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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. 

f.g h h 

955 9 0 8 5 8 0 7 5 7 0 6 5 6 0 5 5 5 0 4 5 4 0 5 5 5 0 2 5 2 0 pp m 

800 7 5 7 0 6 5 6 0 ?5 5 0 4 5 4 0 3 5 5 0 2 5 2 0 pp m 
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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. 

555 90 85 80 75 70 65 60 
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\\ \ ^ 

955 9 0 8 5 B O 7 5 7 0 6 5 6 0 5 5 

Vvf f 
ppmm 9 5 9 0 3 5 B 0 7 5 7 0 6 5 6 0 5 5 5  0  4b 4  0  Ï 5 3 0 

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 

103 3 



Chapte rr  5 

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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