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ABSTRACT 

Spectroscopic and Kinetic Studies of the Dopamine P 
-Hydroxylase-Anion Complexes 

Eileen Zhou 

Oregon Graduate Institute of Science and Technology, 1993 

Supervising Professor: Dr. Ninian J. Blackburn 

The successful preparation of half-apo dopamine P-hydroxylase made it possible to 

compare the properties of fully reconstituted dopamine b-hydroxylase with two coppers 

per subunit (Cu, - the electron transfer site and Cub - the 02 and CO binding site) and 

half-apo DBH containing only Cub. Half-apo DBH showed 1.0 CO / Cu ratio for CO 

binding, and 0.96 Hill constant upon the binding of aizde, comparing with 0.5 CO / Cu 

ratio and 0.69 Hill constant for fully reconstituted DBH. The fully reconstituted DBH- 

azide and half-apo DBH-azide complexes had similar electronic spectra including 

absorption, CD, and EPR spectra, indicating that two C U ~ +  centers in each subunit 

contained the same number of ligands with similar symmetry. However, the differences 

of FTIR spectra between the fully metallated and half-apo DBH-N3' complexes 

suggested that Cu, and Cub possess different kinds of ligands -Cub may contain an 0 

type ligand from an amino acid other than tyrosinate, Cu, on the other hand may contain 

only His and H20 ligands. 

xiii 



N3- and SCN' displayed different types of inhibition toward DBH. SCN' was an 

uncompetitive inhibitor with respect to the substrates, tyramine and ascorbate, but a 

competitive inhibitor for oxygen. Ng' , however, was an uncompetitive inhibitor with 

tyramine as the variable substrate and a mixed-type inhibitor with ascorbate and oxygen 

as the variable substrates. Therefore, SCN- coordinated only to Cub, and N3- to both 

Cu, and Cub. DBH EPR spectra in the presence of SCN' decreased their intensities, but 

decreased to only about half of the initial intensity, regardless how much SCN' was 

titrated into the system. SCN- thus reduced cub2+ into Cub+ only. The mechanism of 

the DBH reaction may go through a concerted electron transfer process and radical 

intermediates. The radicals generated during turnover were different between the 

ascorbate reduced DBH form and the K3Fe(CN)6 oxidized DBH form. This study 

proved that two coppers in each subunit of DBH were distinct structurally and 

functionally. 

xiv 
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CHAPTER I 
INTRODUCTION 

1. 1. Biological Function of Dopamine P-Hydroxylase 

Dopamine J.3-hydroxylase (DBH) catalyzes the conversion of dopamine (a neuro- 

transmitter) to an important main neurotransmitter, norepinephrine (NE), in the 

catecholamine secreting vesicles (chromaffin granules) of the adrenal medulla and in the 

sympathetic nervous system (see Scheme 1.1.). This conversion is a central step in the 

physiologically important catecholamine biosynthetic pathway. 

doparnine ascorbate norepinephrine dehydroascorbate 

Scheme 1. 1. 

A chromaffin granule is composed of 42 % dry weight protein, 13.7 % adrenaline 

(epinephrine), 5.2 % noradrenaline (norepinephrine), 0.2 % dopamine, 16.8 % 

nucleotides, and 15.0 % phospholipids (Winkler & Carmichael, 1982). There are five 

major enzymatic components in chromaffin granules: dopamine P-hydroxylase, Mg2+ - 
activated ATPase, c ytochrome b-56 1, NADH oxidoreductase, and phosphatidylinositol 

kinase. The ATPase, cytochrome b-561, NADH oxidoreductase, and 

phosphatidylinositol kinase are membrane bound. DBH exists in a soluble and a 



membrane bound form (Winkler, 1976). According to immunological quantitation, from 

4 % (Helle et al, 1978) to 6 % (Hortnagl et al, 1974) of the soluble proteins can be 

attributed to this enzyme, but DBH represents up to 25 % of the total membrane proteins 

(4.8 times more per mg protein than in the soluble lysate) (Hormagl et al, 1972). 

In the 1970s, it was realized that a transmitter did not only change the membrane 

conductance and was involved in activation of second messenger systems, such as 

metabolic processes, genes, as well as ion channels, but also had many effects on a 

neuron. Neurotransmitters that are defined as first messengers act at different receptors, 

activating the different second messenger systems. The catecholamines (dopamine, 

norepinephrine, and epinephrine), which contain a catechol nucleus and share a common 

synthetic pathway, can affect a variety of cells from platelets to neurons. Being the main 

neurotransmitter of ganglion cells in the sympathetic nervous system and of locus ceruleus 

cells that project widely throughout the vertebrate brain, norepinephrine (NE) is the most 

prevalent in the nervous system. As indicated in Fig. 1.1. A (from Shepherd, 1988), 

synthesis of catecholamines (1) begins with the amino acid tyrosine, which is taken up by 

nerve cells from the blood. NE synthesis takes place in the cell body or in the synaptic 

terminals; it is packaged into vesicles that enter a storage pool as shown in (2). With 

depolarization and Ca2+ influx, the NE is released by exocytosis (3), and acts on 

postsynaptic receptors (4). termed a1 - adrenergic receptors. The primary effect of NE, 

mediated through second messengers, is on Ca2+ channels. In addition, the released NE 

acts on a 2  receptors, located primarily on the presynaptic terminal (5). Through second 

messengers and protein phosphorylation, a 2  receptors exert diverse controls on the state 

of the synapse, including changes in the gating of K+ channels. This may take place 

by the direction of a G protein. Termination of NE action occurs by reuptake (6) into the 



presynaptic terminal, where the level of NE is controlled through enzymatic degradation 

by monoamine oxidase (MAO) or inactivation by catechol-0-methyltransferase (0. 

There is the second type of adrenergic receptor, the P receptor (Fig. 1.1. B). This differs 

from the a receptor mainly in being primarily postsynaptic, and linked to the cAMP 

second messenger system. One effect of this system is to decrease the membrane 

conductance of the postsynaptic cell and inhibit its firing. Ionophoresis of NE or CAMP 

produces a suppression of impulse f ~ n g  similar to that produced by stimulation of the 

noradrenergic fibers of the locus ceruleus that innervate the cerebellum. These actions are 

blocked by ionophoresis of p-receptor blockers such as antipsychotic drugs and 

prostaglandins, or by drugs that block activation of adenylate cyclase. 

Norepinephrine can also be converted to epinephrine (E, adrenaline), which has been 

traditionally regarded as a hormone and is crucial in preparing the body for action and 

stress. Both NE and E stimulate adenylate cyclase through a Gs protein, whereas 

acetylcholine (Ach) mediates parasympathetic suppression through a Gi protein (see Fig. 

1.2.). The effects of cAMP are mediated by phosphorylation of the Ca channel or a 

closely associated protein (Tsien, 1987). 

On the other hand, for neurons that utilize dopamine @A) as the transmitter, the biogenic 

arnine synthetic pathway stops at dopamine ehydroxylase, the storage (2) and release (3) 

mechanisms appear to be similar to those for NE discussed above (see Fig. 1. 3.). DA 

also acts on two types of receptors (4), both of which are linked to adenylate cyclase - 
cAMP second messenger systems. Stimulation of Dl - receptors causes an increase in 

cAMP levels, whereas stimulation of D2 receptors cause a decrease in CAMP, 



A. ADRENERGIC 
w 

ng. 1.1. Molecular mechanism of adrenergic s p a p .  A. a-Adrenergic v p x :  @ ~ t h e c i c  p t h -  
n y  is through tyrosine (Tyr) to 3,~hydroxyphenylalanine (DOPA; uulyzcd by tyrodne h y d m -  
!lax: to dopamine (DA; catalyzed by DOPA deurboxylase) to norepinephrine (NE, a t a l y d  by 
doprmine-&hy&oxylase); @ UanspoR and n o r a g  (rtonge is blocked by rrserpine); Q) dearc by 
n-tosis (increased by amphetamine); corelt?se with nturopeptides such as cnlrcphllin, Ms; @ 
hnding of NE to pomynaptic receptors. Examples m shown of binding to a, Kcptor which k?6 
to modulation of G z +  channels, and binding to 02 mcepton, which are linked to adtnplate c y d a  
and modulate K+ channels; drm may also be d i m  actions of C proteins on K+ channels; O 
hnding of NE to pmynaptic az receptors; @ reuptake, which terminates NE action ( b l d e d  by 
wcl ic  antidepressant drugs); (b degradation by monoamine oxi&se (MAO) [there may dto be 
mactivarion by utechol-O-mcthy1ulll~fera (COMT)]. B. &Adrenergic p p s e :  a)-@ synthesis, 
mansport, storage, and release as in A above; @ binding of NE to receptor which lea& to 
hphorylarion of ionic channels through CAMP; reapton are dso found on glia; (D-O pre- 
vnapric receptors, reuptake, degradaoon, and inactivation, as in A above. 

prolein 
phosphor- 

ylation 

Fig. 1. 2. Convergence of excitatory (+)  and inhibitory ( - )  neurotransmitters and neurohor- 
mones on G channels in cardiac muscle. Abbreviations: E, epinephrine; NE, norepinephrine; ACh, 
accrylcholine; G, and G,, stirnulatory and inhibitory G-binding proteins; la, calcium current. (From 
Tsien, 1987) 



. 1- 3 Molecular mechanism of dopaminergic synapses: O synthesis by enzymatic padq 
from Tyr to DOPA to DA (we legend, Fig. 8.6); @ transport and storage (storage inhiib 
reserpine, Ra); 0 release of DA by urocytosis; corelease of a neuropepdde such as chdcqmk 
(CCK); O binding to Dl receptor, acting through stimulatory G protein (GJ to increase lcnki 
CAMP, or to D2 receptor, acting through inhibitory G protein to lower levch of CAMP (* 
chotic drugs such as butyrophenones block D2 receptors); G protein can also have a direct re6r 
on K' channels at some synapses; Q binding of DA to presynaptic receptors [typically 4, DI 
receptors are stimulated by psychoactive drugs such as apomorphine (APO), blocked by h h p d  
(Halo)]; O nuptake tenninatcs DA action; O degradation by MA0 and inactivation bt. COYL 



in the postsynaptic neuron. There are also autoreceptors (5) on the presynaptic terminal, 

which are thought to exert an inhibitory feedback effect on the DA neuron. The action of 

DA is terminated largely by reuptake (6). Mechanisms for degradation by MA0 and 

inactivation (7) by COMT are similar to those for NE. Dopamine is interesting because 

antipsychotic drugs that alleviate the symptoms of Schiwphrenia may act by interfering 

with transmission at dopaminergic synapses in the brain. Schizophrenia may be caused 

by over-activity of DA neurons in the brain. 

Thus, the activity of DBH determines the concentrations of both dopamine and 

norepinephrine in cells. If DBH appears in the very active state, then most of the 

dopamine would be converted to norepinephrine, otherwise DA should be the main 

transmitter in neurons. Therefore, the activity of DBH becomes very important for 

controlling all different kinds of secondary messengers. 

1. 2. Copper Proteins 

Dopamine P-hydroxylase is a copper protein. Copper-containing enzymes and proteins 

are widely distributed in both animals and plants. They appear to have two main 

functions: (1) electron transport, (2) dioxygen transport and metabolism. The diverse 

roles played by copper proteins provide an interesting parallel to the functions of iron- 

heme and flavin-containing proteins; only relatively low abundance prevents copper 

proteins from occupying the paramount position among redox-active metal proteins in 

biology. Copper proteins are usually classified into three main categories. The type I 

copper proteins, also called blue copper proteins, have an intense visible absorption band 



which gives a characteristic deep blue color. This type of protein has unusual small 

copper hyperfine coupling constants in the electron paramagnetic resonance (EPR) 

spectra. The type I1 copper proteins, or non-blue copper proteins, are colorless, with 

normal copper EPR signals. The type III copper proteins have binuclear copper active 

sites, in which two coppers are magnetically coupled and lack a copper EPR signal. 

1.2.1. The type I copper proteins 

The blue copper proteins are important electron transfer agents in biological systems. 

These proteins may be divided into a group of electron carriers in which only the blue 

copper site is present and a second group in which both blue and other types of coppers 

are functional. The later group, the so-called blue oxidases, include the laccases, 

ceruloplasmin, and ascorbate oxidase. The former group include plastocyanins, azurin, 

and stellacyanin (Gray and Solomon, 198 1). A blue copper center in a protein exhibits an 

intense absorption band (E = 5,000 M-' cm-*) around 600 nm, an EPR spec- (see Fig. 

1. 4.) featuring unusually small All values, and relatively high reduction potential 

(generally in the +300 to +500 mV range vs. +I50 mV for Cu+2 [aq] samples) (Mallcin, 

1970; Malmstrom, 1960, Fee, 1975; Gray, 1980 ). 

The high resolution (1.8 A) X-ray crystal structure of azurin from Alcaligenes 

denitrificans has been completed (Baker, 1988) (see Fig. 1.5.). The copper atom makes 

three strong bonds with the thiolate sulfur of Cys112 (Cu-S distance 2.14 A), and the 

imidazole nitrogens of His46 and His"' (Cu-N distances are 2.08 and 2.00 A, 
respectively). The Cu-N distances are quite normal, but the Cu-S distance is distinctly 



- "Blue" mpW (- ) 

-. 

Fig. 1.4.  omp pa rim dth mica1 and EPR spectra d a  blue capper site and a normal 
MI C o p P C  IXIltH. 

RE. 1. 5. me wppa site in d, viewed approximately normal to the irigond plme M u &  the 3 
s m J y  bouxi ad, His46, ~ ~ ~ ~ 1 2 ,  md ~isll'. NOW the 2 N-H..-S hydrogen bndr , ($12, and the hyhogen bonds made by the consaved Am4' and sail3 sidwhdn. 
(hm Baka. 1988). 



shorter than is normal for Cu (n)-S bonds, implying a stronger-than-usual interaction. 

Two much longer axial approaches to copper, from the main-chain carbonyl oxygen of 

Glfs (Cu-0 distance 3.13 A) and the thiether sulfur of Metl*l (Cu-S distance 3.1 1 A) 

could be described as very weak bonds, completing a distorted, axially elongated trigonal 

bipyramid. 

The crystal structures of plastocyanin from poplar leaves (Populw nigra var. italica ) and a 

green alge (Enteromorpha prolifera ) have been solved by molecular replacement (Colrnan 

et al, 1978; Collyer et al, 1990). The Cu site lies about 6 A fnwt the surface at one end of 

the molecule. The Cu sites of E prolifeta and poplar have closely similar dimensions, 

forming distorted tetrahedrons. Like other type I copper proteins, the copper site of 

plastocyanin also has two tightly bound His ligands ( H i ~ 3 ~  and His87 ) with the Cu-N 

distances at 1.89 and 2.17 A for E.prolifera but 2.04 and 2.10 A for poplar, respectively. 

The Cu-S (Cys84) distances are 2.12 and 2.13 A for E. prolifera and poplar, respectively; 

the Cu-S (Met?) distance is relatively shorter (2.92 A for E prolifera and 2.90 A for 

poplar) than that in azurin (see Fig. 1.6.). 

1.2.2. The type I1 Copper Proteins 

In contrast to the type I copper proteins, the type II copper proteins usually have no 

intense absorbance in the visible region, except galactose oxidase having a tyrosinate to 

copper charge transfer band at 420 nm. Dopamine &hydroxylase, superoxide ciismutase, 

galactose oxidase, and amine oxidases belong to this class. They have typical visible 

absorption spectra of low-molecular-weight copper complexes. The EPR parameters also 

resemble those of simple tetragonal copper complexes (Fig. 1.4.). 1 AZ I values are in the 



order of 0.015 - 0.020 cm". It is, therefore, likely that copper is coordinated in a 

tetragonal geometry. Type II copper generally coordinates to nitrogen and oxygen donor 

atoms. Unlike the type I copper proteins, the non-blue copper proteins have little 

similarity in their redox potentials. 

The structure of bovine erythrocyte Cu, Zn superoxide dismutase has been determined to 

2 A resolution (Tainer et al, 1982). At the active site, Cu (11) and Zn (II) lie 6.3 A apart; 

the Zn is buried, while the Cu is solvent-accessible with about 3.9 A2 of surface exposed 

to a 1.4 A radius probe. The side-chain of His61 forms a bridge between the Cu and Zn 

and is coplanar with them (Fig. 1.7.). The Cu ligands, His", His46, NE2 of His61, and 

His118, fonn an uneven tetrahedral distortion from a square plane. The Cu has a fifth 

axial coordination position exposed to solvent. Zn ligands, Nsl of Hi&, Hisag, and 

His78, and the 0 atom of Asp81 show tetrahedral geometry with a strong distortion toward 

a trigonal pyramid having the buried Asp81 at the apex. The Cu-N and Zn-N bond 

lengths of the liganding His averaged 2.1 A, while the Zn to 0 of Asp82 bond length 

averaged just 2 A. Both the side-chains and main-chains of the metal-liganding residues 

are stabilized in their orientation by a complex network of hydrogen bonds. 

Ito et al (Ito et al, 1991) have determineed the crystal structure of galactose oxidase at 1.7 A 

resolution. The region around the cupric ion is extremely rich in aromatic side chains. 

The copper site has five ligands in square pyramidal coordination (see Fig. 1.8.). T g 2 ,  

Hidg6, His581, and an acetate ion form an almost perfect square with respective distance 

from the copper of 1.94,2.11,2.15, and 2.27 f 0.15 A. The fifth, axial ligand (T995) 

is 2.69 A away. T972  is covalently bound at CE to the sulfur atom of Cy~2~8. This 

bond seems to have partial double-bond character with Cp of Cys228 lying in the 



Fig. 1.6. Stereo drawing of the copper-binding site in plastocyanin, showing the four 

ligand residues (Iiis31,  is*^, cysW, and ~ e t ~ ~ )  (from Colman et al,1978). 

Fig. 1.7. The stereo drawing of Cu En SOD. Nitrogen and oxygen atoms are shaded 
(from Tainer et al, 1982). 



same plane as the ring of TyrZ72, suggesting an extended aromatic system. The indole 

ring of Trp2g0 is stacked on this "pseudo side chain", with its six-member ring located 

exactly above the sulfur atom The electron-density map strongly suggests that Tyr272 

exists as a free radical. The unusual bond between Cys228 and T g 2  probably plays an 

essential part in the catalytic mechanism. The sulfur might assist delocalization of the free 

radical with the stacking Trp aiding its stabilization. The crystal structure of galactose 

oxidase strongly suggests the involvement of the free radical as the secondary 

cofactor rather than FQQ. 

Copper containing nitrite reductase (NIR) is a trimer containing one type I copper and one 

type 11 copper per monomer. The 2.3 A X-ray structure of NIR (Godden et al, 1991) 

shows that the type I Cu and the type II Cu are 12.5 A apart and are bound by adjacent 

residues in the sequence. There are three domains per monomer, and all four ligands 

(His95, Cys136, His145, and Metlso) to the type I Cu come from domain 1 residues (see 

Fig. 1.9.). The ligands to the type 11 Cu are found between domain 1 of one subunit in 

the trimer and domain 2 of a second subunit, so that, all six metals are bound by the 

trimer. The type II Cu is bound by two His from domain 1 ('HislOO and His135), one His 

from domain 2 (His306), and one water ligand. The geometry of the type I1 Cu site is 

nearly a regular tetrahedron, w h m  the type I Cu could be better described as a flattened 

tetrahedmn or twisted square plane. 

1.2.3. The type 111 copper proteins 

The type III copper proteins contain one or more coupled, EPR-nondetectable binuclear 

copper sites, which include tyrosinase and hernocyanin, as well as part of blue-oxidases 
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Fig. 1.8. The copper site of galactose oxidase. (a) At pH 4.5, Tyr 272, His496, His581 and an acetate
ion form an almost perfect square. This square is distorted in PIPES buffer (pH 7.0), where the acetate ion
is replaced by a water molecule 2.8 A from the copper. (b) The stereo view of the unusal thioether bond
between Tyr272 and Cys228 and Trp290 stacking over it (from Ito et at, 1991).
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Fig. 1. 9. Stero drawing of the active site in nitrite reductase (from Godden et ai, 1991)



(laccase, ceruloplasrnin, and ascorbate oxidase). A type 111 copper center has an 

absorption band in the 330 nm region but lacks an EPR spectrum, due to the close 

proximity of two copper @) ions resulting in strong exchange coupling, and hence the 

unpaired electron spin is not available to interact with the applied magnetic field to produce 

the EPR signal. Like the type I copper proteins, the type 111 copper proteins have 

relatively high redox potential (tyrosinase E' = 360 mV, laccase E' = 434 mV). Each of 

the type m copper proteins has different functions. The hemocyanins reversibly bind 

oxygen (1 02 per 2 Cu), but tyrosinase is a monooxygenase that hydroxylates organic 

substrates (Makino, 1973); this enzyme further functions as a two-electron oxidase, with 

both coppers being reduced at the same potential in the resting states (Makino, 1974). 

For arthropdan hemocyanins, X-ray diffraction techniques have revealed the three- 

dimensional structure (Gaykema et al, 1984; Volbeda and Hol, 1989). The distance 

between the two copper ions is 3.8 A, with an error of - 0.4 A. Copper A is liganded by 

three His side-chains: Hisl94, Hisl98, and H@4. Copper B is liganded in a quite similar 

manner; two His residues, His344 and Hi~34~, also three residues apart, and the third 

ligand, His384. Many a helices surround the two copper centers; it appears possible to 

superimpose the "Cu-B helical pair" onto the "&-A helical pair"; the three His ligands of 

Cu-A are superimposed onto the three His ligands of Cu-B with a deviation of 1.0 A for 

the Ca atoms (see Fig. 1.10.). This implies that the two sites arose from a gene 

duplication. The oxygen binds at hernocyanin in the r\2-r\2 manner (Magnus and 

coworkers, Conference of "Copper Proteins" in Baltimore, 1992). 

The multicopper oxidases (laccase, ascorbate oxidase, and ceruloplasmin) contain all three 

types of copper centers. The type III copper centers in laccase and ceruloplasmin seem to 



Fig. 1. 10. Schematic view of the active center of arthropodan hernocyanin. Circles rej)resent a- 
helices (from Volbeda & Hol, 1989) 

be in a tetragonal, rather than tetrahedral environment -ley, 1979; Dawson, 1979). If 

not accounting for nitrite reductase, ascorbate oxidase is the only blue oxidase whose 

crystal s m c m  is available, which has been refined to 2.5 A resolution (Messtrschimdt et 

al, 1989). The monomer of ascorbate oxidase has three domains connected by three 

disulfide bonds. The first is from Cys83 to Cys539 linking domain 1 with domain 3. The 

second one is found in domain 2 between Cysl8l and Cys194. The third one is from 

Cys21 to Cysm connecting domain 1 with domain 2. Domain 3 contains a type I copper 

ion in tetrahedral configuration liganded by HiseO, His513, Cys508, and Met518 with the 

Cu-ligand distances at 2.2 A, 2.0 A, 1.9 A, and 2.9 A, respectively. Domain 2 is not 

involved in copper binding at all. Between domain 1 and domain 3, there is a trinuclear 

copper site that includes one type I1 copper and one pair of type III coppers. Type 11 and 

type 111 coppers form a triangle with the distance between the type I1 copper and two type 

III copper at 3.9 and 4.0 A, respectively. The type 1 copper is 12.0 and 12.4 A away 

from the type 111 coppers and 14.8 A away from the type I1 copper. The distance between 

two type I11 coppers is 3.4 A. The pair of type I11 coppers, which are bridged by OH- or 

H20 (Messerschmidt et al, 1992) have 2x 3 His ligands (Hislo*, His451, and His507; 



Hisa, HislM, and His5*), forming a mgonal antiprism with a staggered configuration of 

imidazoles (see Fig. 1.1 1 .). The type I1 copper has two His ligands (His49 and His62), 

but is expected to coordinate a third ligand OH- that points away from the copper, a a- 
that bridges m two type III coppers during the nunover (Messuschmidt et al, 1992). 

Fig. 1.11. Stereo drawing of the triauclear copper site plus ligands of the ascotbate oxidase atomic 
model. (a) The hinuclear site; (b) Stereo drawing of a subunit (Messe-dt et al, 1989). 



1. 3. Properties of DBH 

1.3.1. Protein Structure 

Dopamine Ehydroxylase is found either in a soluble or a membrane-bound form, and the 

water-soluble form from bovine adrenal medulla has been studied most extensively. DBH 

is a glycoprotein with a molecular weight of 290,000 daltons (Ljones et al, 1976). There 

is general agreement that the molecular weight of the monomer is about 77,000 daltons, 

but the native enzyme exists as a pair of disulfide bridged dimers, each with molecular 

weight about 150,000 daltons (Villafranca, 1981). Margolis (Margolis et al, 1984) has 

analyzed the sugar content of DBH in detail and found each enzyme tetramer contains an a 

average of six oligosaccharide chains, indicating heterogeneity of glycosylation in each 

subunit. Joh (Joh and Hwang, 1987) and Speedie (Speedie et al, 1985) have 

demonstrated the presence of three distinct protein bands (75,72,69 Kd) on SDS-PAGE 

gels run under reducing conditions. With regard to N-terminal sequence analysis, several 

investigators have reported the presence of at least two types of subunits, one of them 

contains extra three N-terminal amino acids (Joh and Hwang, 1987; Skotland et al, 

1977). In addition to heterogeneity in subunit structure, there is potential for dissociation 

of the tetrameric enzyme into two dimers (150 Kd) as well as for a possible higher-order 

oligomerization. Goldstein's group (Park et al, 1976) have detected three different, 

noninterconverting molecular weight pools of active enzyme from human 

pheochromocytoma (dimer, tetramer, and octamer). Rosenberg and Lovenberg 

(Rosenberg and Lovenberg, 1977) have identified only two active, noninterconverting 

enzyme species (dimer and tetramer, representing 20 - 25% and 70 - 75% of total plasma 

DBH activity, respectively). 



In recent studies of DBH derived from bovine chromaffin granules, Saxena et a1 (Saxena 

et al, 1985) reported a pH-dependent dissociation of enzyme. But Klinman's group 

(Stewart and Klinman, 1988) have characterized the kinetic properties of the tetrmmic 

and dirneric forms of DBH by direct determination of apparent V,, and K,,, parameters at 

low (0.1 pg / rnl) and high (1 mg / ml) protein concentrations presumed to approximate to 

exclusive populations of dimer and tetramer, respectively. Significantly, the kinetic 

properties of the enzyme are very similar at these concentration extremes. 

1.3.2. Copper Centers 

Although DBH was recognized as a copper containing protein for many years, it was 

proposed to contain only one copper per subunit. Because of the overall reaction 

stoichiometry of two electrons per mole of product (see scheme 1. I.), it was difficult to 

envisage a satisfactory reaction mechanism for the electron transfer from the reductant to 

the product. This dilemma was resolved in 1984, with the major breakthrough reported 

independently by Klinman's group (Klinman et al, 1984) and Villafranca's group (Ash et 

al, 1984). They found out that DBH activity correlated with the presence of two coppers 

per subunit. These studies differed in enzyme turnover with dopamine using rapid mixing 

(Klinman) vs enzyme inhibition by a mechanism-based inhibitor (Villafranca); they were 

similar in that high concentrations (milligram levels) of enzyme were employed. The 

correlation of copper with enzyme activity indicated that DBH required two copper per 

subunit for turnover (Klinman et al, 1984; Ash et al, 1984). Recently the XAS (X-ray 

absorption spectroscopy) study of both the oxidized and reduced forms of the enzyme 

containing eight copper atoms per tetramer was reported (Scott et al, 1988). But the 

concept of two coppers per subunit was challenged by Ljones and coworkers (Syvertsen 



et al, 1986). They determined the copper binding constant in DBH using a Cu2+-selective 

electrode. A stoichiometry of three to four high-affinity sites and four low-affinity sites 

for C U ~ +  per enzyme tetramer was evident. The fmt group of four Cu2+ seemed to have 

about lo4 higher affinity than the next group of four coppers. The authors, therefore, 

proposed that the second copper site of each subunit was an adventitious one. 

In order to solve the copper environment, measurement of DBH EPR and EXAFS 

(extended X-ray absorption fine structure) spectra becomes necessary. Though the 

preliminary EPR spectra reported by Villafranca (Villafranca, 198 1) suggests a change in 

the gll region, neither Skotland (Skotland et al, 1980) nor Klinrnan & Brenner (Klinman & 

Brenner, 1987) have observed significant differences between spectra obtained from the 

enzyme containing one or two coppers per subunit, with the exception of some 

broadening in the gl region for the enzyme containing two coppers per subunit. This 

result supports either a structural similarity between copper sites or a statistical binding of 

copper, such that both sites are populated independent of the ratio of copper to enzyme (or 

most probably a combination of both features). Studies of EPR power saturation as a 

function of temperature and copper occupancy indicate there is no difference between 

enzyme that has one or two coppers per subunit (Klinman, 1987). In contrast to the 

above results, Blackbun et a1 (Blackburn et al, 1984) have found that CN- leads to 

changes in the EPR spectrum attributed to the formation of a new Cu (11) species with 

lower g-value, together with a species that resembles native enzyme. When the CN- / Cu 

(11) ratio is higher than 1.0, some partially resolved superhyperfine splitting is apparent in 

the g l  region. The spectral changes increase as the cyanide-to-copper ratio becomes 

higher. These changes appear to be fully developed between 2.0 and 2.5 equiv. of CN- 

per copper atom. Further addition of CN- produces no significant change in the relative 



intensity of the two signals. These results suggest that the catalytic centers of DBH do not 

act independently, but are located within the tetrarneric molecule such that CN- binding at 

one copper influences the electronic structure and / or redox properties of another. 

Spin-Echo studies of the Cu (TI) binding sites in DBH (Skotland, 1980; Villafranca et al, 

1982) have shown that DBH is a typical type 11 copper protein. The spin Hamiltonian 

parameters obtained by EPR spectroscopy for fully active DBH containing eight Cu (11) / 

tetramer (gl = 2.07, gll = 2.27, and All = 0.0150 cm-') are consistent with tetragonal 

coordination of four nitrogen or mixed nitrogen / oxygen equatorial metal ligation (Peisach 

and Blumberg, 1974). The electron spin-echo envelope modulation (ESEEM) technique 

is used to characterize the magnetic interactions between Cu (11) and weakly coupled 

nuclei around the copper centers to identify and to define the structure of the metal ion 

binding sites (Kevan, 1979; Mims and Peisach, 1981). Identical results are obtained for 

DBH containing either eight or four coppers per tetramer, indicating that the copper 

binding sites are identical. The spectrum of DBH is identical with those obtained from Cu 

(11)-imidazole model complexes (Mims and Peisach, 1978) and from several Cu (11) 

proteins (Mims and Peisach, 1979; Kosman et al, 1980; Avigliano et al, 1981). 

Furthermore, the ESEEM data of DBH are similar to those of copper-imidazole complex 

with four 14N contribution (McCracken et al, 1987). 

An earlier EXAFS (extended X-ray absorption fine structure) study of oxidized DBH 

containing only four copper per tetramer indicated that Cu (11) bound to four imidawle 

groups at 2.01 A with one or two oxygen atoms at 2.30 A (Hasnain et al, 1984). In a 

later study, the Fourier-transformed spectra of the EXAFS raw data from reduced DBH 

showed a bifurcated first coordination shell containing two or three N (0) ligands around 



1.93 A and one sulfur - containing ligand around 2.30 A (Scott et al, 1988). The newest 

EXAFS results by Blackburn et al (Blackburn et al, 1991) showed that oxidized DBH had 

2.5 coordinated histidines and 1.5 oxygen atoms, with an overall 4-coordinate copper site. 

The Cu-(imid) distance was found to be 1.99 A, and the Cu-0 distance was 1.94 A. 
These distances were within the normal range for Cu (11)-imidazole and Cu (II)-0 (aq). 

Although the data did not rule out coordination of anionic oxygen - donor ligands derived 

from endogenous carboxylate or phenolate groups, a site composed of histidine and water 

or OH- ligands was suggested. The structure of the reduced copper centers seemed to be 

very controversial. Villafranca et a1 (Blumberg et al, 1989) failed to detect any 

contribution from sulfur or chlorine in their reduced DBH EXAFS data, and asserted that 

there was little structural change on reduction. However, both Blackburn and Scott 

(Blackburn et al, 1991; Scott et al, 1988) found that for the reduced enzyme, the imidazole 

coordination number did not change (within experimental error), but the Odonors were 

replaced by 0.5 sulfur per copper. There was evidence for the presence of an additional 

weak interaction at one or both copper atoms. Because DBH contained no h e  sulfhydryl 

groups, and there was no reported spectroscopic evidence for a Cu (11) - thiol or thiolate 

interaction in the oxidized enzyme, it was proposed that the sulfur ligand was derived 

from methionine. The average coordination at each copper was, therefore, between 3 and 

3.5. One Cu (I) in the reduced enzyme was close to 3 - coordinate, two His ligands and 

one sulfur from methionine with bond length at 2.25 A ; the other Cu (I) had three His 

ligands. 

In this lab, the measurement of the stoichiometry of CO binding to DBH seems to 

establish the structural and mechanistic inequivalence of the two Cu (I) centers, because 

CO selectively binds only one of two copper centers per subunit (Blackburn et al, 1990, 



Pettingill et al, 1991). Based on all these data, Blackburn proposed two models for the 

active site of the CO adduct for the reduced enzyme involving different coordination at the 

two Cu (I) sites: model A, [Cua(HishS c ~ b ( H i s ) ~ C O ~ ,  or model B, [Cua (His)2SCO 

Cub (His)sX], where X is a weakly binding ligand or a histidine. To decide which 

model is correct is going to be investigated and is the main task in this dissertation. 

His His His CO 
\ / \ / 
Cua Cub 
/ \ 

His S 
/ \  

His X 

His CO His His 
# \ / 

Cua Cub 

' 'S 
\ 

His His X 

Model A Model B 

1.3.3. Kinetic Studies 

For an unknown protein, kinetic studies of the time course for reduction and mxidation 

of an enzyme usually are performed, providing some insight into the inter-relationship 

between observed enzyme forms with catalytic function. DBH can hydroxylate a large 

number of compounds (see Table 1. I.), and tyramine is one substrate for DBH, forming a 

P-hydroxylated product, octoparnine (see Scheme 1.2). Results of kinetic studies with 

tyramine as a substrate are similar to those obtained with dopamine as a substrate. Since 

catechol can reduce the enzyme-bound Cu (IT) (Levin and Kaufman, 1961), tyramine is 

usually used as the substrate for kinetic studies (see Scheme 1.2.). In the early substrate 

binding studies, Goldstein et a1 (Goldstein et al, 1968) reported when tyramine was the 

variable substrate, the Lineweaver-Burk plots were linear and parallel to each other. A 

similar pattern was obtained with ascorbate as the variable substrate. Thus tyramine and 
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Table 1.1. Substrates for DBH 

Substrates Reaction Reference 

p -tyramine hydroxylation Villatianca, 198 1 
P-phenethylamine 

dopamine 

m -tyramine 
0 -tyramine 

p -me thoxypheth ylarnine 
a-methyl-p- tyramine 

P-methyl-p -tyramine 

N -methyl-p -tyramine 
y -phenylpropylamine 

p -hydroxybenzylcyanide 

S -octopamine ketonization Mayetal, 1981 

phenyl-2-aminoethyl sulfide sulfoxidation May & Phillips, 1980 

phenyl-2-aminoethyl selenide selenoxidation May et al, 1987 

N -phenylethylenediamine N deallcylation Wimalasena & May, 1987 

N -methyl-N-phenylethylenediamine N -dealkylation ibid 
1 -phenyl- 1 -aminornethylethene epoxida tion May et al, 1983 

3-amino-2-(3-hydroxypheny1)prene alkyne oxidation Padgette et a1,1985 



ascorbate obeyed a Ping-Pong mechanism, in which binding of the first substrate 

(ascorbate) to the enzyme was followed by the release of a product (dehydroascorbate) 

from the enzyme before a second substrate (tyramine) bound to the enzyme. On the other 

hand, when dopamine was the variable substrate and the oxygen concentration saturated, 

the double-reciprocal plots were linear and intersected at one point on the ordinate. The 

intersecting initial velocity patterns suggested a sequential mechanism in which both 

substrates (dopamine or tyramine and oxygen) must add to the enzyme before a product 

was released. The reaction rates of each step suggested that regardless which of these two 

substrates (oxygen or dopamine) was added first, both steps reached equilibrium rapidly, 

and the interconversion of the central ternary complexes most likely represented the rate- 

limiting step. 

The pH dependence of Vmax / K@M), Vmax / K(02) (Ahn and Klinman, 1983; KDM: 

Michaelis constant of dopamine, Ka: Michaelis constant of 02) shows a bell shaped 

curve with slopes of -1 and 1 on either side of the maximum, which signifies the presence 

of at least three ionization states for DBH which may represent binary or ternary enzyme- 

substrate and enzyme-product. From the curve of Vmax vs. pH, Ahn and Klinman have 

found that there are two pK, for the DBH reaction, pKal = 4.8 - 4.9 and p& = 5.4 - 
5.6. The ionization of at least two residues is required to account for this pH dependence. 

It seems to suggest binary complexes EB1 S, E~~~ S, and EBIH S (enzymewbstrate 
B2 B2 BW 

complexes with no amino acid, one amino acid, and two amino acids protonated, 

respectively) (the mechanism see Fig.l.12. from Brenner and Klinman, 1989). The finite 

limiting values of V- at high and low pH require that two ionization states of the ternary 

enzyme-product complex be catalytically viable. The kinetic mechanism, at pH 4.5, is 



ordered with water dissociation 9.2-fold faster than norepinephrine dissociation from the 

ternary-complex so that the release of water from the enzyme ternary-complex precedes 

the release of norepinephrine (Klinman et al, 1980). At pH 5.2 and 6.0, the kinetic 

mechanism is completely random, having approximately equal rates for water and 

norepinephrine dissociation. Above pH 6.0, the kinetic mechanism is once again ordered, 

but with preferential release of norepinephrine. Catalysis requires the protonated form of 

an enzyme-bound residue (pK = 5.6 - 5.8), suggesting an acid-catalyzed activation of 

oxygen to generate a reactive intermediate. Subsequent cleavage of the C - H bond at P- 

carbon of substrate may be mediated either directly by an intermediate reduced-dioxygen 

species or by an active site residue. 

1.3.4. Mechanism-based inhibitors 

Mechanism-based inhibitors or suicide substrates are inhibitors that themselves are 

unreacative until they interact with a specific enzyme acitve site. The inactivation of DBH 

by the acetylenic mechanism-based inhibitor, 1 -phenyl- 1 -propene, which forms a benzyl 

free radical by hydrogen abstraction (Colombo and Villafranca, 1984) (Mechanism see 

Scheme 1.3.), is most likely accomplished by alkylation of an amino acid residue at the 

active site. Similar DBH inhibition by 2-bromo-2-(p-hydroxypheny1)-1-propene, which 

is a substrate analogue, shows that inactivation of DBH arises only when DBH is 

incubated with analogue, reducing agent, and oxygen (Colombo et al, 1984). Authors 

suggest that two groups at the active site of the enzyme are likely to be involved. A base 

acts as a nucleophile, and an acid protonates the allene or vinyl ketone. The enzyme- 

bound intermediate or product may rearrange to an electrophilic species, leading to the 

formation of a stable adduct. The kinetic data suggested that enzyme inactivation by 

another mechanism-based inhibitor, 3-phenylpropene, proceeds by hydrogen atom 
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abstraction and formation of a benzyl radical which then partitions between hyhxylation 

and inactivation of DBH. 

[3H]-6-Hydroxybenzofuran and [14C]-phenylhydrazine are mechanism-based inhibitors 

of DBH (Farrington et al, 1990). Phenylhydrazine inactivates DBH by reducing Cu (11) 

to Cu (I), resulting in the formation of a N-centered radical cation (phenylhydrazine) 

intermediate. The intermediate may then break down to a carbon-centered radical (R.) 

from the enzyme. Both inhibitors label a unique tyrosine, ~ ~ r ~ ~ ~ ,  but [14C]- 

phenylhydrazine also labels a unique histidine, His249. Hisx9 is a possible copper ligand 

and ~ y r ~ ~ ~  may be an active residue. By isolation of a modified nonradio-labeled peptide, 

authors have found that there is an amino acid deleted from the peptide. This amino acid 

has a large W peak but without radioactive label. It is ~ r g " ~  putatively modified during 

inactivation of DBH by two inhibitors. The chemical nature of modified iIrg5O3 is 

unknown. The stoichiometry of inactivation of 6OH-benzofuran has been shown to be 

0.5 / active site of DBH. Because enzyme loses an Arg residue after inactivation of DBH 

with either 6-OH-benzofuran or phenylhydrazine, the mechanism of DBH inactivation 

may involve oxidation of an amino acid active site. 

The inactivation of DBH by two additional mechanism-based inhibitors (DeWolf et al, 

1988, 1989) demonstrates that two other amino acid residues can be covalently modified. 

These residues are not  is^^^ and ~ y r ~ ~ ~  , but  is^^^ and ~9'~. Both   is^^^ and 

  is^^^ are in a sequence commonly found in copper-binding sites, His-X-His, and thus 

are candidates as ligands for the copper ions. 



1.3.5. The primary structure of dopamine P-hydroxylase 

The primary amino acid sequence of soluble bovine DBH has been obtained recently by 

peptide mapping and sequencing (Robertson et al, 1990). The comparison of bovine 

amino acid sequence with that derived from bovine (Lamouroux et al, 1987) and human 

cDNA (Lewis et al, 1990) is shown in Fig. 1.13. The full length of human DBH cDNA 

encodes 603 amino acids, including a 25 residue signal-peptide. The complete bovine 

gene codes for a polypeptide of 597 amino acids, but the mature enzyme contains 578 

amino acids. 19 amino acids represent signal peptide sequences which are thought to be 

proteolytically cleaved and are absent in the peptide maps. 561 of the 597 amino acids 

have been confirmed by protein sequencing (Robertson et al, 1990). N-terminal sequence 

analysis of the bovine enzyme indicates that two different N-termini exist, one of which is 

3 amino acids longer than the other and begins with the sequence Ser-Ala-Pro (Talor et al, 

1989). The bovine peptide sequence has five differences from the sequence derived from 

the bovine cDNA, and four of the differences could be derived from a single base change 

in the DNA. The bovine sequence is 85 96 identity to that derived from the human cDNA. 

There are four consensus sites (50, 170,552,597) for glycosylation in the bovine peptide 

sequence. However, only two, at the position 170, 552, have been tested positive for 

glycosylation by the phenol-sulfuric acid test (Dubois et al, 1956). In the human enzyme, 

there is a consensus site at 330, not at 597. 

Analysis of the amino acid composition of bovine DBH suggest there are 13-16 

Cys/monomer (Skotland and Ljones, 1979) comparing with 16 for the human sequence 

(Lamouroux et al, 1987; Rossenberg and Lovenberg, 1986). Two Cys in the human 

enzyme are replaced with Arg in the bovine enzyme. At the position 553, the human 

cDNA derived sequence has a Lys, and the bovine cDNA derived sequence has an Arg. 
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Since spin-echo EPR and EXAFS data have demonstrated copper coordination to 3-4 

histidines for each copper in DBH, there should be 6 - 8 His at the active site of each 

DBH monomer. All the 21 His residues predicted by the bovine cDNA have 

beenidentified. Five regions in the bovine sequence, including positions 230 (His-His), 

248 (His-His-Met), 319 (His-X-His), 398 (His-X-His), and 425 (His-X-X-X-His), 

provide contiguous or closely spaced His residues for potential Cu-ligands. Met250 could 

also be a Cu-ligand with S as the coordination atom. 

DBH is strikingly similar to an important enzyme, peptidylglycine a-amidating 

monooxygenase (PAM) as well as significantly homologous to the first 92 amino acids of 

DBH and the entire sequence of NADH : ubiquinone oxidoreductase. PAM catalyzes the 

C-terminal amidation of a variety of hormonal peptides and is dependent upon copper, 

ascorbate, and molecular oxygen for the enzymatic activity (Eipper et al, 1983; Eipper and 

Mains, 1988). PAM is a key regulatory enzyme in neuropeptide biosynthesis; like DBH, 

it exists in both soluble and membrane-bound forms. PAM is a monomer with one or two 

copper(s) per monomer, consisting of total 976 amino acid residues (including a 25 

residue signal sequence, a putative 10 residue propeptide, an 831 residue catalytic / 

intragranular domain, and a 25 residue transmembrane domain with an 86 residue 

cytoplasmic tail). 

Based on the slightly larger DBH section of 295 residues aligned with 270 residues from 

PAM, the number of identical positions is 27 8 with 52 % structural conservation by the 

exchange of similar residues in positions of nonidentity (see Fig. 1.14.) (Southan and 

Kruse, 1989). Several lines of evidence indicate that the similar section between these 

two enzymes represents a common catalytic domain. Out of 7 Cys residues in PAM, 5 



are, allowing for small gaps, in identical or similar positions as in DBH. This implies 

some conserved pattern of intra-chain disulfide formation. Two histidine clusters are also 

conserved at positions 102 (HHM) and 238 (HXH) in PAM relative to the positions 250 

(HHM) and 398 (HXH) in human DBH that are probable Cu (11) ligands. The HHM 

cluster in DBH and PAM also supplies the potential sulfur ligand from Met for the coppers 

in these two enzymes. Direct evidence for a ligand motif of type H-X-H in copper type 11 

proteins comes from the 3-dimensional structure of the copper binding site in superoxide 

dismutase (Tainer et al, 1982). Both enzymes contain additional potential ligand clusters 

but at different positions. These would include HYH at the position 3 19 - 32 1 in DBH 

and an unusual Met / His cluster at the position 345 in PAM. Since the EXAFS data 

indicates Met is a possible ligand to copper in DBH, this unusual Met / His cluster in 

PAM may supply the Met ligand to copper center rather than Metlo4. On the basis of both 

primary structures and biochemical functions, DBH and PAM are proposed to be 

members of a new protein family of type I1 copper monooxygenases. 

1. 4. Anion Binding to Copper Proteins 

Since type 11 copper proteins have no optical absorbance, conclusions regarding the role 

of the Cu (11) site have to be based largely on inhibition experiments with anions, such as 

cyanide, azide, and thiocyanate, which are known, from electron paramagnetic resonance 

(EPR) studies, to interact strongly with the "nonblue" copper atoms. An intense azide to 

copper charge-transfer transition near 400 nm permits the optical detection of 

complexation between Cu (11) and azide (see Fig. 1.15.). SCN- also produces a ligand to 

metal charge-transfer transition, but with much lower intensity. CN- has very strong 

affinity for Cu (11) centers in enzymes, but lacks a charge transfer band. Azide-Cu 
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complexes are then the easiest to investigate. A series of stable, structurally characterized 

Cu (11)-azide model compounds have been synthesized. There are three possible binding 

modes for a single azide coordinating to Cu (11) center: terminal, p-1, 3, or p-1, 1 

geometry. 

Azide and SCN' are known to bind to most type I1 copper proteins terminally. Some 

model compounds, [Cu (dien) H20]2+, [Cu (terpy) H20]2+, and [Cu (Me dien) H20l2+, 

can coordinate to N3- anion through the displacement of Hfi from the equatorial position 

on Cu (11). In each case, the other three equatorial positions are occupied by strongly 

bound nitrogen atoms from a tridentate ligand, diethylenetriamine, 2,2', 2" - terpyridine, 

or 1, 1,4,7,7 - pentamethyldiethylenetriamine, respectively. Difference spectra (Cu (11)- 

N3- complex - Cu (a-H20 complex) show that A,,,, values for the a ide  to copper (II) 

charge transfer transitions of [Cu (dien)]2+, [Cu (terpy)]2+, and [Cu (Me dien)]2+ are at 

346, 348, and 375 nm, respectively (see Table 1.2.). Comparisons of &, values of 

LMCT (ligand to metal charge transfer) transitions of the type I1 copper proteins with that 

of these model compounds will provide information about the structure of copper centers, 

because perturbation of a square-planar structure toward tetrahedral or trigonal 

bipyramidal will shift the azide to copper (11) charge-transfer transition to lower energy 

(longer hmax). The LMCT band of the laccase type 11 Cu (11)-azide complex (405 nm) is 

observed at considerably longer wavelength than those of the square planar [Cu(dien)N3]+ 

(Morpurgo et al, 1973) and [Cu (terpy) N3]+ (Holwerda et al, 1982), while close to the 

bands for [Cu(Me5dien)N3]+ (375 nm) (probably intermediate between square and 

trigonal pyramidal) (Felthouse et al, 1978) and [Cu(Me6tren)N3]+ (385 nm) (Coates et d ,  

1979) (probably trigonal bipyramidal) (DiVaira and Orioli, 1968). Hence, the half-filled 

metal orbital which correspond to the LUMO (lowest unoccupied molecular orbital) for the 
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Table 1.2. Spectroscopic Properties of Cu-azido Complexes

Cu-N-N-N

compounds Amaxof the absorption band

[Cu(dien)N3]+ 346 nm

from Morpurgo et aI, 1973dien = diethylenetriamine

[Cu (terpy) N3]+

terpy = 2, 2', 2" -terpyridine

348 nm

from Holwerda et aI, 1982

[Cu (Mes dien) N3]+

Mesdien = 1, 1,4, 7, 7-pentamethyldiethylenetriamine

375nm

fromFelthouseet al, 1978

[Cu (Me6 tren) N3]+

Mes dien =2, 2',2" -tris (N, N-dimethylamino)triethylamine

385nm

from Coates et aI, 1979

[Cu (E14dien) N3]+

E14 dien = 1, 1, 7, 7-tettaethyldiethylenetriamine

388nm

IR 2062 em-I

from Pate et aI, 1989

[Cu (pYV N3]+

PY2 =bis[2-(2-pyridyl) ethyl]amine

395 nm

IR 2041 cm-I

from Pate et aI, 1989
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[Cu (L'-O- N3]+

L'-O = 2 - [N, N-bis(2-pyridylethyl)amino]methylphenol

395nm

IR 2039cm-l

from Pate et ai, 1989

Type II copper in laccase 405 nm

from Holwerda et ai, 1982

amine oxidase from bovine plasma 385 nm

from Dooley and Cote, 1985

SOD ( bovine superoxide dismutase) 375 nm

from Dooley and McGuirl, 1986

met-apo Hemocyanin (from arthropdan) 415 nm

from Himmelwright et ai, 1980

N-N-N
/ "

Cu Cu

[CU2 (L-Et) N3]2+

L-Et =N, N, N', N' -tetrakis[2-(I-ethylbenzimidazolyl)]

365, 420 nm

IR 2025 cm-l

2-hydroxy -1, 3-diaminopropane from Pate et ai, 1989
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[Cu2 (bpeae) N3]2+

bpeae =2, 6-bis-[bis[2-(1-pyrazolyl)ethyl]amino ]-p -cresol

376,435 nm

IR 2038 em-1

from Pate et aI, 1989

Hemocyanin

half-met (from Arthropdan) 400, 480 nm

IR 2039 em-1

met-He 380 (Busyeon), 500 (Limulus), 420 (cancer)

from Solomon, 1981

met-tyrosinase (from Neurospora) 360 nm, 420 nm

from Solomon, 1981

N
I

N
I

N/ ,
Cu Cu

[CU2 (N60) N3]2+

N60 = 2,6 -bis[bis-[2-(1-pyrazolyl)ethyl]aminomethyl]-p -cresol

413 nm

from Pate et aI, 1989

[Cu2 (L-O-) N3]2+

L-O- = 2, 6-bis[N, N-bis(2-pyridylethyl)aminomethyl]phenol

417 nm

from Pate et aI, 1989



(charge thansfer) transition is expected to decrease in energy as the structure distorts 

towards trigonal, tetragonal, or tetrahadral configuration. 

Anion binding will also change the EPR spectra of type I1 copper pmteins. EPR spectra 

of SOD-N3', SOD-F-, SOD-CN' (Rotilio et a), 1972; Fee and Gaber, 1972), and SOD- 

SCN' (Bertini et al, 1980) show that the rhombic symmetry of the bovine enzyme, which 

results from the binding of copper to three strong His ligands and the fourth weaker His 

ligand, becomes axially symmetric after binding to N3', CN-, and F ions. Because the 

affinity of anions for Cu @) in SOD is comparable to that of strong ligands, anions can 

replace the fourth, weaker ligand, yielding a nearly square planar site. EPR spectra of 

DBH containing CN' showed a new signal reflecting the formation of the complex of CN' 

-Cu (11) DBH (Obata et al, 1987; Blackburn et al, 1984) (Fig.l.16.). An excess of CN 

in the enzyme solution caused a substantial reduction of Cu (II) to Cu (I); dmefart, there 

were two components upon CW binding to DBH. From combination of EPR and 1H 
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Figure 1.16. (A) Change of EPR spectra of 63~udopaminc 8-hydroxy- solution with iwsuc of the 
pIaCNlo / [Culo ratio. The dashed line is the spectrum simulated on the basis that thc solution misted 
of qua1 pDpations of component l and component I1 . (B) Change of EPR spectra of 6 3 ~ ~ - ~  0- 
hydroxylase solution with increase of the maN3]0 I [Culo d o  (Obata u al, 1987). 



NMR relaxation studies, Obata suggested (Obata et al, 1987) that component I represented 

a Cu (II) site with two water molecules and component II represented a Cu OI)  site that 

had lost one water molecule as the result of ligation of one CN-. In the case of N3' 

ligand, no reduction of Cu (11) was observed over the whole range of the ligand 

concentration. The AH (hyperfine splitting constant) value was larger in the Cu (11)-CET 

complex than in the native site, but smaller than in the Cu (11)-N3' complex, although the 

gll values were smaller in both complexes than in the native site. 

In this study, EPR, IR, and CD spectra have been used extensively. Electron 

Paramagnetic Resonance (EPR) can only be applied to species having one or more 

unpaired electrons. This covers a fairly wide range of substances, including free radicals, 

biradicals, and many transition metal compounds. EPR spectra provide information about 

numbers of unpaired electrons and the electronic structure of the magnetic species. In the 

presence of a magnetic field, Bo, a molecule or ion having one unpaired electron has two 

electron spin energy levels, given by: E = gpBB&fS , where p~ is the Bohr magneton, 

Ms is the electron spin quantum number (+ 1/2 or - 1/2) and g is a proportionality factor, 

equal to 2.00230 for a free electron. For radicals this factor is normally very close to the 

free-electron value, between 1.99 and 2.01, but for transition metal compounds spin-orbit 

coupling and zero-field splitting. It is the transitions between such energy levels, induced 

by the application of an appropriate frequency radiation, that are studied by EPR. The 

frequencies required depend on the strength of the magnetic field. 

Vibrational spectroscopy has been extensively used because it is a tool for identifying and 

measuring concentrations of samples without needing to know anything about how or 

why the spectra arise. For a molecule as composed of massive particles (atoms) joined by 



the connections with the bonding electrons, its motions can be calculated classically using 

Newton's Laws of Motion F(x) = - Ax, where x is a displacement from equilibrium, and 

k is the force constant. The vibrational motions that involve no overall translation or 

rotation of the molecule can be resolved into various oscillations about the equilibrium 

structure. The characteristic vibration frequency is v = 1/2x , where p is a 

deduced mass for the particular motion. 

Circular Dichroism (CD) has been employed increasingly to gain insight into the details of 

the coordination of metals with proteins and to characterize the properties and structures of 

anion complexes of copper proteins. CD measures the differential absorption of polarized 

light, therefore, measures the existence of molecular symmetry as well as the details of the 

coordination geometry of metals and their immediate environment. The primary, 

secondary, tertiary, and quaternary protein structure, the amino acid side chains which 

serve as metal ligands, the nature and environment in three-dimensional space, symmetry, 

charge, polarity, water etc. must all be considered. 

The aim of this dissertation is to study the structures of copper centers through anion- 

binding to DBH and to understand the catalytic role of Cu in "non-blue" copper proteins. 

Both spectroscopic (including UV / vis, IR, EPR, and CD) and kinetic methods are used 

in these studies. The half-apo DBH that contains only one copper per subunit (only Cub) 

has been prepared successfully for the first time. In this study, the comparsion of 

spectroscopy between fully reconstituted DBH (2 coppers / subunit) and half-apo DBH (1 

copper / subunit) were made; therefore, the environments of two copper centers in each 

subunit were investigated. DBH inhibition by anions, Ng- and SCN-, has been examed 

so that some insight into the mechanism of the DBH reaction can be obtained. 



CHAPTER I1 
DBH PREPARATION AND 

CHARACTERIZATION 

2. 1. Isolation and Preparation of DBH 

Bovine adrenal glands were collected from a local slaughterhouse, placed on ice, and 

dissected to remove the medulla tissue. Every attempt was made to process the tissue as 

quick as possible. The medullas were quick-frozen in liquid nitrogen immediately after 

dissection and stored without thawing until use. The medullas (250 g) were pulverized at 

77 K in a Waring blender cooled with liquid N2 previously; the powder was added to 750 

ml of 20 mM potassium phosphate buffer, pH 7. 5, containing 0.5 mM phenylmethyl- 

sulfonyl fluoride (PMSF) and 50 pg / ml catalase. The suspension was then stirred until 

the ice was just melted, and during this process the temperature was not allowed to rise 

above 2 'C. The crude suspension was homogenized at 12,000 rpm for 3 min by using a 

Brinkman PT 3000 homogenizer fitted with a PT-DA 3020 / T generator. This 

homogenate was centrifuged at 27,000 g for 60 min. The pellet was discarded, and the 

supernatant was filtered through two layers of cheesecloth. Solid ammonium sulfate was 

slowly added into the solution to a final concentration of 0.106 g / rnl, and the suspension 

was stirred for 60 min at 4 'C. It was then centrifuged at 27,000 g for 90 min; the pellet 

was discarded, and the supernatant was filtered through cheesecloth again. After slowly 

adding a further 0. 106 g 1 ml solid ammonium sulfate, the suspension was st- for 60 

min at 4 'C and the suspension was centrifuged at 27,000 g for 100 min. The 



supernatant was discarded, and the pellet was dissolved in 150 rnl of 50 rnM potassium 

phosphate buffer, pH 7.5. The solution was then homogenized at 5,000 rpm with the 

Brinkman PT 3000 homogenizer. Homogenization should be done very carefully to avoid 

making too much foam. The homogenate was dialyzed overnight against 2 liters of 50 

mM potassium phosphate buffer, pH 7. 5, to remove excess ammonium sulfate and to 

allow complete dissolution of enzyme. The dialyzed sample was then centrifuged at 

150000 g for 60 min to remove membranous material and filtered once more through 

cheesecloth to remove lipid floating on the surface of the supernatant. 

5 ml Concanavalin A (ConA) - sepharose 4B (Sigma) was packed in a 0.9 * 3.5 cm 

column washed with Milli-Q water to remove anti-bacterial reagent (NaN3) in ConA and 

equilibrated with 30 - 50 ml potassium phosphate buffer, pH 7.5. Then, the supernatant 

described above was applied to the ConA-Sepharose 4B column at a flow rate of 20 ml / 

hour. The column was washed overnight with 50 mM potassium phosphate containing 

150 mM sodium chloride, pH 7.5, to elute nonspecifically bound proteins and was then 

given a final wash with 40 ml of chloride-free 50 mM potassium phosphate buffer, pH 

7.5. The bound glycoproteins including DBH were eluted at room tempera- with 90 ml 

of the same buffer containing 5 % a-methylmannoside. 

The eluant from ConA was concentrated to approximately 5 ml or less, centrifuged to 

remove any particulate matter, and injected via a superloop onto a Zorbax GF-450 XL 

high-resolution gel-filtration column (Du Pont) attached to a Pharmacia LKB 

Biotechnology Inc. fast-protein liquid chromatography system (FPLC). The FPLC was 

programmed to allow the injection of the sample from the superloop, the elution of the 

enzymes from the column, and the collection of DBH automatically. The column was 



pre-equilibrated with 200 ml 50 mM potassium phosphate buffer, pH 7.5. The eluant was 

monitored by W absorbance at 280 nm. The W spccoophotometm was also connected 

to the FPLC system DBH was eluted at a retention volume of approximately 40 ml as the 

second sharp reproducible peak among a total of four peaks (see Fig. 2.1 .). The purified 

enzyme was sterilized and stored in liquid N2. The purified enzyme was tested by the 

native gel electrophoresis, displaying a single band 

Fig. 2.1. , eluents born FPLC. The scmnd band is DBH peak. 

2. 2. Protein Concentration Measurement 

Protein concentration was determined by UV spectrophotometry. = 1.24 

(Skotland and Ljones, 1977). 



2. 3. Enzyme Activity Measurement 

Enzyme activity was determined from the rate of 02 consumption of the enzyme catalyzed 

reaction measured by a Clark oxygen electrode (Rank Brothers, Bottisham, Cambridge) 

connected with a Cole Parmer strip-chart recorder. The electrode was inserted into a 

thermostated cell with 3 ml - 6 ml capacity, which was also equipped with a magnetic 

stirrer. A stock solution of tyramine (20 mM) and catalase (0.1 mg / ml) (Sigma, 1860 

units / ml) was dissolved in air-saturated, 200 mM acetate buffer, pH 5.0. Catalase was 

used to remove H202 produced by the autooxidation of ascorbate. 5 rnl of this solution 

was pipetted into the cell, and a solution of diluted DBH (10 - 50 p1) was added. The 

assay solution was allowed to equilibrate at 25 'C for 2 min. 50 pl of 1 M ascorbate was 

injected into the chamber to initiate the reaction, giving a final ascorbate concentration of 

10 mM. The electrode was calibrated with 99.9 % Ar ([02] = 0 pM) and air-saturated 

buffer ( [ a ]  = 236 pM) (Hodgman et al, 1963). The specific activities of preparations 

used in the study, as determined by this assay, varied between 18 and 24 units (pmol 02 

consumption / min) per mg protein (calculation see equation 2.1 .). However, our assay 

conditions were different from those used by other groups, since we have chosen 25 'C 

(rather than 37 'C) as the temperature for routine measurements. The specific activities of 

our preparations were also assayed under the conditions used by Colombo and co- 

workers (Colombo et al, 1987; 37 'C, 200 rnM acetate at pH 5.00, 10 m M  fumarate, 15 

mM tyrarnine, 20 mM ascorbate, 5400 units of catalase). It was unclear from the reports 

in the literature what value these authors used for the concentration of dissolved O2 in 

solution at 37 "C. We have calculated a value of [@] at 37 'C for 176 pM from the tables 

of solubilities of dissolved gases given by Hodgman et a1 (Hodgman et al, 1963). Using 

this value, our specific activities were 2 times greater than those measured under their 

conditions at 37 'C. 



oxygen consumption (CLM / mih) . total volume of assay solution (ml) 1000 
specific activity = ............................. --- ----- - ............................................ 
( p o l  /mg min) enzyme added (ml) . enzyme ccmcenmtion (mg / ml) 

Equation 2. 1. 

2. 4. Copper Content Analysis 

Copper concentration was analyzed by a Varian Techtron AA-5 flame atomic absorption 

spectrophotometer. A series of c ~ ( N 0 3 ) ~  solutions, concentration ranging h m  3 phi to 

25 pM, prepared with analytical accuracy were used as copper standards. The DBH was 

diluted to the wpper concentration in the range of 3 pM to 25 pM for the measurement. 

The wpper lamp was turned on at 3 mA current and warmed up for at least 30 min; the slit 

was adjusted to 100 pm, wavelength was at 324.65 nm. After igniting the gas mixture of 

acetylene and air, the copper samples were sucked into the flame of the AA (atomic 

absorption) through a plastic tube which was soaked in Milli-Q water before using. By 

comparing the magnitude of DBH signal with that of copper standards, the copper 

concentration of enzyme was estimated. The calculation of the number of copper per 

enzyme was shown in equation 2.2. 

b p p e r  concentration (pM) 
The number of Copper / enzyme = ----------- - .............................................. 

DBH concentration (mglrnl) / 0.29 (mg / nmol) 

Equation 2. 2. 



2. 5. Copper Reconstitution 

As isolated, DBH contained approximately four copper atoms per tetramer, and was more 

than 50 % in the Cu (I) form as determined by double integration of the EPR spectra. 

Samples for spectroscopic measurements were routinely reconstituted to seven or eight 

copper atoms per tetramer via addition of a 20-fold excess of Cu (Nab into the enzyme 

tetramer in 50 mM potassium phosphate buffer, pH 7.5, followed by several cycles of 

washing with the same phosphate buffer, in a Centriprep 30 concentnitor (Amicon). The 

enzyme was finally concentrated to the concentration that was needed for different 

experiments. 

2. 6. Preparation of Fully Oxidized DBH: 

Purified DBH was oxidized with 50 equivalents K3Fe(CN)6 for 5 min and washed 

exhaustively by ultrafiltration in a centriprep 30 concentrator (Amicon) with 50 mM 

phosphate buffer to remove K4Fe(CN)6 and excess K3Fe(CN)6. The percentage of Cu 

(II) in the protein was measured by comparing the copper concentration through flame 

atomic absorption with that determined from double integration of the EPR spectra. EPR 

spectra were measured by a Varian El09 EPR Spectrometer. The temperature of the 

cavity was stabilized at - 150 'C by a Varian Variable Temperature Controller. 



CHAPTER 111 
THE FULLY OXIDIZED DBH-Nj' COMPLEX 

3. 1. Introduction 

As described in chapter I, studies of anions (N3', CN' and SCN-) binding to type I1 

copper proteins can provide much useful information about structures of copper centers 

and mechanisms of catalytic reactions. In this chapter, the characterization and 

interpretation of W / vis, W, and IR spectroscopy of the azido-DBH complex will be 

described via comparison with other type II copper proteins and relevant inorganic Cu 

(11)-azido complexes. 

Many type II copper proteins (SOD, amhe oxidase, type II center of laccase, galactose 

oxidase) have an intense N3- to Cu charge transfer band around 400 nm that is one of the 

most important features of N3-- Cu complexes. At the same time, the CD spectrum of the 

DBH-azido complex seems to be unique among non-blue copper protein-azido complexes. 

Since CD spectra reflect the symmetry of a molecule, analysis of the CD spectra will 

supply information about the configuration of the copper centers in the DBH-azido 

complex. IR spectra shows that N3- vibrational antisymmetric stretching frequencies 

shift after binding to DBH; the magnitude of the shift depends on the environment of the 



copper centers. 

We have also measured thermodynamic data on azide coordinating to DBH; AH, AS, and 

AG provide information on the properties of the N3- binding process and of the ligand 

dissociation process. The results of all these experiments point to the conclusion that the 

two copper centers of each subunit are inequivalent structurally and functionally. 

3. 2. Experimental Methods 

3. 2. 1. Azide to DBH Charge Transfer Transition 

A Perkin Elmer k-9 spectrophotorneter was used to monitor the absorbance change of the 

DBH - azide complex. The fully oxidized DBH was centrifuged at 7,000 rpm for 3 min. 

to remove the protein precipitate formed during the sample preparation. 1 ml DBH 

(around 1 - 5 mg / ml) contained in a 1.0 cm path-length sample cuvette was scanned 

between 500 - 300 nm as the protein background because only a single beam was used. 

Then DBH was titrated with 5 ply 0.05 M - 20 p1, 5 M azide, equilibrated for 5 min, 

and scanned again between 500 - 300 nm. This process was repeated until the spectrum 

showed no further change. 0.25 pmol to 100 pmol of azide was added into the system 

each time. The difference spectra were obtained by subtracting the absorbance of fully 

oxidized DBH from that of the DBH-azide complex. The data were corrected for the 

protein dilution and pmtein losses due to protein precipitation during the titration. 

3. 2. 2. CD Spectra of DBH-N3' and SOD-N3' Complexes. 

CD spectra were measured with a JASCO J-500 A spectropolarimeter (Dr. H. P. 



Bachinger group, Shriners Hospital, Portland, Oregon) interfaced to a computer. A round 

thermostated cell with a 1 rnl capacity and 1 cm pathlength was used. The temperature 

during the data collection was kept at 20 'C. The DBH W spectrum was obtained by 

subtracting the scan of 50 m M  potassium phosphate buffer, pH 7. 5, from the scan of 

DBH (around 5 mg / ml in the same potassium phosphate buffer). The W spectrum of 

the DBH-N3- complex was obtained by subtracting the CD scan of fully oxidized 

unliganded DBH from that of the DBH-N3' complex. A similar procedure was applied to 

the SOD-N3' complex. 

3. 2. 3. DBH-azide infrared spectra 

Infrared spectra were measured by a Perkin-Elmer 1800 FTIR spectrophotometer 

interfaced to a Perkin - Elmer 7500 computer. The IR cell employed rectangular CaF2 

windows (McCarthy Scientific Co.) separated by a 0.025 mrn Teflon spacer (McArthy 

Scientific Co.). The whole assembly was confined within a thermostated copper block. 

CaF2 windows were cleaned with concentrated permanganic acid (two to three crystals of 

KMn04 dissolved in 5 - 10 ml of 98 % H2S04) to oxidize surface organic contaminants 

before use. Samples of about 15 pl were injected into the cell through a septum with a 

syringe. 

Because NaN3 has a strong IR signal at 2048 cm-1, the DBH-azide IR spectra can be 

obtained only through the difference spectra of the azido-DBH complex and free azide. 

The following technique was developed in order to obtain accurate difference IR spectra. 

For the low azide concentration DBH samples, 0.1 rnl of fully reconstituted, oxidized 

DBH (about 2 mM in copper) was added to an equivalent amount of azide. It was then 



washed by ultrafiltration with a 50 mM phosphate buffer in a Centricon-30 concentrator to 

remove free azide, and azide IR spectra were monitored until free azide IR peaks were 

quite small. The IR spectra of filtrate and retentate were recorded, and the DBH-azide 

spectrum was obtained from the difference spectra of the filtrate and the retentate. When 

the DBH sample was titrated with a large excess of azide dissolved in the 50 mM 

phosphate buffer, pH 7.5 to make the DBH-azide sample with high azide concentration, 

the free azide was removed slowly by ultrafiltration in a Centricon 30 concentrator as the 

procedure described for preparing low azide concentration sample. The spectra of the 

filtrate and the retentate were recorded again. 200 scans were accumulated for every 

spectrum of both sample and blank. During the scan, the temperam of the cell was 

maintained at 10 'C with an external water bath. The same procedure was applied to 

SOD, whose final copper concentration was about 4 mM. 

3. 3. Results and Discussion 

3. 3. 1. The absorption spectrum of azide - Cu (II) charge transfer 

transition 

The optical spectrum of azido-DBH at room temperature is presented in Fig. 3. 1. A 

single intense band was observed at 385 nm, which may be assigned as an azide to Cu (I[) 

charge-transfer transition. The extinction coefficient, E = AA / CL (C = Cu molar 

concentration; L = cuvette pathlength in cm), at room temperature was 3,100 ~-'cm-',  

which was normalized to the copper concentration in the protein. 

Azido-Cu (11) complexes generally display an intense absorption band in the near 



DBH - W3 ti tration 

Fig. 3. 1. Absorption spectra of the azido complex of fully o x i d i d  dopunim p-hydroxylrse at the mom tmrperahne. The m y m e  
commtrdm was about 1 mg / ml in 50 mM phorphue buMa. pH.75. Azide m m c n t r d ~ ~ ~  from bottom to top are 0 mM. 

0.25 .1.24, 6.16, 11.03, 15.85, 40.05, 64.01, 87.74, 134.53, 203.05, 291.47, 376.70, 458.90 mM 



ultraviolet region. There are three structurally distinct modes of copper (11) - azide 

coordination in which a single azide may be bound in a terminal (Ziolo et al, 1972; Karlin 

et al, 1987 a), p -1, 3 (McKee et al, 1981; Sorrell et al, 1985), or p -1, 1 (Karlin et al, 

1987 b; Sorrell, 1986; Kahn et al, 1983) geometry (see Table 1.2.). Absorption, 

resonance Raman, and infrared spectroscopy have been used to identify spectral features 

of azide bound to copper (II) in model compounds with all three geometries (Pate et al, 

1989). The absorption bands around 400 nm have been assigned by Raman excitation 

profiles to azide to copper charge transfer transitions. Absorption spectra for each of these 

complexes (from Pate et al, 1989) are shown in Fig. 3.2. The terminally bound azide 

shows an intense band around 350 - 400 nm (E around 2000 M-I cm-1, see Fig. 3. 2.a). 

The absorption spectra of the bridging p- 1,3 azide-copper complexes reveal the presence 

of an intense charge-transfer band near 375 nm (E around 2300 M-1 cm-1) with an 

associated shoulder near 440 nm (E is about 1200 M-1 cm-1, see Fig. 3. 2. b). A 

Gaussian analysis resolves these features into two charge transfer bands at 365 nm 

Fig. 3.2. a Absorption spectra of terminally bound azide-Cu complexes: IP~~-CU-(NO~)(N~)] (-1; 
IPy2-Cu-(N@)]. Gaussian components of the azide complexes are indicated by (. . .) (form Pate, 1989). 



Fig. 3. 2. b Absorption spectra of acetonitrile solutions of [Cu2(L- 
Et)(N3)] [BF412 (-) and [Cu2(L-Et )(OAc)] [C104]2 (--). Gaussian 
components of the azide complex are indicated by ( - 0 ) .  

Energy (cm-1 x 10-3) 
Fig. 3. 2- C Absorption spectra of an acetonitrile solutions of [Cu2- 

(L-0-)(N3)] [PF612 (-) and [Cu2(L-0-)(OH)] [PF6I2=THF (--). The 
resonance Raman profile of the 2075-cm" feature is denoted by (a). 
Gaussian components of the azide complex are indicated by (9-0). The 
scale at right indicates the relative intensity of the asymmetric intraazide 
stretch. 



(27400 cm-1, & = 2100 M-1 cm-1) and 420 nm (23800 cm-1, & = 1000 M-1 cm-1 ) for 

[Cu2 (L-Et) (N3)] [BF4I2. p- 1,l bridged Cu (11) complexes exhibit an intense charge- 

transfer band at 460 nm (& = 3000 M-1 cm-1 ) and other unresolved features at higher 

energy (Fig. 3. 2. c). 

Although two azide to copper (II) charge-transfer transitions are predicted for a terminal 

copper (11) azide complex (Himmelwright et al, 1980), a comparison of the spectroscopic 

features of model compounds with those of non-azide analogs reveals only one observed 

charge-transfer band around 400 nm. The 400 nm band is assigned as the &nb-to- 

copper (II) charge-transfer transition (see Fig. 1.15.). The comparison of the CT band of 

azido-DBH to the model compounds suggests that azide binds to Cu (II) terminally. The 

optical spectrum of the azide - SOD complex, which is known to originate from a terminal 

monomeric Cu (11) - azide adduct also exhibits a single CT band at 375 nm @holey and 

McGuirl, 1986; Bertini et al, 1985). providing further evidence for terminal azide 

coordination in DBH. 

As described in Chapter I, the wavelength of azide to Cu (II) charge transfer is affected by 

the configuration of copper centers (see Table 1.2.). The perturbation of a square-planar 

structure toward a tetrahedral or trigonal bipyramidal structure will cause a wavelength 

shift to lower energy (longer of LMCI' transition. Square planar molecules, [Cu 

(dien) N3]+ and [Cu (terpy)N3]+, have LMCT transitions at 346 and 348 nm, respectively; 

but [Cu (Me5 dien) N3]+ (see Table 1.2.), which has a configuration between square 

planar and trigonal pyramidal, has a LMCT band at 375 nm; a trigonal bipyramidal 

molecule, [Cu (Me6 dien) N3]+ has an absorption band at 385 nm, which is the same as 

the &, of the DBH-azide complex. It may indicate that the copper centers in the DBH- 



azide complex do not display a square planar coordination; or it can be said that they are 

closer to a tetragonal or trigonal bipyramidal configuration than that in the SOD-azide 

complex (375 nm) @ooley and McGuirl, 1986 a). In native DBH, the copper center is 

thought to be in a tetragonal geometry (Stewart and Klinman, 1988) which may be 

retained in the azide adduct. 

The value of the extinction coefficient of azide to Cu (II) charge transfer transition (3,100 

M-'cm-' ) indicates that azide binds to Cu (II) equatorially in the azido-DBH complex. 

EPR and optical titration of model compounds (Himmelwright et al, 1980) have 

established that [Cu (dien) N3]+ binds one azide in the equatorial plane; the azide to copper 

CT occurs at 345 nm with an extinction coefficient of 2,600 M-' cm-l. Azide binding is 

pH dependent with K = 40 M-' at pH 7.2. Axial coordination of azide has been 

investigated by the model compound, Cu[2,3,2-tet], which has four amine nitrogens 

forming an equatorial plane such that azide is forced to bind at the axial position, which 

causes vefy low extinction coefficient for the azide-Cu complex. The binding constant can 

be extremely low as well, on the order of 1 M-' or less, and no intense charge-transfer 

band is observed. 

Non-blue copper proteins, bovine amine oxidase (Dooley and Golnik, 1983; Dooley and 

Cote, 1985), SOD (Dooley and McGuirl, 1986 a; Bertini et al, 1980; Bertini et al, 1985), 

galactose oxidase (Ettinger and Kosman, 1981), pig plasma amine oxidase (Barker et al, 

1979), and met apo-hemyanin (Himmelwright et al, 1980), all show a single equatorial 

azide coordinating at the copper centers and display a similar intense charge-transfer band. 

Bovine plasma and kidney amine oxidases are dimers and contain two well separated, 

non-interacting copper ions in each enzyme, confvmed by EPR and NMR measurements 



(Barker et al, 1979). Although the two subunits in the bovine enzyme appear to be 

identical, two groups of workers have reported that the two copper ions in the native 

enzyme are in different environments (Barker et al, 1979; Kluetz, M. D. and Schmidt, P. 

G., 1980). However, on adding the inhibitors, azide or cyanide, the two copper centers 

become identical (Barker et al, 1979). Both coppers appear to be bonded by three 

nitrogen and two oxygen ligands in a tetragonal array. Two oxygen ligands are apparently 

water molecules, one at an axial and the other at an equatorial position. Azide and cyanide 

ions displace the equatorial water molecule (Dooley and Golnik, 1983; Dooley and 

Cote, 1985). Similarly, the copper center of galactose oxidase in which there are two 

histidine ligands, two tyrosine ligands (one at the equatorial position and the other at an 

axial position), and one equatorial water ligand. Azide and cyanide also replace the 

equatorial water ligand (Ettinger and Kosman, 198 1). 

The requirement for equatorial coordination of azide to a copper center may be understood 

in the following way @ooley and Golnik, 1983; Spira-Solomon and Solomon, 1987). 

Tetragonal Cu (11) complexes have four ligands with relatively short bond lengths, in 

approximately planar symmetry; axial ligands (when present) are at a considerably longer 

distance. In such a complex, the Cu (11) dxzyz orbital located within the equatorial plane 

contains the unpaired electron. Energies and especially intensities of charge-transfer 

transitions depend critically on overlap between the electron donor and acceptor orbitals; 

an E > 1000 M-1 cm-1 requires good overlap and therefore equatorial coordination. Since 

DBH has a very high &, like other type I1 copper proteins, DBH is expected to bind azide 

equatorially. 

The anion binding constant can be obtained through Hill plot (see equation 3.1 .). The Hill 



equation is usually used for describing the cooperative behavior of ligands coordination to 

a protein. In the Hill equation, n is called the Hill constant, R is defined as the fraction of 

completely liganded enzyme molecules (CES 1 CEO) or the fractional saturation. When the 

Hill constant, n, is unity, the binding process is noncooperative, in which the first ligand 

binding does not affect binding of the second, third, and fourth ligand; each ligand binds 

to an enzyme independently. If n > 1, the ligand binding becomes positively cooperative. 

In this case, the binding of the first ligand will increase the binding constant of the 

second ligand, and the second ligand will accelerate the third ligand binding. If 0 < n 

< 1, the ligation of ligands exhibits negative cooperativity, which means that the first 

ligand will destablize the second ligand binding. The second ligand has a smaller binding 

constant than the first one. The maximum value for n is the number of binding sites per 

enzyme molecule. In practice, the Hill constant, n, is usually smaller than the number of 

binding sites. It also gives a measurement of cooperativity - the farther n is from 1, the 

larger the cooperativity. 

log K, + n log C, = log y Equation 3.1. 

where y = CE S. R =- 
C",CC,, 1 - R  

C, = CazideO - n[DBH(N3)] = C~&O when azide concentration is large excess 



Figure 3.3. shows a Hill plot for azide binding to DBH. Ka, obtained from the intercept 

of the Hill plot is 240 M-1, which represents the average equilibrium constant of every 

bound azide molecule at DBH. The Hill constant, n, is 0.69 at room temperature, 

indicating that the binding of azide to DBH exhibits negative cooperativity. A Hill 

constant less than 1 indicates that the coordination of N3- ion to the Cu (IT) center of DBH 

is a negative cooperative process; therefore, there must be more than one N3- binding site 

in each enzyme molecule. The binding of the first Ng- ion inhibits the binding of the 

second ion due to either a conformational change of the enzyme or an interaction between 

these anion molecules. 

Some non-blue proteins, such as SOD (Dooley and McGuirl, 1986 a), arnine oxidase 

@holey and Golnik, 1983; Dooley and Cote, 1985; Barker et a1 , 1979), or galactose 

oxidase (Ettinger and Kosman, 1981), have only one Cu (11) center per subunit, and azide 

binding is noncooperatitive; they all exhibit linear Scatchard plots. Because they have 

only one Cu (11) center per subunit, there is no interaction between copper centers, 

whereas DBH has two copper centers per subunit that may be close enough to interact 

with each other. 

3. 3. 2. CD spectra of DBH-azide and SOD-azide complexes 

The circular dichroism (CD) spectrum of fully oxidized native DBH is shown in Fig. 

3.4.a. There is no significant dichroism in the region of 700 - 300 nm. Bovine SOD 

displays a positive CD band at 352 nm (see Fig. 3.5.a, also see Fig. 3.6. from Fee and 

Valentine, 1977), which is assigned to histidine to copper charge transfer transition. The 

band around 600 nm is assigned to d-d transition. 



Fig. 3.3 Hill plot for titration of dopamine ~hydroxylase with azide at room temperature. 

Conditions were as given in Figure 3. 1. R = (A - Ao) / (A, - Ao). C = 

concentration of azide. 

0 1 2 
Log C (azide) 



Unlike other type I1 copper proteins, DBH lacks both charge transfer transitions and d d  

transitions from 550 to 700 nm. Another type I1 copper protein, beef plasma amine 

oxidase, shows Cu (II) ligand field CD transitions at 660 (positive) and 800 (negative) 

nm, along with an organic cofactor band at 410 nm (positive) -ley and Cote, 1985). 

Galactose oxidase also displays d d  transitions at 600 nm (negative) and 800 nm (positive) 

(Ettinger, 1974). Another band near 445 nm in the galactose oxidase CD spectrum is 

possibly derived from a combination of d-d transitions, imidazole to copper charge 

transfer, and tyrosine-to-copper charge transfer (Amundsen et al, 1977; Solomon et al, 

1976; Ito et al, 1991). The intense positive band at 3 14 nm is apparently another charge 

transfer transition involving 0 from tyrosine (Amundsen et al, 1977). The lack of CD 

absorbance in the visible region for DBH may indicate different symmetries between the 

copper centers in DBH and in other type I1 copper proteins. The copper centers in DBH 

are either in more asymmetric configuration than other non-blue copper proteins or their d- 

d bands appear at a longer wavelength than 700 nm. SOD has four His ligands, andone 

of them bridges to the Zn atom. Arnine oxidases are thought to contain three His ligands 

and one H20 at the equatorial positions and one H20 at the axial position (Dooley and 

Cote, 1985). On the other hand, galactose oxidase has two His ligands, one H20, and a 

tyrosine ligand at the equatorial positions, and one tyrosine at the axial position (Ito et al, 

1991). It seems that the ligands at a copper site do not affect the symmetry very much; 

but the protein conformation probably plays a more important role on the symmetry of an 

active site. Since DBH lacks phenolate-to-Cu (11) charge transfer bands in the CD spectra 

similar to those exhibited by galactose oxidase, it is impossible for DBH to contain an O- 

ligand from tyrosinate, but some other ligands (an 0-type ligand from an amino acid other 

than tyrosinate) may exist. 



Fig. 3. 4. CD spectra at 20 OC of fully oxidized dopamine B-hydmxylase (protein concentration is about 5 mg / ml) (a) 
and the DBH-rride complex in the presence of 700-fold azidc (b). The temperature during the data collection was 
kept at 20 OC. The scan speed was 20 nm/min; step resolution 0.1 mn; sensitivity 1 mdeucm; time wnstant 2 

sec.; beam width 1.0 nm; the number of scans 2. 
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Fig. 3-60 Optical and circular dichroism spectra o f  bovine superoxide 
dismutase. [Reprinted with permission from Michelson, McCord, and 
Fridovich, eds . ,  Superoxide and Superoxide Dismutases, Academic 
Press, London, 1977. Copyright by Academic Press (London), Ltd.] 

Fig. 3.4.b. is the CD spectrum of the DBH-N3- complex. A single broad, negative CD 

band (A E = Eleft - f&ight ) is observed at 405 nrn. It is unique among N3- to type I1 

copper protein charge transfer transitions. The SOD-N3- CD spectrum (see Fig. 3.5.b.) 

shows that there are two absorption bands in the LMCT region at 365 nm (negative) and 

405 nm (positive), as well as a ligand field transition at 595 nm (negative). It is very hard 

to assign these LMCT bands because of overlapping transition. If both bands belong to 

N3- to copper charge transfer transitions, the single band observed from the absorption 

spectrum (at 375 nm) must split into two bands, one positive and one negative, suggesting 

that there are two different transitions for N3- to copper charge transfer transition, one of 

them producing the positive CD band and the other producing the negative CD band. But 

all previous reports have inferred that only one N3- can bind a copper site and the two 

copper centers in the enzyme are in identical environments; furthermore, the 365 nm band 

also appears in the native SOD CD spectrum at the same position with a positive sign. 

Thus, the SOD-N3- complex probably possesses only one N3- to copper charge transfer 



transition, and, consequently, there should be one CD band around 405 nm. The 360 nm, 

negative band should still belong to the histidine ligand to copper charge transfer transition 

that changes its sign because of the binding of N3-, suggesting a change in configuration 

of the Cu centers upon the binding of N3-. 

Moffitt and Moscowitz have studied intensively the parallelism between the spectra of 

absorption and of optical activity (Moffitt and Moscowitz, 1959). Two cases are 

considered: 1. This class includes naturally asymmetric chromophores and certain special 

cases of symmetric chromophores in which the transition leading to absorption is 

forbidden electrically but allowed magnetically. The induced asymmetry is then so strong 

that it produces both a high €-value and a very marked circular dichroism. Under these 

conditions, assuming that the optical activity can be measured, both the wavelengths 

corresponding to the maxima or minima and the band widths for natural and dichroic 

absorption are identical. 2. The chromophore is symmetric but in an asymmetric 

environment. The transition is electrically forbidden. Under these conditions, the 

wavelength at the absorption maxima is shorter than that at the circular dichroic maxima or 

minima, and the bandwidth of circular dichroic absorption is smaller than that of natural 

absorption. Differences in wavelength maxima between CD and absorption spectra need 

not necessarily require the presence of two transitions of which only one is active in the 

absorption spectrum. Nonetheless, this possibility is not excluded, and circular dichroism 

curves in which two active transitions of opposite sign occur side by side are frequently 

encountered. 

That the CD maximum of azido-DBH occurs at about 20 nm longer wavelength than the 

UV / vis maximum appears to be the result of an asyrnmemc environment in the protein. 



The optical activity of N3- -CU (II) DBH is not proportional to the absorption of natural 

light. The wavelength and sign of CD spectra are very sensitive to the configuration of a 

chromophore, which is a good tool to study conformation of N3- - DBH and azido-SOD 

complexes. 

Because the chromophore including the copper centers and N3- in the N3- -SOD complex 

is symmetric itself, the wavelength at the CD maximum is supposed to be longer than that 

of the absorption maximum (375 nm) (Dooley and McGuire, 1986). This is the major 

reason that the 365 nm band in azido-SOD CD spectra is assigned to the histidine-to- 

copper charge transfer transition. It leaves the 405 nm band as a single N3- to copper 

charge transfer transition that exhibits a 30 nm red shift from that in the absorption 

spectnrm. Due to the intense negative His to copper charge transfer transition at 365 nm, 

this band not only becomes small and narrow, but hm, may shift to longer wavelength 

too muc-e actual may be around 400 nm or 390 nm. The negative band at 595 

nm is assigned to the d-d band. The interesting fact is that both the His to Cu (II) charge 

transfer transition and the d-d band flip their signs from positive to negative upon the 

coordination of azide; as the consequence, azide must alter the configuration of the copper 

centers. 

CD spectra of amine oxidase-Ni complexes are very similar to that of SOD-N3-. In the 

CD spectrum of native amine oxidase, there are two bands at 410 nm (negative, cofactor 

to copper charge transfer transition) and 610 nm (positive, d-d band); however, in CD 

spectra of amine oxidase-N3- complexes, the 4 10 nm band shifts to 480 nm but keeps the 

negative sign, and the d-d band (610 nm) shifts to 680 nm but reverses the sign to 

negative (see Fig. 3.7., from Dooley and Cote, 1985). There is a new band at 400 nm 



(positive) assigned to the N3- to copper charge transfer transition. SOD-N3- and amine 

oxidase-N3- complexes display very similar d-d transition and N3--to-copper charge 

transfer transitions - both exhibit positive L M n  and negative d-d transitions @ooley 

and Cote, 1985). Therefore, they probably behave very similar towards the coordination 

of N3- at the copper centers, but exactly opposite to the properties of DBH. The CD 

spectra indeed indicate there are some differences between DBH and other type I1 copper 

proteins. 

On the other hand, the CD signal of the DBH-N3- complex is very similar to some type ID 

copper protein - N3- complexes, such as hemocyanin, tyrosinase, and type II copper 

depleted laccase. The met-hernocyanin-N3- complex (met-hemocyanin: oxidized form of 

hemocyanin) displays a single negative CD band at 440 nm for Mollusc and 425 nm for 

Arthropod, in which Ng- forms the p-1, 3 bridged Cu-N3- complex (Solomon, 1981). 

Similar results are obtained for the met-tyrosinase-azide complex (Himmelwright et al, 

1979; see Fig. 3.8., from Pate et al, 1989). However, the met apo-Mollusc homocyanin- 

N3- complex (definition of met apo homocyanin see Scheme 3.1 ., from Himmelwright et 

al, 1980) also displays a single negative CD band around 400 nm, although N3- binds to 

the copper center terminally (Solomon, 1981). For the DBH-N3- and the Mollusc met- 

apo hemocyanin-N3- complexes, their copper centers probably are in a similar 

configuration in the presence of azide, and N3- attaches to the coppers in the same way or 

in the same direction. Laccase contains all three type copper centers, in which the type I 

copper is not able to coordinate to N3-. The type I1 copper depleted laccase-N3- complex 

displays a single negative CD band around 450 nrn; however, the CD spectrum of the 

azide adduct of native laccase that contains a type I1 copper center exhibits an extra 

positive feature at the shorter wavelength than 400nm. It seems that the type Il copper 



-N3- centers always generate positive CD bands except in DBH and met-apo hemocyanin, 

and the type III copper -N3- centers produce negative CD bands. 

The sign of CD spectra is usually decided by the optical configuration of a chromophore. 

Some CD spectra of metal-amino acid model compounds provide a hint about the 

relationship between CD and absorption spectra of metal complexes. One typical example 

is the [Co2+ (L-ala)3] complex that consists of 4 isomers including two geometrical 

isomers (fac and mer) and two optical isomers (A and A) (see Fig. 3.9, from Douglas and 

Yarnada, 1965). In these complexes, the donor atoms of an amino acid are nitrogen and 

oxygen. The symbols "fac" (facial) and "mer" (meridinal) are used, respectively, to 

designate an isomer in which three N atoms (or three 0 atoms) occupy the comers of one 

octahedral face, cis-cis or cis-trans, respectively. The CD and the visible-W absorption 

spectra of all four isomers have been obtained by Denning and Piper (see Fig. 3.10) 

(Denning and Pipper, 1965). The geometric isomers (mer-A and mer-A, or fac-A ancifac- 

A) have almost identical absorption spectra but reversed CD spectra. But CD spectra of a 

pair of optical isomers (mer-A and fac-A, or fac-A and mer-A) are consistent in shape, the 

band position, and sign (see Fig. 3.10.); the only deviation is intensity. 

Considering the similar absorption and the reversed CD spectra of DBH-N3- and bovine 

plasma amine oxidase-N3- complexes (see Table 3.3), their copper centers are probably in 

a parallel relationship as those optical isomers of model c o m p o u n d d d e  coordinates to 

copper centers of DBH and of beef plasma amine oxidase in the opposite directions, 

although they have comparable copper structures. Azide, then, binds to DBH in the same 

way that it coordinates to met-hemocyanin, met apo-hernocyanin, met-tyrosinase, and type 

I1 copper depleted laccase. 
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Scheme 3.1. Hernocyanin derivatives 

WAVELENGTH ( nm l 

Fig. 3.7. CD spectra obtained by digitally subtracting the resting unine oxidase 
spectrum ffom spectra of the enyme in the pesarce of rzi& at various 
concentrations. Azide concentrations w m  (-1 25 mM. (- -) 50 mM. and 
(...) 185 mM (frcnn Dooley and Cote. 1985). 



Hemocyanin 

[~rthropod] 

Tyrosinase 

Fig. 3.8. Absorption (solid line) and circular dichroism (dot line) spectra of Met Apo- 
hernocyanin-azide (top); met azide mollusc hernocyanin (l3usycon) (second 
from top); met azide arthropod hernocyanin (Limulus) (third from top); met 
azide tyrosinase (Neurospora) (bottom) (from Pate et al, 1989). 



Fig. 3.9. Four isomers of a tris-(L-a-amino acidato) complex. The substituents R are equatorial in 
the fac-A and mer-A isomers, and axial in the fac-A and mer-A isomers (from Douglas and 

Yarnada. 1965). 
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3.10. The CD and absorption spectra of four isomers of [Co(L-Alah] (from Derming Pipper. 



Table 3.3. Comparison of optical properties between DBH-azide 

and beef plasma arnine oxidase-azidc complexes 

absorption E CD band sign of CD 

band (nm) (M-I cm-l) (nm) band 

DBH-azide 385 3 100 405 negative 

amine oxidase- 
azide complex 

positive 

SOD-azide 375 1300 400 positive 
complex 

3.3.3. IR spectra of DBH-azide and SOD-azide complexes: 

IR spectra for the addocomplexes of DBH and SOD are shown in Figure 3.1 1. NaN3 

has a single strong IR peak at 2048 cm-I due to the asymmetric stretch of the azide moiety 

(NC-Nc--N). DBH-azide has a single peak at 2062 cm-1 at low aide  concentration 

(about 1: 1 Ns- to Cu ratios before washing out free N;), which is very similar to the 

single peak of SOD-azide (2059 cm-I). When the azide conctnnation is increased to azide 

to copper ratio larger than 100 : 1, the DBH-azide peak is broadened, suggesting the 

presence of a second peak around 2046 cm-1. Further increase in azide concentration 

does not produce more IR peaks, but causes the intensity of the second peak (at 2046 

cm-1) to increase. The wavenumber of the first band is higher than that of h e  azide, and 



the wavenumber of the second band is slightly lower than that of free azide. In a relevant 

control experiment, apo-DBH does not show any IR signal of protein-bound azide. 

The vibrational spectra of three types of azide-Cu (II) model compounds (terminal, p -1, 

1, and p -1, 3) have been published by the Solomon group (Pate et al, 1989) (see Fig. 

3.12.). Terminal mononuclear copper (11) azide model complexes exhibit a single band in 

the 2040 - 2060 cm-1 region (Fig. 3. 12. b). The IR or resonance Raman spectra of p-1, 

3 azide-Cu(II) complexes have a single peak in the 2025 cm-1 region. One p-1, 3 

complex, [Cu2 (bpeac) (N3)] [ClO4I2, displays an IR peak at 2038 cm-' (Fig. 3.12.a). 

The crystal structure of [Cuz (bpeac) (N3)] [ClO4I2 shows that the N1 - N2 bond length 

in the azide is shorter than that of the N2 - N3 (1.14 vs. 1.21 A ) which may contribute to 

the broadening. p - 1, 1 azide compounds exhibit a single azide related peak at 2065 - 
2075 cm-1 (Fig. 3. 12. c). The information content of the vibrational data (see Table 3.4) 

would provide a lot of structural information about the environment of copper centers (fill 

names of model compounds are in Table 1.2.). 

Although the energy of the intra-azide vibrational stretch correlates well with the geometric 

mode of azide binding, it does not result from a simple mass effect of the coupled 

vibrational unit, but from inequivalence of two intraazide bonds (Dori and Ziolo, 1972). 

This inequivalence is reflected in the difference between the force constants k (N1 - Nz) 

and k (N2 - N3). A rationale for inequivalence within the bound azide is provided by 

considering the ground-state electronic structure of the coordinated azide in terms of 

contributions from the two resonance structures in Fig. 3.13. The N-N bond length 

would also be expected to reflect this asymmetry. The resonance structures in Fig. 3.13. 

(from Pate et al, 1989) indicate that as the amount of single-triple character within azide 



Frequency, cm" 

Fig. 3. 11. Fourier W e r  infrared spectra in the region 2200 - 1950 a" for the azi& complexes of 
bovine Cu/Zn superoxide dismutase and dopamine $-hydroxylase. (a) difference spectrum of the 
retentate-filtrate for a 10 rnM solution of sodium azide (pmtein-fh) after ultrafiltration in a 
cenmcon 30. (b) 0.5 mM sodium azide. (c) the azido complex of Cu/Zn superoxide dismutase 
(8 mM in Cu) in sodium borate buffer, pH 8.1. (d) apo-DBH treated with a 10-fold excess of 
azide. (e) the azido complex of DBH at low azide concentration (Cu to azide ratio 1 : 1). (f) the 
azido complex of DBH at high azide concentration (Cu to azide ratio 1 : 500). The DBH was 
approximately 2 mM in total copper, in 50 mM phosphate buffer, pH 7.5, for al l  experiments. 
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Fig. 3.12. Inhared spectra of Nupl mulls of (a) [Cq@peac) (N3)][C104]2. (b) [CU(L'-0-)(N3)], and (c) 
[Cuz(LO-) (N3)][PFg]2 prepared with 14N14N14~ (-) and 14N14N15N (- -) (h Pate et al. 
1989). 

Table 3.4. Vibrational frequencies and calculated force constants of the asymmetric 

intraazide stretch of isotopically labeled copper azide model complexes. 

vibrational frequencies (cm-') force constants (rndynes/A) 
I N  15.14N 14.15NJ A cm-l 

3, k(NlN2) kfN2N3) k,,,,(NN) 
1 2 3  
NNN 

cu' 

ICu(Ei.dien)N3Br] (R)  2062 2048, 2054 6 11.8 14.0 1.29 
[py2-C~(NOJ)(N3)] (IR) 2041 2025. 2033 8 11.5 14.2 1.49 
[Cu(La-0-)(N3)] (IR. R) 2039 2022, 2033 11 11.2 14.5 1.56 

1 2 3  
NNN 

cuO 'cu 
[CuZ(L-Et)(N3)12+ (IR. R) 2025 2013, 2013 0 12.6 12.6 1.36 
[Cu2(bpeac)(N3)jz+ (IR) 2038 2026. <2028 <2 12.5 12.8 1.25 

N3 
N 2 
N 1 

cuO 'cu 
[ C U ~ ( N ~ O ) ( N ~ ) ] ' *  (IR, R) 2065 2045.2062 17 10.2 15.5 1.49 
[Cu,(L-0-)(N3)J2' (IR. R) 2075 2055. 2073 18 10.1 15.7 1.46 

'Structure not yet available. 

Both Fig.3. 12. and Table 3.4. are from Pate et al, 1989 



increases, the bond length should become more inequivalent, with N1 - N2 > N2 - N3. 

The terminal bound azide has a predicated inequivalence of about 0.05 - 0.07 A (see Table 

3.4., from Pate et al, 1989). 

The calculated N-N force constants provide insight into differences in the bond order 

within azide. A comparison of calculated N-N force constants for an single (F2, 4.45 

mdynes / A ), double (02.11.39 mdynes I A ), or triple azide bond (N2,22.41 mdynes / 

A ) indicates that the N-N force constants in the p-1, 3 complexes are similar to those 

expected for a two double bond structure. As the intra-azide bonds become more 

inequivalent in the terminal and p-1, 1 structures, the bond orders acquire greater single- 

triple character. However, the largest inequivalence (the p-1, 1 complex) still corresponds 

to approximately only 60 % resonance form A. 

The 2048 cm-1 IR band of NaN3 is associated with the azide antisymmetric stretch, 'Us, 

and its energy depends only on the configuration of the bonded azide (Agrell, 1971) - 

that is, on the degree of its symmetry. Thus, the larger the difference between the two N- 

N distances, the higher is the energy of 'Uas @ori and Ziolo, 1973). In the case of a 

metal bound azide, azide is asymmetric, and the long N-N distance always occurs between 

the middle nitrogen and the nitrogen coordinating to the metal. Spectroscopic 

A B 

Fig. 3.13. The resonance structures of the bound azide 



measurements of metal-azide complexes suggest that the metal-azide bond is largely 

covalent. The larger the ~r: interaction between the p orbital on N1 and the d orbitals on the 

metal, the larger will be the difference between the two N-N distances. Consequently, the 

larger this ~r: interaction, the higher Vas is. 

The antisymmetric stretch of SOD-azide is at 2059 cm-1, about 11 cm-1 higher than that of 

free azide. It is the copper attachment to azide that causes the inequivalence of the two 

nitrogen-nitrogen bonds. The Nl-N2 bond becomes weaker and longer because of the 

positive charge of Cu (II). The N2-N3 becomes stronger and shorter. The fmt  IR band 

of DBH-azide (2062 cm-I) is close to that of SOD-azide and indicates that the bond 

lengths of azide in these two complexes should be very similar. Therefore, the 

environment of one Cu center in DBH is probably comparable to that in the azido-SOD 

complex. SOD has a single copper center per subunit; each copper center has 4 His 

ligands, and one of them bridges between Cu and Zn centers. Azide substitutes one of the 

equatorid His ligands other than the bridging His 61 pee et al, 1981). In addition, the 

model compound, [Cu (Et4dien) N3Br] which has an almost identical azide antisymmetric 

stretch frequency (2062 cm-' ), is composed of three N ligands and one azide ligand at the 

equatorial position (Pate et al, 1989). Correspondingly, the copper centers of the oxidized 

DBH-azide complex probably also have 3 His ligands and one azide ligand. Since azide 

most possibly substitutes an equatorial water molecule rather than one of the His ligands, 

as mentioned previously, one of the Cu (11) centers in the oxidized form of DBH before 

binding to an azide molecule should have three His and one equatorial water as ligands. 

The second IR band of the DBH-azide complex at the high azide concentration has a 

relatively lower frequency (around 2045 cm-1, a number that may be little too high 

because of the overlap of two different peaks). This may represent another type of copper 



center with a different environment from the first copper center. It is very possible that 

this second type of copper center has different internal ligands resulting in different 

electron densities at the copper and consequent changes in the bond distances within the 

azide molecules. Solomon's copper model compounds (Pate et al, 1989) that have a 

terminal bound azide, [Cu (Ebdien)N3Br], [py2-Cu (N@)N3], and [Cu (L'-O-) (N3)], 

have azide vibrational frequencies of 2062, 2041, 2039 cm-1, respectively (see Table 

3.4.). When Cu has all N ligands, the azide IR stretching frequency is relatively higher, 

around 2060 cm-1. But as oxygen acts as a ligand, the lUas becomes lower. The second 

IR peak of the DBH-azide complex is quite comparable to that of [Cu (L'-O-) (Ns)], in 

which three N and one 0 serve as ligands (L'-O- = 2-[N, N-bis (2-pyridylethyl) amino] 

methylphenol ). It is reasonable to assume that in the azido-complex of DBH, the second 

copper center of DBH may have 2 nitrogen ligands from His and one oxygen type ligand. 

Since the second IR azido-DBH band appears only at the relatively high azide 

concentration, azide bound at the different copper centers causes both the different azide 

binding affinity at the copper center and the different azide vibrational frequency. Because 

the oxygen atom can supply more electron density to the copper center than nitrogen can, 

the Cu (11) becomes less positively charged, and the Cu-N bond is relatively weaker. As a 

consequence, the N-N bond length becomes less uneven, which gives a relatively lower 

azide antisymmetric stretching frequency. The different electron density of two copper 

centers in each subunit may affect their redox potential during turnover, and therefore, 

affect the electron transfer from the reductant, ascorbate. The measurement of IR spectra 

of azido-DBH indicates the two copper centers in each subunit have different endogenous 

ligands, different affinities of anion binding, and probably different redox potentials. 

Klinman et a1 have postulated a mechanism (Miller and Klinrnan, 1985; Klinrnan et al, 



1990; Bremer et al, 1989; Stewart and Klinman, 1987), in which two distinct coppers in 

each subunit perform separate functions and may be fairly distant in space. A reductant 

site and a substrate binding site are magnetically isolated to catalyze the electron transfer 

and substrate hydroxylation, respectively. An electron is transferred from the reductant 

site to the oxygen binding site, allowing a two electron reduction of oxygen to a copper 

hydroperoxide. Copper hydroperoxide may be competent to hydroxylate bound substrate 

without further activation. In the final stage of the mechanism, two electrons are added 

via the reductant copper site to generate the E-CU (I)*P complex (see Fig.l.12.). 

The spectroscopic studies of the azide-DBH complex also suggest the inequivalence of 

two Cu (II) centers in each subunit. One copper center contains one tightly coordinated 

oxygen type ligand besides two histidine ligands, and the other copper center contains 

only histidine ligands and weakly bound water molecules. 

3. 4. Conclusions 
The two copper sites of each subunit of DBH may not be identical; they have their own 

functions, but are not independent. The binding of N3- caused a very strong negative 

cooperativity, suggesting an interaction between the copper centers. The Nj- molecule 

can replace a water molecule at an equatorial site on the copper center. A conformational 

change may occur as the temperature is lowered. The azide vibrational antisymmetric 

stretch in the azide-Cu(DBH) complex has resolved a single band at low azide 

concentration and two IR bands at high azide concentration, respectively. This strongly 

supports the conclusion that the environments of two copper centers in each subunit are 

inequivalent. 



CHAPTER IV 
THE HALF-APO-DBH-NJm COMPLEX 

4. 1. Introduction 

It has been shown, in the previous chapter through azide binding studies, that the two 

copper centers of each subunit in DBH may not be in the same environment. In order to 

confirm these results, an effort has been made to prepare half-apo-DBH that contains only 

one particular copper in each subunit. The CO binding to DBH measurements have been 

used to test if only one type of copper remains in the enzyme because previous results 

from this laboratory have proven that the stoichiometry is 0.5 CO / copper center 

(Blackburn et al, 1990) and hence that CO binds to only one copper center per subunit. 

Since CO exhibits competitive inhibition with respect to molecular oxygen (Blackburn et 

al, 1990), CO and oxygen are expected to bind to the enzyme at the same sites. The 

electronic structures of 9 and CO are similar according to the availability of empty ll* 

levels and the consequent ability of both ligands to take part in II - backbonding into the 

filled d-orbitals on the metal (Nakomota, 1986). Studies of inorganic copper - carbonyl 

chemistry have established that CO coordinates only to Cu (I) centers (Pasquali and 

Floriani, 1984). Previous measurements from this laboratory have clearly shown that 

reduced DBH binds 0.5 molecules of CO / copper. 



Formation of a DBH-CO complex has also been investigated by using Fourier transform - 
infrared spectroscopy. Cu (I) - carbonyls are known to exhibit C-0 stretching frequencies 

due to t d n a l l y  coordinated CO in the range of 2130 - 2000 cm-' and due to bridging 

coordinated carbonyls in the range of 2000 - 1850 cm-'. Fig. 4.1. shows the FllR 

spectrum of CO-treated, reduced DBH in the 2200 - 2000 cm-' energy range (Blackburn, 

1990). No bands are observed in the 2000 - 1850 cm" region. This result provides 

direct evidence for the formation of a terminally coordinated Cu (I)-CO complex in the 

reduced enzyme. Because CO and oxygen bind to only one copper center per subunit 

terminally, if Cub is assumed to be the CO's binding site and Cu, is not able to bind CO 

at all, oxygen should also be able to coordinate at the Cub center,-but not at the Cu, 

center. 

Examination of the trends of CO stretching frequencies in inorganic Cu (I) - carbonyl 

complexes helps to formulate the possible coordination in DBH-CO. The stretching 

frequency of a x-acceptor ligand, such as CO, coordinated to a metal is dependent on the 

degree of backbonding from metal d-orbitals into the A* - antibonding orbitals of CO. 

Table 4.1. (from Blackburn, 1990) contains details of ligation and 'U(co) for a number of 

Cu (I) - carbonyls. In general, '~(co) decreases with an increase in the number and 

basicity of the accompanying ligands. Thus, in compounds 1 and 2, coordination of an 

additional imidazole group decreases U(CO) by 17 cm-', suggesting that in Cu (I) - 

imidazole systems three - coordinate carbonyls have CO stretching frequencies some 15 

-20 cm-' above their four - coordinate analogous. The n backbonding from Cu (I) (dlo) 

to the empty x* orbitals on CO is proportional to the ability of the other ligands to donate 

electron density to Cu (I) and thus offset electron donation to CO. 



Fig* 4- 1. FTIR spectrum of the CO complex of reduced dopa- 
mine 8-hydroxylase in the 2200-2000 cm" range. The en- 
zyme-bound copper concentration was 1.3 mM, 100 mM triethanola- 
mine acetate, pH 7.00(Blackburn, 1990). 

The IR stretching frequency of CO - DBH is 2089 cm-' (Fig. 4. 1.). This value is on the 

high end of what is expected for carbonyls of Cu (I) model compounds. The dcoordinate 

tris -imidazole complex Cu(timm)CO+ reported by Sorell and Borovick (Sorell and 

Borovick, 1987) has a Z)(co) of 2080 cm-', whereas CO complexes of both molluscan and 

arhropodal hemocyanins occur at lower frequencies (2063 and 2043 cm-', respectively) 

(Fager and Alben, 1972) (see Table 4.2. from Blackburn, 1990). The copper centers in 

hemocyanins have three histidine ligands after binding to CO, and CO coordinates to both 

hemocyanins and DBH (at 2089 an-') terminally. An increase in U(CO) for DBH could be 

explained by a 4-coordinate Cu(1)-carbonyl in which one of the ligands is a poorer 

electron donor than histidine. This would occur if the fourth ligand is less basic or is less 

strongly bound and would also be true for 3-coordinate carbonyls where the fourth ligand 

is lost. 

In the preparation of half-apo DBH, the results of CO binding stoichiometry experiments 



Table 4. 1. 

Effect of coordination number and basicity on u(C0) of some inorganic Cu(I) carbonyls 

:C~2(mb-him)(CO)]~+ 
:Cu2(mb-him)(imid)(C0)I2+ 
:Cu(Co)(HBpz3)1 
:Cu(CO)(b~ea~)l  
:Cu(CO) (bpeaa)] 
'Cu(C0) (pza)]+ 
~CU(CO)(PZ~)I+ 
[CU(CO)(P~~)I+ 
;Cu2(Co)2(Xyl-o)l~~Fs)2 
:CU~(CO)~(N~PY~) I (PFS)~  
:Cu2(p-CO)(tmen)z(p-PhC02)]+ 
:Cu2(p-CO)(tm~)~(~-PhC02)1+ 

Donor atom seta 

1N (imid), 1N (amino) 
2N (imid), 1N (amino) 
3N (PZ) 
2N (pz), 10- (phenolate) 
2N (pz), 1N (tertiary amino) 
2N (pz), 1N (amino) 
2N (pz), 10 (ether) 
2N (pz), 1s (thioether) 
2N (py), 10- (phenolate) 
2N (py), 1N (amino) 
bridging CO 
bridging CO 

" Abbreviations: imid, imidazole; pz, pyrazole; py, pyridine; Xyl, xylose. 

Table 4. 2. 

CO-stretching frequencies for carbonyl complexes of copper proteins 
Enzyme u(CO)/cm-' 

Arthropodal Hc 2043 
Molluscan Hc 2063 
Cytochrome baa (T. tkrmophilus) 2054" 
Cytochrome caa3 (beef heart) 2062" 
Dopamine 8-hydroxylase 2089 

a This value represents the major component. 
Table 4.1. and 4.2. are from Blackburn et al, 1990 



have been used to assay the distribution of copper centers. It is assumed that Cub is the 

oxygen and CO binding site and Cua is the non oxygen binding site. If DBH contains 

only one copper per subunit (statistically distributed between the two sites), the CO / 

copper ratio would maintain at 0.5. If all coppers are at the non CO binding site (CU~), the 

CO / copper ratio would be 0; if all coppers are at the CO binding site (Cub), the CO / 

copper ratio would be 1.0. If proportion of DBH molecules contain two coppers per 

subunit and a proportion of them contains no coppers, the CO / Cu ratio should be 

maintained at 0.5. The CO / copper stoichiometry measurement is the best method to 

determine whether prepared DBH is genuine half-apo DBH. The measurement uses a 

modification (Blackburn et al, 1990) of the method by Zolla and Brunori (Zolla and 

Brunori, 1983; Zolla et al, 1984). 

In this chapter, the successful preparation of half-apo DBH will be described for the first 

time; the properties of half-apo DBH described below, are quite unique compared with 

fully metallated DBH. Spectroscopic properties of the half-apo DBH-N3' complex are 

compared with that of the fully reconstituted DBH-N3- complex, from which much 

information about the two copper centers in each subunit is obtained. 

4. 2. Experimental Methods 

4. 2. 1. Preparation of half-apo DBH 

Half-apo DBH, which contains only one particular type of copper in each subunit - 
either Cua or Cub but not both, was prepared by the regular method prior to the step of 

reconstitution with copper. Since it contained around or less than 4 coppers per enzyme 



right after the preparation, DBH was usually reconstituted with copper after the 

preparation but prior to the spectroscopic studies. However, newly prepared DBH before 

the reconstitution with copper satisfied the definition of half-apo DBH. The copper 

concentration and the CO / Cu ratio in newly prepared DBH was measured (the CO / Cu 

ratio was measured by Dr. B. Reedy) by using a modified method developed by 

Blackburn et a1 (Blackburn et al, 1990). The CO/Cu ratio of DBH was measured by 

satuating CO to reduced DBH and buffer-blank (Blackburn et al, 1990). The CO 

concentrations in DBH and buffer-blank wre then measured by titrating into a solution of 

deoxyhemoglobin. Under these conditions quatititative transfer of CO @BH-CO - CO in 

buffer) to the hemoglobin was achieved. The CO concentrations in DBH and blank were 

determined separately from the absorbance of the resulting carbonrnonoxy hemoglobin at 

4 19 nm using an extinction coefficient of 19 1 mM-lcm-1. The concentration of CO bound 

to DBH was calculated fiom the difference between the CO concentraions in the sample 

and the buffer. The copper concentration of DBH was determined through the atomic 

absorption spectra. The activity and the copper content were determined as described in 

Chapter II. 

4. 2. 2. Spectroscopic studies of half-apo DBH 

Absorption and CD spectroscopic studies were conducted under the same conditions used 

for the measurement of fully reconstituted DBH. EPR spectra were obtained as described 

in Chapter 11. 

In order to obtain IR spectra of the half-apo DBH-azido complex, an excess amount of 

azide had to be added (azide : Cu 2 20). Half-apo DBH was concentrated to 0.2 ml by 



ultrafiltration in a Centricon 30 concentrator. After added 20 p1 of 1 M N3-, the enzyme 

was concentrated to 0.1 ml in the same Centricon 30 concentrator. IR spectra of both 

filtrate and retentate were then recorded. The IR spectrum of the half-apo DBH-N3- 

complex was obtained by subtracting the IR spectrum of filtrate from that of retentate. 

4. 3. Results 

4.3.1. Properties of half-apo DBH 

The native enzyme immediately after purification but before reconstitution with copper 

shows that it contains about or less than 4 coppers / enzyme and a CO / copper ratio of 

1.0. The data of several preparations are shown in Table 4.3. Although the copper 

content in the enzyme after preparation varied from 2.5 to 4.3, the ratio of CO / Cu is 

consistently found to be 1.0. Therefore, the native enzyme immediately after the 

preparation must be a mixture of genuine half-apo and fully apo-foms of DBH. 

Traditional methods for preparing half-apo enzyme were not able to produce genuine half- 

apo DBH. If the preparation of half-apo DBH was attempted by removing 4 coppers from 

fully reconstituted DBH (condtaining 8 copperslenzyme), the CO/Cu ratio was 0.5, 

indicating the presence of mixed copper centers. For DBH prepared with this method, 

part of the enzyme possessed two coppers per subunit, part possessed no coppers, and 

part had only one copper but at either one of two sites in every subunit. 

If the preparation was started from addition of 4 coppers in apo-DBH (has no copper at 

all), the same result was obtained- the CO / Cu ratio was 0.5. Then both methods were 

not successful for preparing real half-apo DBH even though the enzyme contained 4 



coppers / enzyme; instead, DBH right after the purification was half-apo DBH itself. 

In the DBH preparation, either the GF-450 gel filtration column or the Con A affinity 

column was the step most likely to xmove copper atoms from DBH. Both colwnns were 

tested by passing reconstituted DBH through these two columns, followed by the 

remeasurement of the copper content as well as the CO / copper ratio (see Table 4.4.). 

The GF-450 column removed about three coppers from DBH, and the CO / copper ratio 

was 0.5. However, the Con A column removed about 4 coppers from a DBH tetramer 

and yielded a CO /copper ratio of 0.75. In this case, the Con A column appeared to be the 

step where most of Cua was pulled out from DBH; but the GF-450 column removed 

copper from both sites (both Cua and Cub). Other steps in the preparation might also play 

some roles on the removal of copper from DBH. Thus, Con A column was the most 

possible step that removed Cu, and produced real half-apo DBH. 

Half-apo DBH exhibited lower activity than fully reconstituted DBH (see Table 4.5.). If 

half-apo DBH was reconstituted with Cu2+ to form fully reconstituted DBH, the activity 

of the enzyme recovered to the normal level (about or higher than 16 pmol/ mg min.). 

Half-apo DBH was about 113 - 1/4 less active than fully reconstituted DBH. Because 

half-apo DBH can pick up copper from the activity assay buffer, it was hard to estimate 

how active half-apo DBH was; however, it was sure that half-apo DBH was not as active 

as fully reconstituted DBH. 

The Cu2+ content in half-apo DBH was obtained from EPR spectra; more than 50 % of the 

total copper was in Cu+ form (see Table 4. 5.). The CU*+ content increased with time 

after the preparation, because oxygen in air caused partial oxidation of Cu+ into CU2+; 



Table 4.3. Stoichiometry of CO binding to DBH 

Before Reconstitution After Reconstitution 

Preparation [&I I E [COI I [Cul [&I 1 E [ m I /  [Cul 

Table 4.4. The copper content of fully reconstituted 

DBH after column chromatography 

............................................................. 
Pass through GF-450 column Pass through Con A column 

copper content 
(Cu 1 DBH) 

CO / Cu ratio 0.46 0.75 



Cu+ was not a very stable form in the enzyme and was very easy to oxidize. The large 

amount of Cu+ in native DBH might indicate that C U ~ +  produced by Cu+ oxidation during 

the preparation was easier to dissociate from the enzyme than Cu+ is. Since most of the 

Cua was pulled out in the preparation, it must be easier for Cua to be oxidized than for 

Cub, and their redox potential may not be at the same level, i.e. Cu, has a lower redox 

potential than Cub, which means that Cub can receive an electron from an electron donor 

more easily during turnover. 

4. 3. 2. Absorption spectra of the N3- - half-apo DBH complex. 

The half-apo DBH was titrated with 1M and 5M N3- solutions, and then the absorption 

spectra were recorded (the procedure was the same as the titration of fully reconstituted 

DBH). Before the measurement, half-apo DBH was oxidized with K3Fe(CN)6, washed 

intensively with 50 mM potassium phosphate buffer, pH 7.5, in a centricon 30, and 

concentrated to around 5 mg / ml. The spectrum looked the same as for the fully 

reconstituted DBH-N3- complex, except was of lower intensity (the spectrum is not 

shown). Much higher N3- concentration (2.5 mM [Ng-] ) was required to produce the 

absorption band at 385 nm than for the fully reconstituted enzyme (0.25 rnM [Ng-] ). 

The Hill plot, shown in Fig. 4.2., is linear. The Hill constant, n, is 0.96; the association 

constant, K,, is 68 M-1, indicating that the N3- binding to half-apo DBH is 

noncooperative - The first N3- bound at the enzyme does not influence the binding of the 

subsequent N3- molecules, in another words, each Ng- molecules bind to DBH 

independently without any interaction. 



Table 4.5. The activity comparison of fully reconstituted 

and half-apo DBH right after preparations 

CU+ conc. in activity activity after Cu+ after reconstituted 

half-apo DBH (pmoYmg min) reconstitution 

37.2% after few days 12.6 16.34 

96 % 12.8 19.84 

60.5 % 17.3 20.1 

Table 4.6. Comparison of N3' binding properties in 

fully reconstituted and half-apo DBH 

& (M-lcm-l) K (M-1) Hill constant, n 

Fully rec. DBH 3,100 240 0.69 

Half-apo DBH 1,512 68 0.96 



The association constant of half-apo DBH-N3' (68 M-I), compared with that of fully 

reconstituted azido-DBH, (240 M-I), is much lower. Cub, the oxygen binding site, thus 

has a lower N3- affinity than ha. The extinction coefficient E is 1,512 M-lcm-1 (in per 

molar copper concentration), about half as much as in fully reconstituted DBH (see Table 

4.6.). 

Since fully reconstituted DBH and half-apo DBH share the same h,, in the absorption 

spectra, their copper centers probably have similar Cu (11) coordination. For the half-apo 

DBH-N3' complex, the extinction coefficient, E, (Cub-N3') is 1, 500 M-lcm-I; the 

average E for Cu, -N3- and Cub -N3- (from the fully reconstituted DBH-N3' complex) is 

3,100 M-lcm-1 ; E for Cu, -N3- would be 2 x 3100 - 1512 = 4, 688 M-lcm-1, which is 

three-fold of that for Cub -N3-. 

4. 3. 3. CD spectra of the half-apo DBH-N3' complex. 

Like in native DBH, there was not any absorption bands in the visible region of the half- 

apo DBH CD spectrum (Fig. 4. 3.a). The CD spectrum of the half-apo DBH-N3' 

complex resembled that of fully metallated DBH-N3- (see Fig. 4. 3.b and Fig. 4. 4.a) 

with a broad negative band at 400 nm. Due to the lower copper concentration in the 

enzyme solutions (105 pM for half-apo DBH against 185 pM for fully reconstituted 

DBH), the intensity appeared lower than that of the fully reconstituted DBH-azide 

complex. But actually they were almost equal in the molar coefficient of dichroic 

absorption (A&). Moreover, sign, shape, and wavelength of CD spectra of fully 

metallated DBH-N3- and half-apo DBH-N3- complexes were basically indistinguishable, 

except for a 5 nm violet shift for the half-apo DBH-azide complex. Of course, the CD 



log C (azide) 

Fig. 4.2. Hill plot for titration of half-apo DBH with azide at room temperature. 

Conditions were as given in experimental section. 



Fig. 4.3. CD spectra of half-apo DBH (about 5 mg 1 ml) (a) and the half-apo DBH - azide complex in 

the presencet of 700- fold azide (b). The temperature during the data collection was kept at 
20 'C. The scan speed was 20 nm I min; step resolution 0.1 nm; sensitivity 1 mdeg I cm; 
time constant 2 sec; BW 1.0 nm; and, the number of scan 2 



Fig. 4.4. CD spectra of the half-apo DBH-azide (a) and fully reconstituted DBH-azide complex (b). 

Conditions are as described in Q. 4. 3. 



spectrum of the fully metallate. DBH-N3- complex included the signal of Cua - N< as 

well as Cub - N3- . bax of the CD band for Cua - N3- was probably around 410 nm for 

the reason that A,,,,, CD for Cub - N3- was at 400 nm and the mean L, CD for the 

mixture of Cu, - N3' and Cub - N3- was at 405 nm, and in addition, they had almost 

identical intensity at the same copper concentration. As a result, the CD bands of Cub - 
N3- and Cua - N3- should differ by 10 nm. This represents a small, yet probably 

significant difference. 

4. 3. 4. EPR spectra of half-apo DBH 

There are no differences in EPR spectra for fully reconstituted and half-apo DBH (see Fig. 

4.5. - 4.7.). Figure 4. 5. is the EPR spectrum of half-apo DBH, Fig.4.6. is the EPR 

spectrum of half-apo DBH oxidized with K3Fe(CN)6, and Fig. 4.7. is the EPR spectrum 

of fully reconstituted oxidized DBH. EPR spectra were measured by a Varian El09 EPR 

Spectrometer. The temperature of the cavity was stabilized at - 170 'C by a Varian 

Variable Temperature Controller. The center of the magnetic field was set at 3000 G and 

the scan range 1000 G. The microwave power was 10 mw, modulation amplitude 20 G, 

microwave frequency 9.125 GHz, time constant 0.064 second, and scan time 2 minutes. 

All of EPR spectra look exactly the same, with identical g-value (gll = 2.27, gl = 2.07) 

and A-value (Ae = 0.0150), only varying in intensity due to the different cu2+ 

concentrations. 

4. 3. 5. IR spectra of the half-apo DBH-N3' complex. 

The IR spectra of azido-half-apo DBH has a positive band around 2040 cm-1 and an 
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Fig.4. 5.
Field (G) 3000

EPR spectra of half-apo DBH at -170°C. Two spectra in this figure are from same sample but at different gain.
Magnetic field: 3000 G; scan range: 1000 G; Microwave frequency 9.13 GHz; Modulation amplitude 20 G;
Microwave power 10 mW; Time constant 0.064 see; Scan time 2 min.



\0
0"1

.
r,.,

"6

+.IS.

Fig.4.6.
Field (G)

EPR spectra of oxidized half-apo DBH at -170 °c. Two spectra in this figure are from same sample but at different
gain. Magnetic field: 3000 G; scan range: 1000G; Microwave frequency 9.13 GHz; Modulation amplitude 20 G;
Microwave power 10mW; Time constant 0.064 sec; Scan time 2 min.
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Field (G)

EPR spectra of fully reconstituted DBH at -170°C. Two spectra in this figure are from same sample but at
different gain. Magnetic field: 3000 G; scan range: 1000G; Microwave frequency 9.13 GHz; Modulation
amplitude 20 G; Microwave power 10mW; Time constant 0.064 sec; Scan time 2 min.



intense negative band around 2048 cm-1. This negative band also appeared in the IR 

spectrum of the azido-apo-DBH complex at high azide concentration (10 rnM) (see Fig. 

4.8.a), in the fully reconstituted DBH-azido complex at 2 mM azide (Fig.4.8.c), as well 

as in the fully reconstituted DBH-azido complex at high azide concentration (Fig.4.8.d). 

The intensity of this band is proportional to the amount of azide added to DBH solution. 

This negative band also appears in SOD-azido IR spectra when the azide concentration is 

very high (> 50 mM) (Fig.4.8.b). This is the reason that the method for preparing DBH- 

azido samples involves washing out as much free N3- without leading to dissociation of 

the DBH-azido complexes (see Chapter ILI experimental method section). The appereance 

of this negative band may be caused by the non-equalibrium filtration of DBH-azide 

solution during the centrifugation in the Centricon 30. A large amount of charge within a 

protein push more free azide into filtrate in order to balance the activities in the retentate 

and filtrate. On the other hand, the higher concentration of azide anion at the end of 

centrifugation would force more azide to bind to DBH, causing the lower free azide 

concentration in the retentate. In the case of half-apo DBH, washing out free Ng- from 

azide-half-apo DBH solution results in the disappearance of the 2040 cm-I band. Because 

the frequency of this band is close to that of the free Ng- IR band and the negative peak 

exists in all DBH-azido samples at high N3- concentration, it is believed to be free Nj- 

which is derived from non-equilibrium separation during the sample preparation process 

(slightly higher [N3-] in filtrate than in retentate). In order to obtain better spectra of the 

half-apo DBH-azide complex, the IR spectrum of retentate has been multiplied by a small 

factor (eg. 1.05) before subtracting the IR spectrum of filtrate. In this way, the negative 

free N3- band is removed so that the vibrational frequency of half-apo bound Ng- can be 

determined accurately. 
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Fig. 4.8. IR spectra of DBH-azide and SOD-azide complexes. (a) apo-DBH-azide 
in 10 m M  azide solution; (b) azido-SOD in 10 rnM azide solution; (c) azido 
-DBH in 2 mM azide solution; (d) azido-DBH in 10 mM azide solution. 



Fig. 4.9. IR spectra of the DBH-azide complex at low aide concentration (a) 

and the half-apo DBH-azide complex (b). 



The IR spectra of the half-apo DBH-N3- complex is compared with fully metallated azido- 

DBH in Fig. 4.9. VN3- shifts from 2048 cm-1 for free azide band to 2038 cm-1 for half- 

apo DBH bound azide. The IR band is much narrower than that in the fully metallated 

DBH-N3' complex at high [N3'], but is comparable to the peak at the lower N3- 

concentration (Fig. 4.9.a). For the half-apo enzyme, no bands have been observed at 

low azide concentration, whereas addition of a relatively high concentration of azide 

caused the appearance of IR band b. Based on the N3- binding affinity to copper centers, 

the obvious conclusion is that band a is derived from Cua2+ -N3' and band b from Cu$+ 

-N3-. Their vibrational frequencies show a relatively large difference; band b is at 2038 

cm-l and band a is at 2061 cm-' -a 23 cm-I difference. 

4. 4. Discussion 

4. 4. 1. Absorption spectra of azido-half-apo DBH 

The fact that half-apo azido-DBH exhibits the same L, as the azide to copper charge 

transfer band in fully metallated enzyme indicates that Nj- does coordinate to the Cu2+ 

center terminally in fully reconstituted DBH. This is the only mode that could happen in 

half-apo DBH, since, if N3- formed a bridged complex with copper centers, absorption 

spectra of half-apo and fully reconstituted DBH would be quite different due to the 

different electronic structures. The symmetry and configuration of two copper centers in 

each subunit after binding to N3' may be quite similar. As showed in Table 1.2., if the 

copper-azido complexes are in different configurations (such as trigonal bipyramidal vs. 

tetragonal configuration), they will have different A,,,,. As a consequence, the number 

of ligands in CU,~+ and Cub2+ should also be identical. 



The smaller extinction coefficient may be an indication that Cua2+ and Cub2+ have different 

electron density. Because the intensity of an absorption spectrum is proportional to I 

vMVx d~ 1 2, the transition moment integral (Drago, 1977), these two chromophores - 
Cua2+ - N3- and Qb2+ - N3- must have different electric dipole moments. The electric 

dipole moment operator, M, is defmed as the distance between the centers of gravity of the 

positive and negative charges times the magnitude of these charges. The center of gravity 

of the positive charges in a molecule is fured by the nuclei, but the center of gravity of the 

electrons is an average over the probability function -go, 1977). The intensity of the 

absorption spectra will be affected by the distance between the Nl atom in Nl-NTN~ and 

the Cu2+ center as well as the electron densities of N1 and Cu2+ atoms. Lower electron 

density at Cua2+ than at Cub2+ would be a reasonable explanation for the different E value 

for the Cua2f - N3' and Cub2+ - N3- complexes. The environment, or ligands for Cua2+ , 

should be made up of less negatively charged donor-atoms that provide less negative 

charge to the Cua2+ center in order to produce a more positive electron density. Just as 

described in Chapter 3, Cub may contain an 0 type ligand (other than tyrasinate) to supply 

more negative charge. This speculation is consistent with the conclusion from the IR 

spectra of the DBH-N3' complex (see Chapter 3, section 3.3.3.). The second possibility 

for the lower extinction coefficient for the Cub2+-N3' center is that the bond length 

between Cub and N1 may be longer, forming a more axial type azide interaction and 

causing a weaker chemical bond that makes the charge transfer from the N3' ligand to the 

copper center relatively more difficult. 

Since the binding constant of half-apo DBH is lower than that of fully reconstituted DBH, 

Cua and Cub have different azide binding affinity, and Cub (in half-apo DBH) should be 

the copper whose N3- binding affinity is smaller, in other words, the association constant, 



Ka, for Cua2+ -N3- is much larger than that for Cub2+ - N3-. 

The Hill constant of half-apo DBH binding to azide (0.69) indicates that this binding 

process is noncooperative, meaning that the azide binding is an independent process and 

that there is no interaction among N3' molecules binding to copper centers in different 

subunits. The different Hill constants between fully reconstituted (0.69) and half-apo 

DBH-azido complexes (0.96) prove that a single copper center in a DBH monomer can 

not provide interaction between the two Nj- ions, as in the case of fully reconstituted 

DBH where azide molecules bound at Cua and Cub are located far enough apart to exclude 

a magnetic interaction (Blackburn et al, 1988) but close enough to cause the interaction 

between bound azide ligands. The distances between the copper centers in different 

subunits thus may be longer than that between two coppers in the same subunit. 

Comparing absorption spectra, cooperativity, extinction coefficients, and binding 

constants between half-apo DBH-N3' and fully reconstituted DBH-N3' complexes, we are 

able to conclude that CU,~+ and Cub2+ have similar symmetry and configuration but 

different types of ligands and that the cooperativity of N3' binding is induced by binding 

at the two copper centers in the same subunit 

4. 4. 2. EPR spectra of half-apo DBH and fully reconstituted DBH 

That EPR spectra of half-apo DBH and fully reconstituted DBH are identical also indicate 

CU,~+ and Cub2+ have very similar symmetry, since EPR spectra are very sensitive to the 

configuration of a paramagnetic center. From the previous results, half-apo DBH and 

fully reconstituted DBH-azido complexes displayed different IR spectra, indicating the 



differences between two copper centers in each subunit at room tempera-. Thus, the 

copper centers do not scramble at room temperature; then it is even harder for coppers 

scrambling in DBH at liquid nitrogen temperature. From the thermodynamic point of 

view, at room temperature, AG =AH - TAS > 0, since the process does not occur 

spontaneously. During the scrambling process, AS should be close to zero because of no 

changes of the number of molecules; thus AG = AH > 0 and does not vary with 

temperature. The coppers scrambling then becomes a kinetics driven process and is 

determined by the rate of molecular collision, by thermo-movement of molecules, 

therefore, by temperature. Generally, the reaction rate doubles as temperature increases 

10 K (Atkins, 1986). When temperature decreases from room temperature to -170 O C  (the 

temperature used for EPR measurements), the molecular movement will decrease at least 

7 x 105 times. Therefore, it is almost impossible for the coppers in half-apo DBH to 

scramble between two sites at -170 OC, since they are relatively stable at mom 

temperature. 

4. 4. 3. CD spectra of azido-half-apo DBH 

The absorption spectra of molecules depend on their constituent chemical groups, but 

circular dichroism depends entirely on spatial relationships among groups, and hence, on 

the molecular geometry. Thus, optical activity derives from stereochemistry and springs 

directly from the orientation of groups relative to one another, not from groups themselves 

(Vallee and Holmquist, 1980). The CD spectrum is supposed to be much more sensitive 

to the symmetry of a chromophore and the conformation of a vicinal group than the 

absorption spectra. For example, the model compounds, ([C$+L-R], R = Ala3, Leu3 and 

m), in which C$+ coordinates the same atoms, have absorption spectra that are 



basically the same except that the wavelength of [Co2+-L--1 is shifted a little towards 

lower energy. But their CD spectra are quite different in the number of peaks, sign, and 

intensity (Denning and Piper, 1966). In the case of the DBH-N3- and half-apo DBH-N3' 

complexes, the CD spectra are similar in intensity, shape, band position, and sign, 

strongly suggesting geometric similarities between the two copper centers. 

4. 4. 4. IR spectra of azido-half-apo DBH 

The theory of vibrational spectra in N3- - Cu complexes indicates that the frequency of the 

azide asymmetric stretch is determined by the inequivalence of the NI-N2 bond and the 

N2-N3 bond (see discussion in Chapter 3, and Fig. 3.13.); the more significant the 

bond's inequivalence is, the higher the N3- IR frequency. We have speculated that the 

Cua2+ should be more positively charged than Cub2+. Thus, Cub2+ fits more to situation 

A in Fig. 3.13., and which indicates the presence of one or more oxygen like ligands at 

the Cub center other than the N atom from the His ligands, because the 0 (other than 

tyrosinate) atom possesses more negative electron density than N (from His) to donate to 

the cub2+ center. The two azide bonds are less inequivalent for azide bound at Cub2+ than 

for azide bound at the Cua2+ center, which provides the explanation of lower frequency 

for N3- - cub2+. That Cub2+ contains the oxygen atom as a ligand is a reasonable 

conclusion for the IR spectra. 

The structure of the active center after binding azide then should be Cua2+(His)3N3' 

- c ~ ~ ~ + N ~ - ( H i s ) ~ o  (other than tyrosinate), and there may be some H20 molecules 

occupying axial positions in both centers. As discussed in Chapter 3, N3- removes the 

equatorial H20 molecule. Thus the possible configuration of CUa2+ is 3 His and one H20 



with axial H20 ligands farming a tetragonal configuration, and at the Cub2+, two His, one 

0 type ligand, and one water also forming a tetragonal configuration in which a little 

distortion may exist (see Fig. 4.1 1.). It is Cub2+ that is responsible for oxygen binding 

(because CO coordinates at the Cub, and CO is a competitive inhibitor with respect to 02). 

His 1 His 
\ / 

Cua 
/ \ 

His H20 

His 
\ I / His 

c u b  
/ 

0 type H20 

c u b  
0' 

O type N3- (b) 

Fig. 4.10. The possible environment of the Cu (11) centers in native DBH each subunit 

(a) and in the DBH-azide complex (b). 

4. 4. Conclusion 

Strong evidence from the comparison of spectroscopic studies between the half-apo and 

fully reconstituted DBH-azide complexes indicates similarity in coordination number and 

symmetry but different type of ligands for Cua and Cub centers in DBH. Cu, probably 

contains three His ligands and one or two water molecules; Cub contains two His ligands, 

one 0 type (0 from an amino acid other than tyrosinate) ligand, and one or two water 

ligands. 



CHAPTER V 

DBH INHIBITION BY Ns9 AND SCN' 
-ENZYME KINETIC STUDIES 

5. 1. Introduction 

Enzyme kinetics is the branch of enzymology that deals with the rates of enzyme-catalyzed 

reactions. For an enzyme catalyzed reaction: 

Scheme 5.1. 

VCSI 
The rate equation (Michaelis-Menten rate law) can be expressed as = K~ + [SI , in 

which K, is the substrate concentration which gives half-maximal reaction velocity; V is 

defined as the maximum rate of reaction; [S] is the substrate concentration. 

Such enzyme kinetic studies are able to deduce the kinetic mechanism of the catalytic 

reaction, the order in which substrates add, products leave the enzyme, and classes of 
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enzyme-substrate and enzyme-product complexes formed and thereby the architecture of 

the active site. It can provide insight into enzyme specificity and parameters that 

characterize the physical properties of enzymes. In some cases, kinetics of a reaction 

provide evidence for stable, covalently - bound intermediates that are undetectable by 

ordinary chemical analyses. Certain kinetic constants can be determined, and from these 

we can obtain useful information concerning the usual intracellular concentrations of 

substrates and products as well as the physiological direction of the reaction. Kinetics of a 

reaction may indicate the way in which the activity of the enzyme is regulated in vivo. A 

kinetic analysis can lead to a model for an enzyme-catalyzed reaction and, conversely, the 

principles of enzyme kinetics can be used to write the kinetic equation for an attractive 

model. The kinetic equation tells us exactly how all ligands of a system interact to affect 

the velocity of the reaction. 

Enzyme inhibition is enormously important in enzymology. The studies of enzyme 

inhibition can help us to understand how the enzyme works. By systematic modification 

of the structure of a substrate, an active site of the enzyme or an allosteric binding site can 

be "mapped". The inhibition of enzyme activity is one of major regulatory devices of 

living cells and one of the most important diagnostic procedures. Inhibition studies often 

tell us something about the specificity of enzymes. Once the detailed chemistry of the 

active site has been deciphered, it becomes possible to carry out the rational design of 

inhibitors with therapeutic value. 

The simple type of inhibition, in which only one type of inhibitor is present at anytime, 

can be classified into three classes: competitive, noncompetitive, and uncompetitive 

inhibition. A competitive inhibitor is a substance that combines with free enzyme in a 



manner that prevents substrate binding. That is, the inhibitor and the substrate are 

mutually exclusive, often because of true competition for the same site. A classical 

noncompetitive inhibitor has no effect on substrate binding, or vice versa. The inhibitor 

and the substrate bind reversibly, randomly, and independently at different sites. In this 

case, the inhibitor, I, binds to both E (enzyme) and ES (the enzymeosubstrate complex); S 

binds to E and to EI (the enzyrneoinhibitor complex). The binding of an inhibitor has no 

effect on the dissociation constant of the substrate. However, the resulting ESI 

(enzyme*substrate*inhibitor) complex is inactive. An uncompetitive inhibitor is a 

compound that binds reversibly to the enzyme*substrate complex yielding an inactive ESI 

complex. The inhibitor does not bind to the free enzyme. Uncompetitive inhibition 

requires that the inhibitor affects the catalytic function of the enzyme but not its substrate 

binding. 

Both N3- and SCN' ions manifest inhibition of DBH, which will be discussed in this 

chapter. Some earlier results have shown that N3- functions as an uncompetitive inhibitor 

with respect of the substrate, tyramine, but as a mixed type inhibitor with regard to the 

substrate, ascorbate (Blackburn, 1984). SCN- belongs to the same type of ligands as 

N3- but is a softer base than N3'; softness of SCW ligand may affect the electron density 

at copper centers if SCN- is able to coordinate to copper. Rom infhred spectra, it is very 

clear that a ligand like 0 from amino acids other than tyrosinate (or S fiom Met) would 

moderate the positive charge at copper centers, thus, SCN' would be a good probe to test 

the effect of a S atom coordinating to the copper centers in DBH. Because SCN- does not 

show any ligand to copper (in DBH) charge transfer transition in absorption spectra, it is 

very difficult to study the binding of SCN- at the copper centers. Kinetics would provide 

an effective method to fulfill this task. 



5. 2. Experimental Methods 

5. 2. 1. DBH inhibition by SCN' with tyramine or ascorbate as the 

variable substrate. 

The experiment was set up as in the activity assay system to measure the oxygen 

consumption with a Clark oxygen electrode (see chapter 2). When tyramine was the 

varied substrate, its concentration was varied from 0.1 mM to 1.0 mM, and SCN' 

concentration maintained at 0 mM for the fist series of reaction rate measurements. For 

the second series of velocity measurements, SCN- concentration was kept at 0.1 mM. 

For the third series, SCN' concentration was 0.2 mM; and for the fourth, [SCN'] was 0.3 

rnM. The enzyme concentration was kept constant for each series of measurements, and 

oxygen concentration was kept at 236 pM which was the oxygen saturation concentration 

in 200 mM acetate buffer -+he reaction buffer- at 25 O C .  Then 50 p1, 1 M ascorbate 

(dissolved in water) was injected into the reaction mixture to start the reaction. The initial 

reaction rates were recorded with a Cole Parmer chart recorder. 

For the series of experiments with ascorbate as the variable substrate, the concentration of 

tyramine in assay solution was maintained at 10 mM, [oxygen] was constant at 236 pM 

and ascorbate was varied from 0.075 mM to 1.0 mM. SCN- concentrations for each 

series of velocity measurement were increased from 0,O. 1,0.2, to 0.3 mM as above. 

5. 2. 2. DBH inhibition by N3' and SCN' with oxygen as the variable 

substrate. 

DBH inhibition by N3- and SCN- was also measured using an assay system that varies 



111

the substrate (02) concentration while keeping other substrates (tyramine and ascorbate)

fIxed at 10 mM. The oxygen concentration was varied by mixing appropriate volumes of

anaerobic acetate buffer and air-saturated buffer. The oxygen concentration in the assay

solution was measured directly from the reading of the O:zelectrode calibrated with air-

saturated buffer and pure Ar. After equilibration at 25° C for a few minutes, 50 III 1M

ascorbate was injected to start the reaction. For both N3- and SCN- inhibition

measurements, the oxygen concentration was varied from 30 IlM to 250 IlM. SCN-

concentration was set at 0, 5, 10 to 20 IlM for each series of measurement. N3-

concentration was fIxed at 0, 1, 5, 10mM.

5. 2. 3. EPR spectra of DBH in the presence of varying concentrations

of SCN-

Fully reconstituted, oxidized DBH EPR spectra in the presence of SCN- were recorded

with Varian EI09 Electric Paramagnetic Resonance Spectrometer whose parameters were

set as described in chapter 2, section 2. 6. 0.3 ml fully reconstituted DBH (the total

copper concentration was about 300 J.1Mobtained from AA, and Cu2+was about 250 J.1M

from EPR) was frozen at -170 0 C in liquid N2. SCN- stock solution had a concentration

1 M, dissolved in 50 mM phosphate buffer, pH 7. 5. The titration was started by

adding 1 Ill, 1 M SCN- solution into DBH, mixing completely, and recording the EPR

spectrum. Larger amounts of SCN- solution were added late on; finally 40 III20 M SCN-

was added, at which concentration, the DBH EPR spectrum did not change any more.

The Cu2+concentration was determined through double integration of the EPR spectra,

calibrated with a series of copper standard solutions. DBH for this experiment had a

concentration of about 13mg / mI, 7.6 copper / DBH, activity about 17Ilmol / mg min.
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5. 3. Results and Discussion

5. 3. 1. DBH inhibition by SCN- with tyramine or ascorbate as the

variable substrate

The double reciprocal plots (also called Lineweaver-Burk plots) of SCN- inhibition while

tyramine concentration is varied are shown in Fig. 5.1. A series of parallel straight lines

is found whose slopes do not change. This type of inhibition belongs to the

uncompetitivetype,in whichtheinterceptat the 1/ V axisis relatedto Vroaxby therelation

1 / Vapp = ( 1 + [1]/ Kd / Vmax

and the intercept at the 1 / [S] axis is given by the equation,

1 / Kmapp= (1 + [1]/ Kd / Km

here Ki is the dissociation constant of an inhibitor, Ki = [ES] [1]/ [ESI]. The replot of 1/

Vappagainst [ I ] is shown in Fig. 5.2, from which the Ki is calculated from the slope of

the replot to be 0.156 roM. Ki calculated from replot of 1 / Kmappversus [1]was 0.228

roM (see Fig. 5. 2.). Since the replots are not perfect straight lines, the Ki values from the

two different replots are in reasonable agreement. The replots are not linear but parabolic

at higher SCN- concentration. A non-linear replot is an indication that more than one

inhibitor molecule binds to the enzyme.

When ascorbate is the variable substrate, the double reciprocal plots are also parallel with

each other (see Fig. 5. 3.), indicating that SCN- is an uncompetitive inhibitor with

ascorbate as the varied substrate. The fundamental kinetic behavior expected for

uncompetitive inhibition is that the value of both Kmappand Vmaxare altered by a factor,

1+ [1]/ Ki; the apparent maximum rate of the reaction Vappis decreased,

Vapp= Vroax/ (1 + [1]/ Ki )



Fig. 5.1. Double reciprocal plots of DBH inhibition by SCN- with 
oxygen and ascorbate saturating and tyramine .as variable 
substrate at 298 K. [SCN 1: , 0 mM; , 0.1 mM; 

a,, 0.2 mM; 0,0.3 mM. 
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Fig. 5.2. Replots of DBH inhibition by SCN with oxygen and ascorbate 
saturating and tyramine as variable substrate at 298 K. Top: replot 
of the intercept at the 1 / V axis versus [SCN]. Bottom: replot of the 
intercept at the 1 / [S] axis versus [SCN-]. 



and the apparent Km is also decreased, 

Kmapp=Km/(l + [a /Ki) 

The replot of 1 / Vapp versus [Il displays a parabolic line and gives Ki = 0.064 mM (see 

Fig. 5. 4.). Ki calculated from the slope of the replot of 1 / Kmapp versus [a is 0.104 

mM (see Fig. 5.4.). The replot is very good straight lines in this case. Ki is smaller than 

that when tyramine is the variable substrate. 

Uncompetitive inhibition is very common in steady-state multi reactant system. The 

inhibitor, SCN-, will be uncompetitive with respect to a given substrate, tyramine; it 

binds to DBH only after tyramine binds (although the inhibitor rarely binds to a central 

complex when all the substrate binding sites are filled). At any [SCN-1, an infinitely high 

tyramine concentration will not drive all of the enzyme to the ES form; some 

nonproductive ESI complex will always be present. Consequently, we can predict that 

V,, in the presence of an uncompetitive inhibitor will be lower than the Vm,, in the 

absence of an inhibitor. Unlike noncompetitive inhibition, the LW value will decrease. 

The decrease occurs because the reaction ES + I -----> ESI removes some ES, causing 

the reaction E + S ---> ES to proceed to the right. The degree of inhibition depends on the 

substrate concentration, but unlike competitive inhibition, the degree of inhibition 

increases as [tyramine] increases. This is to be expected, because an uncompetitive 

inhibitor combines only with the DBHetyramine complex, and the concentration of 

DBHetyramine increases as [tyramine] increases, therefore, more inhibitor molecules are 

able to associate with the enzyme. 

The mechanism for uncompetitive inhibition has to include a conformation change of 

enzyme after binding to the substrate to form or to unmask the inhibitor binding site in 
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Wg. 5.3 Inhibition of DBH by SCN with oxygen and tyramke saturating 
and ascorbate as variable substrate at 298 K [SCN 1: a, 0 mM; 

, 0.1 mM; 0 ,  0.2mM; 0.0.3 mM. 
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Fig. 5.4. Replots of DBH inhibition by SCN with oxygen and tyramine 
saturating and ascorbate as variable substrate at 298 K. Top: =plot 
of the intercept at the 1 1 V axis versus [SCN]. Bottom: replot of 
the intercept at the 1 I [S] axis versus [SCN]. 



order to be able to form the ESI complex (see Fig. 5.5, from Segel, 1975). The native 

DBH, without the substrate, tyramine, present, is not able to coordinate to its inhibitor, 

SCN'. This probably is the reason that there is no obvious electronic spectra existing for 

the DBH*SCN- complex. However, N3- also displays uncompetitive inhibition with 

tyramine as the variable substrate (see Fig. 5.6., from Blackburn, 1984). Addition of 

azide to the enzyme leads to immediate formation of a ligand to copper charge transfer 

transition at 385 nrn in the absorption spectrum. This may be due to the high N3' 

concentration changing the DBH conformation to make the Ng- binding sites become 

available. The observation that the N3' dissociation constant from kinetic data (tyramine is 

present) is only about 113 of that from spectrophotometric titration (without tyramine) 

(Blackburn et al, 1984) suggests that resting DBH can coordinate to N3' only at higher 

azide concentrations. Thus, an anion inhibitor, like azide, seems able to alter the 

conformational structure of DBH. For SCN-, either the ligand to copper charge transfer 

transition can not occur, or SCN' is unable to change DBH conformation to unmask the 

S C N  binding site even at high SCN' concentration. 

SCN- expresses uncompetitive inhibition when ascorbate is the variable substrate. As 

described above, it is assumed that SCN- can bind only to the DBHeascorbate complex, 

not free DBH. ESI is a dead end complex, not being able to convert to the product at all. 

SCN- inhibition when ascorbate is a variable substrate suggests that ascorbate has to 

reduce DBH first in order for SCN- to bind at the Cu centers, or SCN- binds only to the 

CU' form of enzyme. At any [SCN- 1, a portion of DBH will remain as the unproductive 

Enzyme*Ascorbate*SCN- complex. For uncompetitive inhibition, an inhibitor is actually 

an activator with respect to Km. If the substrate concentration is low enough so that the 

reaction is essentially first-order, the effect of an uncompetitive inhibitor on V,, will be 
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Fig. 5.5. Uncompetitive inhibition; I binds only to the ES complex. When S binds, a 
conformational change occurs in the enzyme which forms or unmasks the3 site. The 
resulting ES1 complex is catalytically inactive; C represents the catalytic center of the 
enzyme. 



Fig. 5.6. Inhibition of dopamine P-mono-oxygenase by N 3 -  
with ascorbic acid saturating (1.0 x 10- * mole dm- 3, and 

tyramine as variable substrate at 298 f 0.1 K 
lo3 x IN,-] (mol-dm-3): 0 , O ;  V, 6.0; 0, 15.0, e, 
60.0. Rates were measured by using an oxygen- 
sensitive electrode as described in the text. 



almost completely canceled by its opposite effect on K, and little or no inhibition will be 

observed. 

Uncompetitive inhibition definitely is an indication that the inhibitor, SCN-, and the 

substrate, ascorbate, do not bind to DBH at the same site to exclude each other since they 

form the DBH*ascorbate.SCN complex. Ascorbate is the substrate that reduces the Cu2+ 

form of DBH into Cu+ during turnover and binds to DBH before other substrates, 

tyramine and 02, are able to bind to the enzyme. If ascorbate directly transfers electrons 

to the copper centers, and does not go through any intermediate, it should be able to bind 

at the copper centers. On the other hand, SCN- as a copper ligand certainly binds at the 

copper centers. Thus, both ascorbate and SCN" coordinate to copper centers in DBH, but 

probably at different sites, SCN' is at one copper center, and ascorbate has to be at the 

other copper center in each subunit. 

Unlike SCN', N3' displays linear mixed-type inhibition with respect to ascorbate (see 

Fig. 5. 7. from Blackburn, 1984), which affects both the Km and Vmax values of an 

enzyme-catalyzed reaction. This type of inhibition can arise from several situations: a 

mixture of partial competitive and pure noncompetitive inhibition, a mixture of pure 

competitive and noncompetitive inhibition, or a mixture of pure competitive and pure 

uncompetitive inhibition. N3' has been proven to coordinate to both copper centers by 

spectroscopic studies; consequently, no matter which of the above situation is followed, 

as a mixed type inhibitor, one N3' molecule always competes with ascorbate for the 

binding site at the active center, at the same time, the other N3- molecule does not 

influence ascorbate binding to DBH. 



Fig. 5.7. Inhibition of dopamine P-mono-oxygenase by N 3 -  
with tyramine saturating (2.0 x 10- mol. dm- )) and ascor- 

bare as variable substrate at 298 + 0.1 K 
lo3 x [N3-]  (rnol-dm-3): V, 0;  0, 0.6; 0, 1.0; V, 
2.0; 0,3.0; e, 6.0. Rates were measured by using an 
oxygen-sensitive electrode as described in the text. 



The kinetic data confirm that two analogous copper ligands, N3- and SCN', behave 

differently; N3' coordinates at both copper sites, and SCN' at the only one copper center 

-the non ascorbate binding site. 

5. 3. 2. DBH inhibition by SCN' with oxygen as the variable substrate 

When oxygen is the variable substrate, a series straight Lineweaver-Burk plots for SCN' 

inhibition intersect at one point on the 1 / V axis (Fig. 5.8.), implicating competitive 

inhibition. For competitive inhibition, the substrate oxygen and the inhibitor SCN' 

compete for the same binding site at DBH. The inhibitor must resemble the substrate 02 

structurally. The initial velocity of the reaction is proportional to the steady-state 

concentration of the DBH-02 complex. All the enzyme species are reversibly connected. 

Consequently, at any fixed unsaturating concentration of inhibitor, the velocity can be 

driven to equal Vma at the higher substrate concentration. Therefore, the apparent Km 

will increase in the presence of a competitive inhibitor, Kmapp = Km (1 + [ I ] / Ki ), 

because at any inhibitor concentration, a portion of the enzyme exists in the EI form which 

has no affinity for the substrate. 

The replot of the slope of each reciprocal plot versus the corresponding inhibitor 

concentration, [SCN' 1, is shown in Fig. 5. 9. Ki is determined from the slope of the 

replot (Ki = 0.0108 rnM ). This value is much lower than that with tyramine or ascorbate 

as the variable substrate. SCN- is a more efficient inhibitor at the relatively lower oxygen 

concentration compared with the situation when the oxygen concentration is saturating. 

The replot is a straight line that distinguishes pure competitive inhibition from 
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Fig. 5.8. Inhibition of DBH by SCN with tyramine and ascorbate saturating 
and oxygen as variable substrate at 298 K. [SCN]: I3 , 0 pM; 

*, 5 p.M; m ,  low; 0 ,  20p.M 
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Fig. 5.9. Replot of DBH inhibition by SCK with tyramine and ascorbate 
saturating and oxygen as variable substrate. Replot of the slope 
versus [ S M .  



partial competitive inhibition; the latter gives hyperbolic replots. The increase in the Km 

value does not mean that the EI complex has a lower affinity for the substrate. The EI has 

no affinity at all for the substrate, while the affi ty of enzyme (the only form that can bind 

substrate) is unchanged. The apparent increase in K, results from a distribution of 

available enzyme between the "full afhity" and "no affinity " forms. The factor 1 + [TJ / 

Ki may be considered as an [u dependent statistical factor describing the distribution of 

enzyme between the E and EI forms. 

Based on the mechanism of competitive inhibition, SCN' must occupy the same binding 

site at DBH as oxygen does, which has been assumed to be Cub. Considering that the 

copper center at which SCN' binds to differs from that for ascorbate, ascorbate must bind 

only at Cua not Cub. This conclusion is very surprising because it is to the Cub that 02 

binds and at which the 0-0 bond is broken, and one oxygen atom transfers to the 

substrate, forming the water molecule. Without direct electron transfer from ascorbate, 

Cub has to receive two electrons from Cu, for every turnover. We know that the distance 

between Cua and Cub has to be longer than 6 A and electron transfer is not the rate- 

determining step (Stewart and Klinman, 1988); it will be very interesting to know how 

electron transport from Cua to Cub occurs at a much faster rate than the observed apparent 

rate (the rate constant, kobs = 250 s-I under conditions of saturating ascorbate) (Brenner et 

al, 1989). The rate of enzyme reduction is at least 5-fold faster than the apparent reaction 

rate (Klinman et al, 1990). 

The former kinetic results suggest that ascorbate, oxygen, and tyramine obey a Ping- 

Pong mechanism (Goldstein et al, 1968), meaning that ascorbate binds to DBH first, 

followed by the release of the product, semidehydroascorbate, and then other substrates, 



tyramine and 02, are able to bind to enzyme. The electron transfer pathway, therefore, 

should follow scheme 5.2. 

ascorbate semidehydroascorbate semidehydroascorbate 
ascorbate I I I 

Cua2+ Cub2+ cua2+ cub2+ ------+ Cua+ cub2+ d cUa2+ Cub+ 

semideh ydroascorbate ascorbate semidehydroascorbate semi&hydromcorbate 
+ ascorbate I 1 

2 semidehydroascorbate - ascorbate + dehydroascorbate 

Scheme 5. 2. 

Ascorbate coordinates at Cua first, reducing (ha2+ to Cua+; and then Cua+ delivers one 

electron to cub2+ to form Cub+ ; the next step is that semidehydroascorbate remits the 

second electron to cua2+; finally the first substrate, dehydroascorbate is reduced and 

released. At this moment, other substrates, tyramine and 02, are able to enter their 

binding sites on DBH. Since Cua+ is able to reduce cub2*, the redox potential of Cua 

should be lower than that of Cub. 

SCN- is not the only inhibitor functioning as a competitive inhibitor for DBH with respect 

to oxygen and an uncompetitive inhibitor with respect of ascorbate; other S containing 

inhibitors also display similar kinetic patterns. Kruse et al (Kruse et al, 1986) have 

prepared multisubstrate inhibitors that contain a S atom: 1-(4-Hydroxybenzylethyl) 

imidazole-2-thiol (I), (3,5 - Difluoro-4-hydroxyphenethyl) irnidazole-2-thiol (2), 1- 



methylimidazole- 2-thiol (3), p - Cresol(4) (structures see Fig. 5. 10). These inhibitors 

incorporate a phenethylamine substrate mimic and an oxygen mimic into a single 

molecule. The steady-state kinetic patterns of these inhibitors at pH 6.6 are shown in 

Table 5.1. (from Kruse et al, 1986). 

From the table, all inhibitors display uncompetitive inhibition towards ascorbate, 

indicating they bind exclusively to the ascorbateeDBH complex, or the reduced Cu+ form 

of enzyme. Compounds 1 and 2, as multisubstrate inhibitors are competitive with both 

tyramine and oxygen at the active site. Compound 3 is an oxygen competitive inhibitor 

and unexpectedly a tyramine competitive inhibitor too. Therefore, these soft sulfur- 

containing ligands appear to bind to the reduced Cu+ form of enzyme exclusively. This is 

significant for the simple ligand 3 because of its affinity for cu2+ ions in solution (Hanlon 

and Shuman, 1975). Compound 3 binds to the Cu+ form of enzyme 10 - to 100 - fold 

tighter than to the cu2+ form. Unfortunately, the authors were unable to prove direct 

sulfur ligand- copper interaction between those ligands and DBH by EPR because 

of their selective binding to the Cu+ diamagnetic form of enzyme. But it is very difficult 

to think the competitive binding of inhibitors versus oxygen arising from anything other 

than a direct binding to the copper atoms. Inhibitor 4, which is a simple analog of 

tyramine, is a competitive inhibitor with tyramine as the variable substrate but a 

noncompetitive inhibitor toward oxygen. Therefore, competitive inhibition of inhibitors 

1,2, and 3 when oxygen is the variable substrate is purely from thiol-imidazole. 

There must be a special element that makes SCK and those sulfur-containing ligands aIl 

display competitive inhibition against oxygen but uncompetitive inhibition against 

ascorbate. This element may be structural dissimilarities or characteristic redox potential 
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Table 5.1. Predicted and Obscrvcd Kinetic Patterns and Apparcnt Kinetic Constants as a Function of pH and Fumarate Activation"

compd 1 2 3 4

pH 6.6
ascorbate

Km =0.42 :I: 0.4 mM
oxygen

Km =0.61 :I: 0.23 mM

tyramine
Km =4.02 :I: 1.77mM

oxygen (+ 10 mM fumarate)
Km =0.084:I: 0.006mM

U (U)
0.533 :I: 0.035
C (C)
0.965 :I: 0.148

U (U)
639 :I: 53
C (C)
266 :I: 34

U (U)
3470 :I: 340

N (N)
Kj. = II 300 :I: 1900
Kj; = 5840 :I: 460
C (C)
4870:1: 390

C (C)
0.344 :I: 0.016

N (N)
K" = 1.95 :I: 0.69
K;i = 1.26 :I: 0.13

C (C)
0.039 :I: 0.008

N (C)
716:1: 126
N (N)
Kj. = 284 :I: 29
Kjj = 711:1: 31

"Kinetic patterns: C, competitive; N, noncompctitive; U, uncompctitive; I, indeterminate. Experimentally observed patterns are given in par-
entheses. Binding constants are reported in J.LMunits with standard errors. Inhibition constants are K;svalues for C patterns and Kj;values for U
patterns. Experimental conditions and data analysis are reported in Materials and Methods. bApparent induced substrate inhibition precludes a
simple analysis of data. However, fitting the data for each inhibitor concentration to the equation for substrate inhibition and replotting the theo-
reticallincs yields a noncompetitive pattern.
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Fig. 5. 10. Structures of DBH inhibitors 1-4.
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between these two copper centers in order for oxygen to distinguish two copper centers at

the active site.

5. 3. 3. DBH inhibition by azide with oxygen as the variable substrate

Previously Blackburn et al (Blackburn et al, 1984)reported the results ofDBH inhibition

by azide under saturating 02 concentration. Azide appears to be an uncompetitive

inhibitor while tyramine is the varied substrate, but a mixed type inhibitor while ascorbate

is the varied substrate. We have now completed the kinetic data by inactivating DBH with

azide under conditions of varying oxygen concentration and keeping tyramine and

ascorbate concentrations constant. Under these conditions, linear mixed type inhibition

(Dixon and Webb, 1979; Segel, 1975) is observed because of the plot of 1 / V vs 1/ [S]

intersecting at a common point other than on an axis (Fig. 5.11.). Linear mixed-type

inhibition can result from an inhibitor, I, binding at two different sites. Binding of I at

one site completely excludes the substrate S (see Scheme 5.3.). Binding of I at the second

site has no effect on the binding of S, but the resulting ESI complex is catalytically

inactive. This form of inhibition is characterized by two inhibitor dissociation constants,

Kil and Ki2( see Scheme 5. 3. Ki =1 / Ka, Ka is association constant). Mixed-type

inhibition can be also as the result of EI having a lower affinity for substrate than E, and

the ESI complex is nonproductive (see scheme 5.4.). This system may be considered a

mixture of partial competitive inhibition and pure noncompetitive inhibition. In this case,

as long as I is present, some of the enzyme will be always in the nonproductive ESI form,

even at an inf"mitelyhigh [S]. Also, at any [1], a portion of the enzyme is available for

combination with substrate, 02, in the lower affinity EI form. Consequently, Vmaxi<

Vmaxand Kmapp> Vm.



Ag. 5.11. Inhibition of DBH by azide with tyramine and ascorbate saturating 
and oxygen as the variable substrate at 298 K. [azide]: s , 0 mM; 
* , l a ;  0 ,  5 mM; 0 , 1 0  mM. 
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Scheme 5. 3. Linear Mixed Inhibition When I Binds at Two Sites 

EI + S ESI 

Scheme 5. 4. Linear Mixed-Type Inhibition 



Because it is known from the IR spectra of the DBH-azide complexes that azide is able to 

coordinate to both copper centers, the Scheme 5.3. including two different binding sites 

for inhibitor is the most plausible mechanism for azide inhibition with respect to substrate, 

02. For the scheme 5.3., the velocity equation is 

Equation 5.1. Velocity equation of mixed inhibition 

in which Kil = Ki (the inhibitor dissociation constant at the oxygen binding site), Kiz = 

yKi (dissociation constant at the second site - the ascorbate binding site), the slope of 

plots = Ks / V,, [ 1 + [a / (y /1+ y )Ki ] and the intercept at the 1 / VapP axis of plots = 

(1 + [TJ / Ki) / V,,. From the replot of the intercept at the 1 / V axis versus [N3- 1, Kil 

is acquired, and Kn is calculated fiom the replot of the slope versus [N3- ] (see Fig. 5.12. 

and Fig. 5.13.). Based on this inhibition mechanism and kinetic data described 

previously, Kil is the dissociation constant of azide binding at Cub, the oxygen binding 

site; K2 is the azide dissociation constant at Cua, the ascorbate binding site. The value 

of Kil and Ki2 are 16.9 mM and 7.9 mM, respectively. By comparing inhibitor 

dissociation constants, K z  is obviously smaller than Kil, implying azide is easier to 

dissociate from Cub than from Cua. In other words, N3- has lower affinity at the oxygen 
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Rg. 5. 12. Replot of the slope versus azide concentration. 
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Fig. 5.13. Replot of the intercept at the 1 1 V axis versus [azide]. 



binding site than at the ascorbate site because of the greater dissociation constant. The 

kinetic data not only confirm the azide IR results that azide at one copper center has higher 

affmity than at the other copper center, but they have also identified which copper center 

has higher azide affj~lity. From the mechanism of mixed-type inhibition (Scheme 5.3.), it 

is noticed that azide can bind free DBH without oxygen binding first. Because DBH 

inhibition by azide is also a mixed type inhibition when ascorbate is a variable substrate, 

the same conclusion can be made that azide is capable of binding to DBH no matter 

whether ascorbate also binds at DBH or not. Therefore, unlike SCN-, N3- can coordinate 

at both Cu2+ and Cu+ centers. The oxidation state of copper does not affect this binding, 

but the binding constant is different at these two centers. 

Considering (1) the previous N3- inhibition results (Blackburn et al, 1984) in which the 

N3- also causes linear mixed type inhibition when the concentration of ascorbate is varied, 

(2) the size of an azide molecule is not big enough to cover both oxygen and ascorbate 

binding sites because the distance between two coppers is longer than 6 A, (3) azide can 

only coordinate to copper terminally according to the optical spectrum of the N3' - DBH 

complex, (4) the binding site of azide to DBH has to be on the copper center since it 

produces an azide to Cu charge transfer transition; N3- appears to bind to both copper 

centers of each subunit, but with a different affinity. One N3- binds to the oxygen site, 

and the other N3- to the ascorbate site. N3- binding at oxygen site excludes the binding of 

oxygen completely, but N3- binding to the ascorbate site decreases the reactivity of the 

enzyme without affecting the binding of oxygen. The same situation can be applied to 

ascorbate. The N3- binding to ascorbate's site restricts ascorbate from binding to DBH, 

preventing normal enzyme reduction. 



Azide and thiocyanate together with C N  are often classified as the same type of ligands 

for copper proteins (Spira-Solomon and Solomon, 1987), which is true in other copper 

proteins like SOD or amine oxidases. For DBH, by contrast, N3- and SCN' not only 

have been shown to have different patterns of kinetic inhibition, but also different 

electronic spectra. DBH exhibits an intense N3- to copper charge transfer band at 385 nm 

but not any apparent SCN' to copper charge transfer features. The question thus is why 

the same class of ligands behave differently. The discrepancy between these two 

molecules is the presence of S atom in SCN' that makes SCN- become a softer base than 

N3- and prefers to bind to a softer acid. Since the molecular size of these two anions are 

similar, structural consideration seems not to be an important cause for these binding 

differences. 

The whole discussion and conclusion from kinetic data is based on the ping - pong 

mechanism for the binding of substrates, tyramine, oxygen, and ascorbate, on DBH. 

However, third mechanism is controversial; some workers have noted that the parallel 

lines in double reciprocal plots are not sufficient to define such a mechanism, since the 

occurrence of any irreversible step between the binding of the two substrates will result in 

such a pattern. However, steady-state kinetics with fmocyanide as reductant indicates 

that steady-state kinetic parameters for tyramine and oxygen as substrates are basically the 

same with either ascorbate or potassium femyanide as the reductant. The apparent V 1 

K, value is unaffected by substituting femyanide for ascorbate as the reductant. This is 

consistent with both oxygen and tyramine reacting with the form of enzyme which does 

not have reductant bound (Fitzpatrick et al, 1986). The isotope effect of deuterated 

tyramine as the substrate (Cook and Cleland, 1981; Nothrop, 1975) suggests that the 

reaction is ordered, with tyramine binding before oxygen (Klinman et al, 1980; Ahn and 



Klinman, 1983). So the whole reaction obeys Uni-Uni-Bi-Bi mechanism (see scheme 5. 

5.),  in which ascorbate binds to the enzyme first, followed by the release of 

semidehydroascorbate, then the second substrate tyramine (use B to present tyramine), 

and finally 02 binds to the enzyme. The binding site of tyramine, in the Cu (11) form, is 

believed to be 4 - 6 A from the coppers (Fitzpaaick and Villafrancxi, 1987). We copper- 

substrate distance is greater than what has been expected for a reaction between copper 

species and the benzylic position of the substrate. 

F EQ E 

Scheme 5. 5. Uni-Uni-Bi-Bi Reaction 

The environment of the copper sites is still controversial. Many issues need to be 

clarified. Although the results of DBH inhibition by azide and thiocynate can not give 

conclusions, they suggest strongly that ligands of two copper centers are not same. 

5. 3. 4. DBH EPR spectra in the presence of different concentration of 

SCN- 

Unlike azide, binding of SCN' does not change the shape, the g-value, or A-value of the 

DBH EPR spectra; but SCN' decreases the intensity of DBH signal (see Fig. 5. 14.). 

The fully reconstituted DBH has been oxidized with K$e(CN)6 to give the EPR spectrum 



which is shown in Fig. 5. 14. a. The intensity of the EPR spectra decreases with 

increasing SCN- concentration. Fig. 5. 14. b represents the SCW concentration at 3.32 

mM; c at 26.3 mM, d at 316 mN, e at 2310 mM; fa t  3280 mM, and g at 4930 mM. 

The relationship between enzyme-bound [Cu2+ ] and [SCK] is shown in Fig. 5. 15. It is 

clear that [Cu2+ ] does not decrease to zero but approaches a limiting value ([Cu2+ ] = 

134.8 p.M) regardless of how much SCN- is added. The final [Cu2+] (134.8 pM) is 

about half of the initial [Cu2+ ] (251.5 pM). Therefore, about half of the total Cu2+ in 

DBH is reduced to Cu+ by SCW . 

From the kinetic data, we know that SCN' is a competitive inhibitor with respect to 
u 

oxygen so that 50 % of the copper which is reduced must be the Cub+; the other half of 

total Cu2+ that can not be reduced by SCN', then, must be Cua, which is an indication 

that an electron is able to transfer only from Cua to Cub (like the reduction by ascorbate) 

but not from Cub to Cua . Because bound SClT reduces Cub2+ to Cub+, it doubtless will 

not generate the ligand to copper charge transfer transition for the dl0 state of Cub+, which 

explains the lack of a LMCT transition for the DBH-SCN complex. 

The EPR spectrum of DBH in the presence of SCN- implies that SCN- indeed can 

coordinate to Cub2+ unlike 0 2  that has to bind at Cub+ center. In their studies of SCN' 

binding to SOD, Dooley and McGuirl (Dooley and McGuirl,1986a) have discovered that 

SCN' displays a ligand to copper charge transfer transition at 355 nm; thus, the copper 

center must remain in the oxidized state. Although the intensity of this LMCT band is 

much lower than that in the SOD - azide complex, the temperature dependence of the 
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5- 14- DBH EPR spectra in the presence of SCN- at -170 OC. [ SCN-I: a, 0 mM; b, 3.32 mM; c,  26.3 mM; 

d. 0.316 M; e, 2.31 M; f. 3.28 M; g, 4.93 M. The magnetic field was at 3000 G and the scan range 1000 (3. The 
microwave power was 10 mw, modulation amplitude 20 G, microwave frequencv 9.125 GHz, time constant 0.064 
second, and scan time 2 minutes. 
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Fig. 5.15. C U ~ +  concentration of fully reconstituted DBH in the presence of SCN- . 
Initial Cu2+ concentration of DBH is 250 pM. 



LMCT has been determined. The properties of SCN' titration suggest that it is the S 

atom, not N atom, coordinating at the copper center. SCN- is an arnbidentate ligand 

towards heavier metals, where it tends to be S-bonded rather than N-bonded (Greenwood 

and Earnshaw, 1984). 

1. 

That SCN- reduces cu2+ in copper proteins has never been noted before. SOD EPR 

spectra in the presence of 200-fold molar excess of SCN' show no sign of any decrease in 

the magnitude of the signal (Fee and Gaber, 1972). The EPR parameters for the adduct 

are gll = 2.27, g _ ~  = 2.06, All = 0.0153 cm-l, which vary a little comparing with gll = 2.27, 

gl = 2.08, All = 0.01543 cm-l for the native SOD (Bertini et al, 1980). EPR spectra thus 

indeed reflect changes in the electronic parameters of the copper chromophore upon 

addition of SCN.  The SOD NMR relaxation data of the SCN' adduct indicate 

the existence of large contact interaction between copper centers in the enzyme and SCN- 

(Bertini et al, 1980). 

Similar results have been observed in pig kidney diamine oxidase. The parameters of the 

EPR spectra of the SCN- adduct (gs = 2.286, g l  = 2.045, All = 0.0190 cm-l) vary 

slightly from that of the native enzyme (gll = 2.27, g _ ~  = 2.061, All = 0.0171 cm-l) 

(Dooley and McGuirl, 1986b; Peisach and Blumberg, 1974). The changes in g-values 

between the native enzyme and the SCN- complex suggest that the covalence of the copper 

sites is perturbed by anion binding. In bovine plasma amine oxidase, the SCN- adduct 

displays the same trends so that the binding of SCN causes the copper centers to become 

more symmetric due to the increase of g-values and decrease of All-values (Bertini and 

Scozzafava, 198 1). In the case of galactose oxidase, although the difference of EPR 

parameters between the SCN adduct and the resting enzyme is much smaller than that in 



amine oxidase, S C N  does produce a unique spectrum when added to galactose oxidase 

(Giordano et al, 1974). 

Existing EPR spectra of SCN' - type 111 copper proteins, such as half-met .tyrosinase 

-S CN' (Hirnmelwright et al, 1980), half-met hemocyanin-SCN-, as well as met-apo 

hemocyanin-SCN' (Himmelwright et al, 1979) all show slight changes in the spectra 

shape, in g-values, and in All-values, but high concentrations (about 0.1 M) of KSCN 

yields reduction (5 % - 10 %) of some half-met hemocyanin sites, which upon removal of 

excess S C K  become oxygenated. 

Thus, reduction of DBH by SCN' raises a question why the copper centers in DBH differ 

from those of other type II copper proteins and also type 111 copper proteins. DBH may 

belong to a unique type of copper monooxygenases, also peptidylglycine a-amidating 

monooxygenase and tyrosine 3-monooxygenase. 

5. 4. Conclusion 

The same class of anion ligands, Ng- and SCN', behave differently in their kinetic 

properties. SCN' displays uncompetitive inhibition towards tyramine and ascorbate but 

competitive inhibition towards oxygen. By contrast, N3- is an uncompetitive inhibitor for 

tyrarnine but a mixed-type inhibitor for ascorbate and oxygen. As a consequence, SCN' 

coordinates only to Cub, and Ng- coordinates to both Cu, and Cub. The DBH EPR 

spectrum in the presence of SCN' decreases its intensity to about half of the initial 

intensity, implicating half of cuZ+ is reduced to CU'. From kinetic data and EPR spectra, 



we can conclude that Cub can be reduced through Cu, by ascorbate, but Cu, can not be 

reduced through Cub by SCN'. The special characters of Cub is due to an oxygen type 

(other than tyrosinate) ligand which is absent at Cu,; this ligand cause Cub to possess 

more electron density and prefer to coordinate to SCN'. 



CHAPTER VI MECHANISMS OF 
THE DBH CATALYZED REACTION 

6. 1. The Existing Mechanisms 

Through intense research in kinetics, mechanism, and the structure of the active center in 

DBH, several different mechanisms for the DBH catalyzed reaction have been proposed. 

In early 80s, Villafranca proposed two mechanisms - one electron and two electron 

mechanisms (see Fig. 6.1., from Villafranca, 1981) that had been observed for 

cytochrome p-450 (Sligar et al, 1980). Obviously, the one copper active site is not 

suitable anymore since DBH has been proven to contain two coppers per active center and 

both coppers are involved in the redox chemistry (Klinman et al, 198k Ash et al, 1984). 

In the two copper active site mechanism (Villafranca, 1981), @ binds to both coppers, 

followed by electron transfer to 0 2  and the binding of tyrarnine. The form of oxygen 

involved in the hydroxylation could be an acyl peroxide or oZ2- that is stabilized between 

two Cu2+ ions as suggested for the tyrosinase reaction. But no one is able to detect 0 2 -  

escaping from the enzyme. 

Later, Miller and Klinman (Miller and Klinman, 1985), based on microscopic rate 

constants and other available data on DBH, put forward a unified mechanism (see Fig. 

6.2.), in which partial homolysis of 0-0 with substrate properly juxtaposed can 
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Fig. 6.1. Two proposed mechanisms for the DBH reaction -- one involving 1 cu2+ per active site and the other 

for 2 cu2+ per active site. In the top scheme an acyl peroxide is presumed to be formed in the catalytic 

sequence and m e  as the hydroxylating species as has been observed for P450. In the scheme with 

two cu2+ per active site a model is proposed in which the two e~ectrons add to a weakly coupled (for 

uncoupled) copper pair followed by addition of 02, and substrate binding. The form of %*- involved 

in the hydroxylation is not specifled in this scheme and wuld be an acyl peroxide as depicted in the 

top scheme or a [cu-0l2+ species (from ViIIakanca, 1981). 



initiate C - H homolysis, leading to a transition state where both 0 - 0 and C - H 

bonds are significantly broken and an 0 - H bond is significantly formed. A major role 

for active-site copper in C - H bond cleavage is catalysis of the homolysis of the 0 - 0 
bond. The most significant feature of the mechanism is a coupling of the energy released 

on transfer of hydrogen from carbon to oxygen (estimated as -34 kcall mol) with the 

energy absorbed on transfer of oxygen from copper hydroperoxide (estimated as +30 kcal 

/ mol). 

In 1987, Fitzpatrick and Villafranca proposed a mechanism for substrate hydroxylation by 

DBH which involved hydrogen atom abstraction by a high potential copper - oxygen 

species (see Fig. 6. 3., from Fitzpatrick and Villafranca, 1987). They thought that since 

hemocyanin and tyrosinase were able to form the 1, 2 - p-peroxo-copper species upon 

binding oxygen and since the binuclear Cu (I)-oxygen model complexes could form p- 

peroxo-Cu @) species, DBH should be able to form the same species. 

It was disputed by Klinman whose newest mechanism indicated the distinct copper sites in 

DBH performing separate functions (see Fig. 6.4., from Brenner and Klinman, 1989). A 

reductant and a substrate binding sites are magnetically isolated, functioning as electron 

transfer and substrate hydroxylation, respectively. Electron transfer between the copper 

centers allows a two electron reduction of oxygen to form a copper - hydroperoxide 

complex that may react with bound substrate without further activation. A series of 

single-turnover studies have been initiated in which pre-reduced DBH has been mixed 

with substrate in the absence of excess reductant. These experiments permit a direct 

detection of product formation and of the reduced state of enzyme - bound copper, 

suggesting that the pre-reduced enzyme is a viable catalytic complex and that the enzyrne- 



Fig. 6.2. A proposed chemical mechanism for the dopamine hydmrylue reaction. Only a 
single active site coppa atom is depicted. E-SlS2 and E-SlS2' refer to the initial 
ternary complex and Cu 0-OOH mtamcdiate, respactively E-I and E-P present the 
substrate-daivcd radical mtamcdiate Md myme-product complex, respectively. 

(fiom Miller and Klinman, 1985) 

cu* cu* 4 2 
4 1 

Fig. 6. 3. A proposed mechanism for the DBH reaction involving a tyrarnine radical 
and p-peroxo species (from Fitzpattick and Villafranca, 1987). 



product complex contains a fully detectable EPR cu2+ signal; therefore, in the final stage 

of the mechanism, two electrons are added via the reductant copper site to generate the E- 

Cu (11)-P complex. This inter-copper electron transfer is expected to be at least as fast as 

the C-43 bond cleavage, since it is a substep of the C--H bond cleavage. 

From the discussion in this dissertation, Klinman's mechanism seems to better fit our 

results. The bridged a-copper intermediate is not likely to be formed. The reasons are 

as follow: first of all, the Cu - Cu distance in DBH has to be larger than 6 A (since EPR 

spectrum does not show any sign of two antifemomagnetically coupled Cu centers). 

Secondly, the kinetic data and the results of N3' , SCN' and CO ligand binding 

experiments clearly show that CO and Nj- coordinate to copper terminally, CO 

coordinates a single copper per active center, and CO is a competitive inhibitor with 

respect to oxygen; oxygen, therefore, is expected to bind at only one copper center 

terminally. So the single copper site for the O2 binding should be the proper mechanism 

for the DBH reaction. 

6. 2. Whether radical is formed during the reaction 

There is much speculation about whether there are radicals including a substrate radical 

and an amino acid radical in DBH (Villafranca and Desai, 1990) formed during turnover. 

Existence of ascorbate and tyrarnine radicals has been mentioned. The Klinman group has 

used freeze-quench EPR techniques to detect the semidehydroascorbate radical at g = 

2.00518 (see Fig. 6.5. from Brenner et al, 1989), 25 millisecond after addition of 

ascorbate to DBH. The freeze - quenched DBH remarkably remains 100 + 20 % its 



original enzymatic activity after the thawing process. The detection of 

semidehydroascorbate radicals indicates that DBH reduction by ascorbate is through two 

concerted steps though in a very short time. The reduction involving a radical will be 

beneficial for electron transfer from one copper center to the other or for H abstraction 

from C - H in tyramine to form a tyramine radical as reported by several workers 

(Fitzpamck et al, 1985; Wimalasena and May, 1981; Padgette et al, 1985). 

Fitzpaaick et al (Fitzpatrick et al, 1985; Fitzpatrick and Villafi-anca, 1985) first proposed 

the benzylic radical intermediate as the key chemical intermediate for the DBH reaction 

through the calculation of partition ratios for enzyme turnover versus inactivation using 

mechanism-based inhibitors - p  -HO-, p -CH30-, m -HO-, m -CHO-, p -Br-, and p 

-CN' substituted phenylpropenes. May (Wimalasena and May, 1981; Padgette et al, 

1985) also demonstrated that DBH readily catalyzed oxidative N-dealkylation of N- 

phenylethylene diamine (PEDA) and N-methyl-N-pheylethylenediamine (N-MePEDA). 

Their data strongly support a mechanism in which the amine substrate undergoes initial 

single-electron oxidation to generate a transient nitrogen cation radical intermediate, which 

partitions between enzyme inactivation and turnover. Further evidence that a radical 

intermediate is involved comes from the results with 3-phenylpropynes, 1- 

benzylcyclopropanes, and 3-phenylpropenes as mechanism based inhibitors of DBH 

(Fitzpatrick and Villafritnca, 1985). The partition ratios supports the radical mechanism. 

For the benzylcyclopropanes, generation of a radical species, a cyclopropane group, can 

result in ring opening to produce a highly reactive primary carbon centered radical at the 

enzyme active site. This radical will react rapidly with a group on the protein, inactivating 

the enzyme. 
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Fig. 6. 4. EPR spectra of freeze-quenched DBM. Unless stated 
otherwise, EPR settings were as follows: 5-mW microwave power, 
20-G modulation width, 2970 f 500 G field sweep, 57 s/scan X four 
scans, 0.3-s time constant, and T E 16 K. EPR gain was identical 
throughout. (A) Non-freeze- uenched 57.9 pM DBM subunits in I+ 5 mM KPi, pH 6.5, with 2 Cu /subunit: microwave power = 0.2 
mW, modulation width = 10 G, and T = 14.7 K. (B) Freezequenched 
15 pM DBM subunits with two coppers per subunit in 25 m M  po- 
tassium phosphate with 10 mM disodium fumarate and 5 mM chloride, 
pH 6.0. (C) Freeze-quenched DBM as in (B), after reaction with 
2.0 mM ascorbic acid for 23 ms. (D) The cavity signal was obtained 
with an EPR tube containing distilled water. 



Certain styrenes also rapidly inactivate DBH under turnover conditions ( F a g t o n  et al, 

1987). For p -methoxy styrene as inhibitor, the product has been identified as the 

epoxide, but the latter has been ruled out as the inactivating species. Therefore, the 

mechanism has to involve the benzylic radical intermediate. Electrophilic attack of the 

active Cu-oxygen species upon the double bond generates the radical: 

Inhibition by all the suicide substrates is consistent with a radical mechanism involving an 

electrophilic copper-oxygen species, although substrate radical has not been observed by 

EPR to date. 

The cytochrome p-450 reaction undergoes a one-electron oxidation to a free radical with 

substrates phenylenediamines and aminophenols (O'Brien, 1984). This is very similar to 

the DBH catalyzed reaction and increases the possibility for DBH going through a similar 

radical mechanism. Cytochrome p-450 possesses peroxidase activity that catalyzes 

epoxidation, aromatic ring hydroxylation, side chain oxidation, N-hydroxylation, and 0- 

dealkylation by a two-electron oxidation (O'Brien, 1983). Horseradish peroxidase and 

cytochrome p-450 also readily carry out a N-demethylation for some N-alkly aromatic 

compounds that could be substrates for DBH as well. Some cation-radicals are formed in 

the N-demethylation reaction via a one-electron oxidation mechanism (Griffin et al, 1980). 

The amount of cation-radical formed is very small and is not formed in the presence of 

reducing agents that do not affect the N-demethylation. 



Since both ascorbate and dopamine are expected to fonn radicals during turnover, then we 

may ask whether DBH also forms a radical during the reaction and what kind of radical it 

is. In order to answer these questions, a method used by Whittakers (Whittaker and 

Whittaker, 1988) to detect the galactose oxidase radical ' (Whittaker, 1985) was applied to 

detect the DBH radical signal with the EPR spectrometer. Because copper in DBH 

displayed an intense g l  signal around g = 2.00, it was impossible to isolate the radical 

signal even if the radical indeed exist. In order to solve this problem, apo-DBH (copper 

content about 0.1 copper / enzyme measured with an atomic absorption 

spectrophotometer) EPR spectra were measured, followed by oxidizing DBH with large 

excess amount of K ~ F ~ ( C N ) ~  and freezing it immediately in liquid N2 for running EPR 

spectra. The EPR instrumental settings were as described in chapter IT, except that the 

modulation amplitude was decreased to 2 G in order to minimize saturation of the radical 

signal, and the gain was set at the maximum to increase the signal sensitivity, and the time 

constant was decreased to 0.032 s. The oxidized apo-DBH EPR spectrum is shown in 

Fig. 6.6. There was small amount of cu2+ existing in the enzyme, but there was clearly 

also a small radical peak at H = 3225 G, g value was 2.005, which was calculated from 

the equation g = hv / pH. From the g value and the shape of the signal, it no doubt was a 

radical signal. It was not possible to come from contamination because EPR spectrum of 

apo DBH did not show any signal. The experiment was repeated three times and the 

same results were observed. 

Considering that DBH has to be reduced to correspond to the conditions of the enzymatic 

reaction, the apo-DBH sample from the third experiment was washed with 50 mM 

phosphate buffer, pH 7.5, using ultrafiltration in a centricon 30. The EPR spectrum of 

the washed apo-DBH sample was monitored, and no signal was detected. Then 10 pl 
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1.5 M ascorbate was added into the enzyme sample and mixed thoroughly, and the sample 

was frozen quickly in liquid N2. The EPR spectrum was measured again (see Fig. 6. 6). 

EPR spectrum contained 3 peaks with intensity ratio 1: 2 : 1. The g value for the most 

intense peak was at 2.02, and the A value is about 10 G. This radical signal was 

definitely not from dehydroascorbate whose EPR spectrum had been identified (see Fig. 

6 5 ,  from Bremer et al, 1989). The assignment is uncertain: it does not look like a 

tyrosyl radical or other known amino acid radical EPR signal, but its g value was in the 

range for peroxyl radicals (2.01 - 2.02) or sulfur-containing radicals (2.02 - 2.06) (Borg, 

1976). A very important phenomena was that radicals in the reduced and oxidized foxms 

were different in intensities and in number of peaks. 

Unfortunately, the EPR spectrum of apo-DBH in the presence of ascorbate was not able to 

be repeated. The reason was that the EPR spectrometer had to be very stable and sensitive 

since the signal was very small, which was not the case much of the time, especially when 

the instrument was used very frequently. Whenever the apo-DBH radical signal in the 

presence of ascorbate could not be observed, the radical EPR signal of the oxidized form 

of apo-DBH was not able to be detected either, although it had been detected three times. 

6.3. The mechanism of DBH catalyzed reaction 

In this section, a mechanism for the DBH reaction is proposed, based on results of 

experiments described here and the existing mechanisms. First, the radical shown in EPR 

spectra of apo-DBH would favor the radical mechanism presented by Villafranca et al 

(Fitzpatrick and Villafr-anca, 1987). Second, DBH inhibition by SCN' and EPR spectra in 



the presence of SCN' indicate that an electron transfers from Cua to Cub, but not the 

reverse. Also ascorbate binding only at Cua suggests that the single activation center 

mechanism proposed by Klinman fits our results perfectly (Klinman et al, 1984). The 

question is that for half-apo DBH, how ascorbate can transfer electrons to Cub without 

Cu, - the sole ascorbate binding site. If an amino acid radical in DBH does exist, an 

electron can be transferred to Cub from ascorbate through this radical. Since we can see 

the free radical EPR signal in apDBH, DBH reduction by ascorbate is able to create this 

radical without the existence of coppers. As the consequence, in half-apo DBH, Cub can 

be reduced by ascorbate through this radical without ascorbate binding at the Cua center. 

From this point of view, the amino acid radical in DBH becomes very important for the 

DBH reduction by ascorbate. This radical probably plays other important roles in the 

activation process too, such as helping to form the benzilic radical of tyrarnine by 

abstracting the H atom from C-H, which would provide the possible mechanism for 

producing the substrate radical. 

'Fig. 6.7.. is the mechanism of DBH catalyzed reaction based on the results in this 

dissertation, in which it is still unclear what kind of Cu-oxygen species is at the active 

center although the dinuclear bridged oxygen species can almost certainly be ruled out 

The reduction of DBH by ascorbate produces a radical from an amino acid residue that 

helps electron transfer from Cua to Cub. Tyramine forms a cation radical after the 

abstraction of the H atom. The single turnover experiment described by Brenner and 

Klinman (Brenner and Klinman, 1989) implies that the enzyme-product tertiary complex 

is reduced by ascorbate before releasing the products; therefore, in this step, ascorbate 

binds to Cua when norepinephrine is still coordinated at Cub of DBH. Then the last and 

the rate-determining step is the release of the product, norepinephrine. 
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6. 4. Future Work 

The successes in preparing half-apo DBH that contains only Cub and in measurement of 

optical properties make it worth while to prepare the other kind of half-apo DBH 

containing only Cua. If this is possible, it will open up a new area for the study of 

structural and functional differences between the two copper centers of each subunit. 

From the mechanism discussed above, DBH containing only Cu, should have no activity 

at all and not be able to bind to oxygen. But it will be very difficult to fulfill this task 

because of the lower binding constant of Cu, than that of C u b  (Blackburn et al, 1987). 

The alternative is to choose a bulky sulfur-containing ligand that only binds to Cub in half- 

apo DBH prepared as described in chapter IV. And then the ligand coordinated enzyme 

will be reconstituted with copper to form 8 coppers / tetramer. If the sulfur-containing 

ligand is still binding at Cub and left Cu, exposed, the properties of Cu, can be determined 

solely. 

Of course, the crystal structure of DBH should be the main target for the future studies 

because it is most powerful method to characterize the structure of the enzyme. Site- 

directed mutagenesis is another very important method to characterize the properties of the 

enzyme. Since the expressed DBH is inactive, peptidylglycine a-amidating 

monooxygenase that contains large number of conserved amino acid residues with DBH 

would be a good candidate to prepare some mutants in which the possible copper ligands 

-His or Met residues could be changed to non-ligand residues like Leu or Ile or to a Cys 

residue to make a blue copper protein that is easier for studying because of the intense 

absorption band around 600 nm. 
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