de eigenschappen van dierli jke 

PAPs.. Om dit in meer detail te onderzoeken is het divalente metaal gesubstitueerde 

FeZn-recHPAPP bestudeerd in hoofdstu k 6. Eerdere metingen aan het ratte FeZn-PAP 

suggereerdenn dat de activiteit van het monomere enzym vele malen hoger lag dan die 

vann FeFe-PAP. Het pH opt imum van monomeer FeZn-recHPAP en de gesplitste vorm 

warenn bijna identiek, 6.3 voor het monomeer versus 6.5 voor het gesplitste FeZn-

recHPAP,, terwij l beide vormen een kcat van rond de 5000 s"1 bezitten, vele malen hoger 

dann wat is gevonden voor de FeFe vorm. De pKa waarden van monomeer FeZn-recHPAP 

zijnn 6.1 respectievelijk 6.5. Proteolyse resulteerde in een verschuiving van pKaj l naar 

lageree waarden, 5.5, tegenovergesteld aan wat plaatsvindt bij FeFe-recHPAP, terwij l pKa2 

verschooff naar hogere pH waarden, zoals was gevonden voor FeFe-recHPAP. De 

veranderingenn in kinetiek volgden de eigenschappen van het zink ion waardoor werd 

aangenomenn dat alleen het divalente metaal ion relevant is in het katalytisch 

mechanisme. . 

Mett de karakterisering van His92 en Asn91 mutanten in hoofdstu k 7 worden de 

conclusiess van eerdere studies, dat het divaiente metaal de hoofdrol speelt in het 

katalytischh mechanisme, in twij fel getrokken. De eigenschappen van Asn91Asp waren in 

overeenstemmingg met datgene wat verwacht kan worden als het nucleofiel 

gecoördineerdd is aan het divalent metaal ion. Echter de kinetische eigenschappen van de 

His92Alaa en His92Asn mutanten verschaffen een basis om te geloven dat het nucleofiel 

alleenn gecoördineerd is aan het trivalente metaal ion, p K ^ van beide mutanten heeft een 

waardee van 2.6-3.2, bijna gelijk aan de pKa van het hexaaquo complex van Fe3+. De 

mutantenn bezaten een 15-30 hogere KM waarde, His92Ala was 10 keer minder actief 

terwi j ll His92Asn juist 3 keer zo actief was. De aanwezigheid van een gaussisch pH profiel 

laatt zien dat pKa 2 niet het gevolg is van (de)protonering van His92. De EPR spectra van 

His92Alaa bij verschillende pH bestaan uit 1 species, welke gelijk is aan het species in het 

natievee wild-type enzym boven pKai2. Dit suggereert dat His92, welke op 4.5 A van het 

metaalcentrumm is gepositioneerd, onder katalytisch actieve condities het metaalcentrum 

beïnvloedt.. Dit residu kan daarom een kritische rol spelen in positionering van het 

substraatt of van het nucleofiel. 

Inn het algemeen hebben de kinetische en spectroscopische verschillen tussen 

monomeerr en gesplitst humaan PAP een beter inzicht gegeven in het katalytisch 

mechanismee van PAP. Eveneens hebben de gelijke resultaten van mutagenese van PAP 

enn PPs de aanname verder bevestigd dat beide klassen van fosfatases hetzelfde 

mechanismee gebruiken. De huidige kennis biedt een goede basis voor toekomstige 

ontwikkelingenn op het gebied van specifieke remmers tegen dit verrassend veelzijdige 

eiwit. . 
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Dankwoor d d 

Naa 2 jaar promotie onderzoek riep een prof. uit Amsterdam uit "Je derde al??", 
denkendd dat al 3 artikelen waren geaccepteerd. Helaas was het maar waar, dat had een 
heleboell werk en stress gescheeld. Echter mijn 3e sloeg op die hummel die nu 
ondeugendd rondhuppelt. De spagaat die ik 4 jaar gemaakt heb tussen promotie en 
familiee was enorm maar dankzij jou, schoonheid, heb ik 'm kunnen maken. Jou 
ongebreideldee geduld voor mijn afwezigheid voor promotiewerk en voor geestelijke 
ontspanningg (=fysieke inspanning), je zorgen, je interesse, ...., hebben er mede voor 
gezorgdgezorgd dat "mijn bevalling" nu voorbij is. Je bent inderdaad mijn andere ik, mijn tweede 
helft,, bedankt. 

Bestee Bruce, ondanks een volstrekt andere achtergrond heb je mij de afgelopen 4 jaar 
dee mogelijkheid geboden om het wetenschappelijke vak te leren en me te verdiepen in 
datgenee wat ik wilde. We verschilden af en toe van mening maar feit is dat ik mede door 
jouww inspanningen veel heb geleerd, daarvoor mijn allerhartelijkste dank. Ook het Ie 
Nederlandsee PAP-mannetje heeft daar het nodige aan bijgedragen. Maarten, jou kritische 
manierr van kijken naar resultaten, je brede blik, en de discussies over het werk heb ik de 
afgelopenn 2 jaar gemist. Bedankt voor de eerste 2 jaar, en ik ben benieuwd naar het 
volgendee jaar. Marcel, jouw hulp tijdens slachthuisexpedities en PAP-praktica, je zorgen 
voorr de cellen als ik me weer eens geestelijk ging reseten, en je overige hulp heb ik erg 
gewaardeerd.. Het is een schande dat nu eindelijk alles aanwezig is om het gebrek aan 
kenniss van PAP de nek om te draaien, het PAP-onderzoek in Amsterdam de nek om wordt 
gedraaid,, succes in de toekomst. 

Thee basis of this thesis was provided by the PAP-community from Cambridge, UK. 
Dearr prof., Alison, Marc, and Peter, I really enjoyed my stays in Cambridge to get to 
knoww the expression systems used. The only thing I'm still waiting for, Marc, is the 
promisedd crystal structure of human PAP. Good luck with your graduation. I was lucky to 
bee a member of the EU-network on phosphatases. This collaboration provided the basis 
forr 3 chapters of this thesis. Dear Goran, Jenny, and Yunling, I really enjoyed our 
collaborationn and hope that in the future your structural and physiological knowledge of 
PAPP enable you to understand this enzyme. Dear Stefano and Alex, my stay in Florence 
didd not result in getting to know the city, but getting to know the NMR facilities. I'm 
reallyy happy that I visited Florence and spend a week on that machine. The schedule was 
veryy tight but we managed. Besides that, Stefano your ideas on the PAP mechanism 
weree refreshing to me. Last but not least my friend from Munster. Andreas, es war schön 
dirr kennengelernt zu haben. Neben unsere gemeinsame Interesse an der Wissenschaft, 
binn ich froh das wir uns auch unterhalten konnten über das "alltagliche" Leben. Viel 
Glück,, auch in der Erziehung deines Kindes. 

Inn Nederland heb ik het vak van baculovirus fermentatie mogen leren aan de 
Universiteitt van Nijmegen. Beste Corné, mijn tripjes naar Nijmegen waren zeer de moeite 
waard,, bedankt voor je tijd hiervoor. Voor het meten van circular dichroism spectra wil ik 
Marcell de Vocht van de Universiteit Groningen niet vergeten. Het ontbrekende stukje aan 
hoofdstukk 2 is ingevuld door de inzet van Bart Samyn van de universiteit Gent. Bedankt 
voorr je niet aflatende pogingen om mono en cleaved eiwit m.b.v. massaspectrometrie en 
sequencenn te karakteriseren. 
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Naastt de vele buitenlandse samenwerkingen hebben een aantal studenten, in het 

kaderr van een research of hoofdvakstage, hun stempel gedrukt op dit proefschrift. Thyra, 

jouww 9-maandse inzet heeft geresulteerd in hoofdstuk 5, je mag deze dan ook als de 

jouwee beschouwen. Veel succes met je eigen promotie (en wees niet te eigenwijs). 

Mirko,, wat 10 weken meten wel niet kan opleveren. Ik wil je bedanken voor je geweldige 

inzet.. Evenals Robert Jan, jouw inzet gaf de basis voor het volledig niet meer begrijpen 

vann het PAP-eiwit, daarvoor mijn dank. Ook Stella heeft een steentje bijgedragen, 

bedankt.. Als laatste wil ik vooral Piet danken voor alle gezelligheid en alle financiële tips 

omm het bestaan aan deze "a rme" universiteit te "verl ichten", de dames van het 

secretariaat,, de poetsdames voor het achter mijn rug opruimen van het lab, en Thijs 

voorr het produceren van PAP-antilichamen en het gesjouw met de fermentor. 

Toenn ik 4 jaar geleden begon op de Ie verdieping van het BCP, was het een grote hechte 

groepp van mensen die werkten aan volstrekt verschillende onderwerpen. Desondanks, of 

misschienn wel dankzij dat, was het een stimulerende omgeving om in te werken. Beste 

Boris,, collega (ook wel een beetje promotiebroertje) jammer dat die NO-FTIR-studies 

nooitt van de grond zijn gekomen, ik had gewoon teveel andere dingen om me mee bezig 

tee houden ( j i j ook trouwens). Winnie, jouw inzet om me ten allen ti jde op alle vlakken bij 

tee staan heb ik meer dan gewaardeerd. Je ervaring in 1000 en 1 dingetjes ga ik missen, 

evenalss je volkomen uit het discussieverband getrokken opmerkingen. Andere 

"belangr i jke"" personen die me met meer dan alleen collegialiteit hebben bijgestaan 

waren:: Ingeborg, bakkie leut??; Hilda; Rokus (bedankt voor de momenten dat je mijn 

t i jdd even stil zette, maar hoe nu met jouw tijd...); Wieger en Zulfi (voor jull ie geduld me 

inn te wijden in de mol. biol.), Tonix; Annemarie (Miepstra waar was je al die t i jd?); Henk; 

Bartt (verdomme); Sergei; Naoko; Valerie; Eddie (til die voeten op en loop door! ! ) ; en 

aaallll die anderen die ik vergeet. Ron en Siem wil ik bedanken voor het kritisch 

beschouwenn van resultaten en spuien van nieuwe ideeën. Jammer Siem maar een AiO 

heeftt echt maar 4 jaar. 

Dee afgelopen jaren heb ik (te) vaak uitgelegd waar ik nu mee bezig was aan familie, 

lievee pap, mam, "broert je" en zussen, Anna en Frank, bedankt voor jull ie begrip en 

geduld.. Het zit er eindelijk op en vergeet die beestjes en dat paarse gedoe nou maar. 

Lievee Sanne, Renske, en Tom, pappa zijn is het mooiste wat er is. 
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vann een jaar voerde hij van september 1995 tot eind mei 1996 zijn afstudeeronderzoek 
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viaa het secundaire amine. Na deze succesvolle kennismaking met de biotechnologie in al 
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DSMM Research. 

Hett in dit proefschift beschreven onderzoek werd vanaf juni 1997 tot oktober 2001 

uitgevoerdd in de vakgroep biokatalyse aan de Universiteit van Amsterdam met prof. B.A. 
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Stellinge nn behorend e bi j he t proefschrif t 
Structure- funct ionn studies of mammal ian PAPs 

1.. De geometrie van metaal coördinerende residuen in metallo-enzymen is 
belangrijkerr dan de eigenschappen van de metalen, (M. Hin, et ai., (2000) Biochemistry 
39,39, 8719-8727) 

2.. Het 13-residuen lange lusje nabij de active site van single polypeptide PAP zorgt 
niett voor sterische hindering van substraten zodat de toegang van substraten tot 
dee ac t i ve Site o n g e h i n d e r d iS. (Y. Lindqvist, et al., (1999J J. Mol. Biol. 291, 135-147, en H3 van 
ditt proefschrift) 

3.. Het verschil in pH optimum van single polypeptide en geknipt dierlijke PAPs is geen 
experimenteell artefact maar een werkelijk kinetisch verschil. (M. Merkx, et ai., (1999) 
BiochemistryBiochemistry 38, 9914-9925, en H2 van dit proefschrift) 

4.. Het hoger dan aangenomen pH optimum van dierlijk single polypeptide FeZn-PAP 
alsmedee de reductie van het trivalente Fe3+ ion tijdens EXAFS metingen suggereren 
datt EXAFS studies bij pH 4.9 aan FeZn-Uf minder relevant zijn. (X. wang, et ai., (1996) 
BiochemistryBiochemistry 35, 13946-13954; (1998) Biochemistry 37, 7813-7821; (1999) J. Am. Chem. Soc 121, 
9235-9236,, unpublished results en H6 van dit proefschrift) 

5.. Het voorstel dat niet His92 maar Asp246 functioneert als de leaving group proton 
donorr lijkt gezien de afstand van 8.5 A van de carboxyl-groep tot het substraat 
analoogg P04 hoogst onwaarschijnlijk, (Y. Lindqvist, et ai., (1999) J. Mol. Biot. 291, 135-147) 

6.. Het uitvoeren van een promotieproject op het gebied van fosfatases is een 
hachelijkee maar ideale onderneming. De hoeveelheid fosfatase die in vier jaar door 
jee handen gaat is meer dan voldoende om er voor te zorgen dat je er aan het einde 
vann het project niks meer van kan herinneren. (G. Rieder, (1999) ceii. Mol. Life sa. 55, 
549-553) ) 

7.. Gemiddeld vinden gedurende een mensenleven 60 base paar mutaties plaats, (s. 
Kumar,, (2002) Proc. Natl. Acad. Sci. USA 99, 803-808). 

8.. Als een promovendus praat over zijn derde wordt niet altijd zijn derde artikel 
bedoeld. . 

9.. Het vermogen om een sterke bergklimmer te zijn is genetisch bepaald, (H. E. 
Montgomery,, et al., (1998) Nature 393, 221-222) 

10.. Met haar retoriek over het onverslaanbare Amerika met zijn 'ri jke democratische 
traditie',, de opofferingsgezondheid van zijn soldaten die bereid zijn te sterven voor 
Amerika,, waarvoor zij dan ook nog Gods zegen vraagt, alsmede met de verdeling 
vanvan de wereld in goed en kwaad, bedrijft de Amerikaanse overheid steeds meer 
Amerikaanss fundamentalisme, (de volkskrant 27 oktober 2001) 

11a.. Het begrip terrorisme wordt breed geïnterpreteerd. 
11b.. Onderdrukking wekt terrorisme op. 
l i c .. Terrorisme wekt onderdrukking op. 

12.. De door de overheid gestimuleerde biotech-hype is hopelijk niet hetzelfde leven 
beschorenn als de door de overheid gestimuleerde internet-hype. 
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