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Chapterr 7 

Thee enzymatic activation of 

NAD H H 

7.11 Introduction 

Hydridee transfer between the cofactor NAD(H) and a substrate is the cen-

trall  step in enzymatic (de)hydrogenation. The mechanism for this transfer is 

quotedd in the textbooks (Ferscht, 1999; Stryer, 1995) where LADH is used as 

ann example of a well understood enzymatic reaction. Some features have been 

determinedd that are essential for this hydride transfer process to proceed. 

 The hydride transfer occurs between the C4 atom of the nicotinamide of 

NADHH and the substrate (Loewus et al, 1953). 

 The substrate binds to the zinc ion in the active site (Branden et o/., 

1973;; Cedergen-Zeppezauer et ai, 1982). 

 A proton is exchanged between the substrate and the environment through 

mediationn of the enzyme. The proton relay pathway was suggested to 

involvee Ser 48 and His 51 (Plapp et a/., 1973). 

Thee assembly of these features into a consistent reaction pathway is still con-

troversial.. The controversy focusses on the metal coordination during the 

reactionn and the proton relay pathway. The different views are the result of 

thee interpretation of data from different experimental techniques. The main-

streamm reaction mechanism is constructed on the basis of a series of medium 
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resolutionn X-ray structures combined with kinetic data. A different view on 

thee proton relay step comes from kinetic data and spectroscopic data on metal 

substitutedd enzyme species which led to the formulation of an alternative re-

actionn mechanism that involves five rather than four coordination of the active 

sitee zinc ion. The details of the respective mechanisms wil l be discussed and 

thee conclusions drawn from the structural studies presented in this thesis are 

integratedd leading to the proposal of a revised reaction mechanism. 

7.22 The mainstream reaction mechanism 

Accordingg to the generally accepted mechanism (Eklund and Branden, 1987), 

thee alcohol oxidation reaction proceeds in seven steps, Fig. 7.1. 

Thee reaction begins with the binding of NAD"1" to the enzyme that is assumed 

too be in an "open" conformation, resulting in an initial unproductive complex 

(stepp 1.). Isomerisation of the E-NAD+ complex leads to a productive binding 

modee for the nicotinamide of NAD+ (step 2.). This step is possibly connected 

too a conformational change in the protein resulting in a "closed" structure. 

AA proton is released from the enzyme during the isomerisation step which is 

relatedd to a deprotonation of the zinc bound water molecule. 

Withh the cofactor in a productive binding mode and the metal bound water 

deprotonated,, the alcohol enters the active site. It donates a proton to the 

zincc bound hydroxide. The resulting alcoholate replaces the water molecule 

ass a zinc ligand and the water molecule leaves the active site (step 3.). 

Thee alcoholate is sufficiently polarised to induce hydride transfer (step 4.). 

AA hydride is transferred from the alcoholate to NAD"1". The aldehyde that 

remainss after the retrieval of a hydride from the alcoholate, dissociates from 

thee active site zinc atom (step 5.). The vacant metal ligand site becomes 

occupiedd again by a water molecule. 

Thee protein undergoes a conformational change which probably involves the 

dissociationn of the nicotinamide from the active site, which leads once again to 

ann unproductive NADH-LAD H complex (step 6.). This is the rate limiting 

stepp in the oxidation of alcohol by LADH (Adolph, 1998). In the reverse re-

action,, the rate limiting step is hydride transfer. Finally, the NADH molecule 

dissociatess altogether and the enzyme in its "open" conformation is prepared 

forr a new reaction cycle (step 7.). 
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Figuree 7.1: The reaction mechanism for the oxidation of alcohol by LADH. In 

thee center, the main framework of the reaction mechanism is given (Eklund and 

Branden,, 1987). Two divergences are shown that deal with the protonation 

stepp (Pettersson, 1987) and five rather than four coordination of the metal 

(Dworschackk and Plapp, 1977). The protein ligands Cys 46, His 67 and Cys 

1744 that coordinate the zinc ion are omitted for clarity. 
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7.2.11 T h e proton relay step 

Accordingg to the Eklund & Branden mechanism, the proton relay step occurs 

priorr to the association of the alcohol molecule. It accompanies the isomerisa-

tionn of the E-NAD+ complex. The proton relay cascade involving Ser 48, the 

ribosee of the nicotinamide moiety and His 51 is activated upon the formation 

off  the productive NAD+-E-Zn complex. Both Ser 48 and His 51 (Hennecke 

andd Plapp, 1983) have been found to be essential for the enzymatic activity. 

Petterssonn (Pettersson, 1987) formulated an alternative reaction sequence 

basedd on kinetic data (Kvassman and Pettersson, 1980). It states that the 

plainn water molecule initially bound at the fourth ligand position competes 

withh the alcohol for the single vacant metal ligand site. The alcohol is depro-

tonatedd by a 'group' at the active centre and the alcoholate ion displaces the 

waterr molecule. The plain water molecule leaves the active site. 

Thee rationale behind this sequence is that it is unlikely that a zinc bound water 

moleculee (or hydroxide ) wil l be displaced by a neutral alcohol molecule. The 

alcoholl  has to be deprotonated to compete adequately. The question is which 

groupp at the active site deprotonates the alcohol molecule. The most probable 

candidatee is Ser 48 which is situated in the second coordination sphere of the 

activee site metal. The divergent proton relay step is marked as Pettersson 

inn Fig, 7.1. 

7.2.22 T h e issue of meta l coordinat ion 

I tt is assumed both by Eklund & Branden and Pettersson that the coordination 

numberr of the active site metal is four during the entire process. This implies 

thatt the zinc bound water molecule has to be replaced by the substrate for 

thee reaction to proceed. Interpretation of the X-ray structures of the ternary 

inhibitorr complexes indicated that the water and inhibitor molecule cannot be 

boundd to the metal at the same time (Eklund et a/., 1981). Combined binding 

off  the water molecule and the substrate would lead to a five coordination of 

thee zinc ion. The arrangement of the competing ligands would in all cases 

leadd to clashes with the surrounding residues or the cofactor. The exclusion 

off  the possibility that a five coordinated metal is part of the mechanism was 

strengthenedd by molecular dynamical simulations (Ryde, 1995). 

Thee constraint on the metal coordination to be four is challenged by a scale of 
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spectroscopicc data on metal substituted enzyme (Maret, 1989; Makinen and 

Yim,, 1981; Makinen et al., 1983; Hemmingsen et ai, 1996). Interpretation of 

thesee data indicate that the active site metal ion is coordinated by five ligands 

duringg the reaction. This has led to the formulation of an alternative mecha-

nism.. In this mechanism (Dworschack and Plapp, 1977; Kimura et a/., 1992), 

thee metal bound water molecule does not leave the active site. The substrate 

enterss the active site and becomes the fifth ligand to the metal. The metal 

boundd hydroxide receives a proton from the substrate that is polarised by the 

metal.. The polarised substrate transfers a hydride to NAD+. The aldehyde 

dissociatess from the metal and its coordination number is reduced back to 

four.. The branch of the reaction mechanism that takes five coordination of 

thee metal into account is marked Dworschack &  Plapp in Fig 7.1. 

7.33 On the role of the zinc bound water molecule 

Thee Eklund & Branden mechanism has a major drawback: the water displace-

mentt mechanism is unresolved. Displacement of the water molecule implies 

theree is a moment in the reaction where the zinc ion is coordinated only by its 

proteinn ligands, which is a rare phenomenon. The zinc ion would have a coor-

dinationn number of three at some stage. Moreover, the exchange of the water 

moleculee and the substrate has to occur through a rather narrow substrate 

channel. . 

I tt is assumed in the Eklund & Branden mechanism that the water molecule 

hass to leave the active site prior to the entry of the substrate for two reasons. 

Thee first argument is that the X-ray structures indicate that five coordination 

off  the active site metal wil l lead to collisions between active site components. 

Thee second argument is that the occurrence of a water molecule in the active 

sitee during the transfer of a hydride ion might lead to a leakage of the hydride 

too the water molecule rather than the substrate (Eklund and Branden, 1987). 

Iff  these two arguments can be refuted, there is no demand for the removal of 

thee water molecule from the active site. 

Kineticc studies on the pH dependence of the binding of the cofactor (Kvassman 

andd Pettersson, 1980) revealed that a group inside the protein with a pKa of 
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9.22 in the apo enzyme is associated with cofactor binding. When NAD+ is 

bound,, the pKa of this group shifts to 7.6. It was suggested that this ionizing 

groupp could be the zinc bound water molecule (Pettersson, 1987). The pH 

dependencee observed for NAD+-enzyme complex formation was correlated to 

thee formation of a metal bound hydroxide ion interacting with the positively 

chargedd ring of NAD+. The weaker binding of NAD+ at low pH was explained 

too result from a repulsion between the positive charge on the nicotinamide 

andd the zinc environment. The observation that NAD+ binding is strongest 

att pH 10 (Theorell and McKinley-McKee, 1961) may be related both to the 

overalll  charge of the protein (the iso-electric point of LADH is 8.4) and charge 

neutralisationn at the zinc centre. 

Moree recent kinetic studies on the pH dependence of the binding rates of the 

cofactorss with LADH have revealed that two binding steps of the cofactor can 

bee distinguished (Adolph et a/., 1997). The steps are associated to the binding 

off  the adenosine and the nicotinamide moiety respectively. Both binding steps 

aree pH dependent for NAD+ and the docking of the nicotinamide is fastest at 

highh pH. 

Inn contrast, the rates of nicotinamide docking and release for NADH are pH 

independent.. Table 7.1 lists the pKQ values for the two-step mechanism of 

cofactorr interaction to LADH, Adolph et ah (1997). fci, fc_i, k2 and ifc_2 are 

ratee constants describing the mechanism 

LADHLADH + NAD(H) # LADH - NAD(H) ^ LADH* - NAD{H) 
k-ik-i fc_2 

Tablee 7.1: pK/i values related to the pH dependent interaction of the cofactor 

withh LADH 

NADH H 

NAD+ + 

pKaa (Ki) 

Adenosinee docking 

8.5 5 

7.6 6 

pKfll (K2) 

Nicotinamidee docking 

pHH independent 

8.4 4 

pKaa (/r_2) 

Nicotinamidee release 

pHH independent 

7.4 4 

AA pKa around 7.5 is related to adenosine binding as well as nicotinamide 

releasee for NAD+, but may still reflect a possible attraction of the positively 
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chargedd nicotinamide to a zinc bound hydroxide ion. 

Besidess its role as a stabiliser of the E-NAD+ complex, the hydroxide could 

actt as a proton acceptor for the alcohol. This proposal has been strengthened 

byy a study on model compounds (Kimura et al, 1992). The zinc ion was caged 

inn [12] aneN3 and formed a tetrahedral complex with a water molecule. The 

pKaa of this water molecule is 7.3. 

Whenn the zinc species is mixed with p-nitrobenzaldehyde (NBA) and an al-

cohol,, the only two products of the irreversible reaction are p-nitrobenzyl 

alcoholl  and p-nitrobenzylaldehyde dialkyl acetals, Fig 7.2. The fact that the 

zincc species catalyses this reaction indicates that the zinc bound hydroxide 

ionn does deprotonate the alcohol and no other 'group' is needed for such a 

deprotonation. . 

CHO O 

C C [Zn" ] ] 

N02 2 
ROH.A A 

CH2OH H 

A A 
11 + 

N02 2 

LADHH model 

CH(OR)2 2 A A 
NO2 2 

CANN model 

Figuree 7.2: The irreversible conversion of p-nitrobenzaldehyde in the presence 

off  an alcohol (ROH) and [l2]aneN3 gives two exclusive product types: p-

nitrobenzyll  alcohol and p-nitrobenzylaldehyde dialkyl acetals. The former is 

thee product of a reaction that is similar to that catalysed by LADH, the latter 

iss similar to a reaction catalysed by carbonic anhydrase (CAII) . 

Thee zinc species in this case catalyses two types of nucleophilic reactions. The 

hydridee transfer reaction to a carbonyl carbon between the alcohol present in 

solutionn and NBA resembles the reaction catalysed by LADH. Interestingly, 

thee second product of the above reaction involves "alkoxide transfer". This 

reactionn is similar to the carbonyl hydration that is catalysed by carbonic 

anhydrase. . 

Carbonicc anhydrase (CAII) (Christianson and Cox, 1999) is a zinc dependent 
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enzymee that catalyses the reaction 

C0C022 + H20 ^ HCOÏ+H+ 

whichh proceeds through a metal-activated hydroxide mechanism. The pKa 

valuee of the zinc bound water molecule in CAII is » 6.8. Metal substitution 

studiess on this enzyme (Prabhananda et a/., 1987) indicate that the active 

sitee metal changes coordination number from four to five during the reaction, 

indicatingg a behaviour similar to LADH. Another interesting parallel is the 

presencee of a threonine in a position that is similar to that of Ser 48 in LADH. 

Thiss threonine is thought to act as a guiding pilot when the substrate enters 

andd rearrangements occur at the metal site. A major difference between the 

twoo enzymes is the nature of the protein metal ligands. In LADH these consists 

off  two cysteines and a histidine whereas in CAII three histidines coordinate to 

thee active site metal. Nevertheless, the high similarity in the behaviour of the 

twoo enzymes suggests a common role of the zinc bound water molecule in the 

reactionn mechanism. The reaction mechanism of LADH is more complicated 

becausee of the presence of the cofactor. 

Theree is now a number of arguments that support the view that the zinc bound 

hydroxidee can act as a proton acceptor for the incoming alcohol. The depro-

tonationn of the alcohol then triggers hydride transfer. In the study on model 

compoundss (Kimura et al, 1992), it was pointed out that the reverse reaction, 

aldehydee reduction, needs an alternative pathway since the hydride wil l not 

transferr spontaneously from the cofactor to the aldehyde. This leads to the 

insightt that hydride transfer is initiated by the polarisation of the donating 

group.. In the forward reaction, the alcohol is polarised when it is deproto-

nated.. In the reverse reaction, the cofactor has to be polarised in order to 

inducee hydride transfer. On the basis of the structural and theoretical studies 

presentedd in this thesis it is proposed that the zinc bound water molecule is 

involvedd in the activation of NADH in the reverse reaction. 

Thee indication that the zinc bound water molecule is deprotonated to become 

aa hydroxide refutes one of the two arguments for the requirement that that 

thee water molecule has to leave the active site. A hydroxide ion wil l not 

easilyy accept a hydride. The second reason for the necessity of a water free 

environmentt during hydride transfer, the possibility of collisions between the 

differentt groups in the active site, is now challenged. 
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7.44 Enzymatic activation of the cofactor 

I tt was indicated that collisions would occur if the first coordination sphere of 

thee metal would be filled with five ligands. Such a collision is indeed observed 

inn the X-ray structures of the enzyme complexed with MPD and NADH. Al-

thoughh there are only four metal ligands in these structures, it was found that 

thee metal bound water molecule is adducted to the nicotinamide of NADH in 

thee presence of MPD, Fig. 3.4. A link is formed between the active site metal 

andd the nicotinamide. It is suggested that the controversy over the metal coor-

dinationn and the crowding of the active site can be elegantly solved assuming 

thatt the deprotonated water molecule is displaced towards the nicotinamide 

duringg the catalytic reaction. The formation of the adduct triggers hydride 

transferr between substrate and cofactor. 

Thee assumption that a chemical link exists between the active site metal and 

thee cofactor would explain shifts that are observed in the UV-Vi s spectrum 

whenn enzyme and cofactor form a complex. Both the cofactor and the metal 

aree affected by the complex interactions. As has been discussed in Chapter 

4,, the NADH absorption band shifts from 340 nm for unbound NADH to 325 

nmm for enzyme bound NADH. The spectroscopic properties of cobalt (Dunn 

etet al, 1982) and copper (Maret et al, 1980) substituted enzyme have been 

extensivelyy studied. A shift in the bands of the UV-Vi s spectrum that are 

characteristicc of the respective metals is observed in both metal substituted 

enzymess when the cofactor is bound. 

PACC on cadmium substituted enzyme (Hemmingsen et al, 1995; Hemmingsen 

etet al, 1996; Bauer et al, 1991) in complex with NADH revealed a mixed 

geometryy for the first coordination sphere of the metal that could not be 

explainedd at the time. The spectrum can now be reinterpreted introducing 

thee dual position of the water molecule (Bauer, personal communication). The 

electronicc state of the metal and the cofactor are already changed in the binary 

complexx when there is no substrate or inhibitor present. It might therefore be 

assumedd that the chemical link between metal and cofactor is formed at the 

stagee when the cofactor binds the enzyme. 
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7.55 A revised reaction mechanism 

AA revised reaction mechanism is now proposed that gives a pivotal role to the 

metall  bound water molecule which may never leave the active site, Fig. 7.3. 

Thee water molecule is deprotonated most of the time under the influence of 

thee Lewis acidity of the zinc ion. It is involved in the isomerisation steps that 

aree needed to (de-)activate the cofactor (steps 2. and 6. in Fig 7.3). 

I tt is also involved in the core of the reaction, the proton relay and hydride 

transferr as shown in Fig. 7.4. In the forward reaction (the oxidation of al-

cohol),, the zinc bound hydroxide deprotonates the alcohol. The polarised 

alcoholatee transfers its hydride to NAD+. The proton is then transferred to 

thee proton relay pathway involving Ser 48, the ribose of the nicotinamide of 

NADD and His 51 (Plapp et a/., 1973). The rate limiting step is the disso-

ciationn of the nicotinamide of NADH. It is thought that this is ruled by a 

proteinn conformational change. An alternative explanation can be that the 

disruptionn of the [NADH-OH~-Zn] link demands a significant energy barrier 

too be overcome. 



7.5.. A REVISED REACTION MECHANISM 148 8 

1. . 

2. . 

3. . 

4. . 

5. . 

6. . 

7. . 

E-Zn-OH" " 

NADî  ^ 
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Figuree 7.3: A revised reaction mechanism for the oxidation of alcohol by 

LADH.. The mechanism incorporates the activation of the cofactor and thus 

resolvess the issue of metal coordination. 
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Figuree 7.4: A close-up of the coupled proton relay and hydride transfer mech-

anism.. NAD+ and NADH indicate complexes prior to cofactor adduct forma-

tionn in the presence of four coordinated zinc with a hydroxide bound. Aldehyde 

reduction:reduction: (A) The zinc bound hydroxide is relocated towards NADH and an 

adductt is formed. The vacant space is occupied by a substrate which acts as 

aa fifth ligand of the zinc atom; (B) Hydride transfer between the activated 

nicotinamidee and the aldehyde substrate; (C) Protonation of the zinc bound 

hydroxide;; (D) Proton rearrangement between the zinc bound water and the 

alcoholatee leading to product dissociation. Alcohol oxidation: (E) Deprotona-

tionn of the alcohol; (F) Hydride transfer between the polarised alcoholate and 

NAD +;; (A) Release of a proton through the proton relay system. 

Inn the reverse reaction (the reduction of an aldehyde), the zinc bound hydrox-

idee activates NADH to deliver its hydride to the aldehyde. This is the rate 

limitingg step in the reaction. A proton is transferred from the proton relay 

cascadee to the alcoholate. It should be remarked that the moment of proton 

transferr cannot be unambiguously assigned on the basis of the data currently 

available.. The theoretical studies presented in Chapter 5 indicate that there 

mightt be a mechanism involved that regulates the proton flow through a flip 

inn the ribose ring of the nicotinamide moiety of NAD. 
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7.66 The role of Ser 48 in the mechanism 

Thee metal bound hydroxide molecule shuttles between two positions once the 

binaryy complex between enzyme and cofactor is formed. This allows the sub-

stratee to squeeze in and to become the fifth ligand to the metal. Ser 48 plays 

aa key role in directing both the substrate and the metal bound water. In the 

X-rayy structures with MPD and NADH, Ser 48 is equidistant to both water 

moleculee positions. The interaction between Ser 48 and the water molecule 

seemss to resemble a pendulum with the 07 of Ser 48 as a base and the two 

waterr molecules as the outer end of the arms, Fig. 7.5. At a sufficiently low 

electronn density level ( lc), continuous density can be seen between the two 

waterr sites. At a higher contour level of 2a, two main density peaks remain 

thatt indicate the resting positions of the water molecule. 

Figuree 7.5: The movement of the zinc bound hydroxide as indicated by the 

electronn density contoured at 0.4 and 0.8 eA~3. The 07 oxygen of Ser 48 is 

equidistantt to both water molecule positions and seems to form the base of a 

pendulum.. This picture is further strengthened by the shape of the density 

thatt shows rest points at higher contours and continuous density at a lower 

contours. . 

Thee serine residue guides the substrate into the void that the water leaves 
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behindd when it makes an adduct with the cofactor. This is beautifully illus-

tratedd by the configuration of the active site in the Cd-DMSO-NADH-LADH 

inhibitorr complex, Fig. 7.6. 

Figuree 7.6: The active site of LADH with the DMSO molecule in two confor-

mations.. It is partly bound to the metal, partly it is tilted away. A density 

peakk close to the C6 atom of NADH can be interpreted as a hydroxide. 

Thee inhibitor molecule in this complex has been trapped in two conformations, 

boundd and away from the metal. A hydrogen bond is formed between Ser 48 

andd the oxygen of the inhibitor that is supposed to bind the metal in both 

conformations.. The inhibitor does not fully bind the active site metal yet, 

becausee there is a water molecule adducted to the nicotinamide. 

Serr 48 is a spider in a web of interactions that have to do with the displacement 

off  the water molecule, the direction of the substrate to the active site and the 

protonn transfer. An unambiguous assignment of the protein groups responsible 

forr the pKQ values associated with cofactor binding is rather complicated given 

thesee interactions. It is also not clear whether the proton transfer goes directly 

fromm the substrate to Ser 48, or whether the water molecule is involved as well. 

Inn the newly proposed mechanism, it is assumed that the proton passes the 

waterr molecule to direct the hydride transfer. 
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7.77 Concluding remarks 

Thee reaction mechanism proposed for LADH in this thesis is much akin to 

thee mechanism of carbonic anhydrase (CAII) . The water molecule bound to 

aa four coordinated zinc ion in CAII is deprotonated and the substrate binds 

ass a fifth ligand to the metal. The change in metal coordination changes the 

positionn of the two flexible ligands. It is this feature that is used in LADH to 

stabilisee and activate the cofactor, NAD(H). 

I tt seems that LADH uses two complementary activation mechanisms for hy-

dridee transfer. The underlying principle is that the hydride donor has to be 

polarised.. In alcohol oxidation, deprotonation of the substrate in combination 

withh metal binding creates a sufficient charge separation in the alcoholate ion 

too induce hydride transfer. In aldehyde reduction, the NADH molecule is dis-

tortedd by the interaction with the zinc bound hydroxide and thereby polarised. 

Itt is unclear whether the activation process is preceded by proton transfer or 

vicevice versa, but it appears that the enzyme regulates the hydride transfer step 

throughh the protonation state of the zinc bound water molecule. This became 

apparentt from the theoretical calculations performed on the nicotinamide-

waterr adducts, Fig. 5.3. 

Thee proposed reaction mechanism unifies the information on the role of the 

metall  obtained from the X-ray structures, kinetical data and spectroscopy. 

Thee intermediate five coordination of the metal which is observed in most zinc 

enzymess (Coleman, 1998) has obtained a structural basis. Thus, LADH is no 

longerr an exception within the family of zinc dependent enzymes demanding 

thatt its reaction mechanism needs the exclusion of all water from the active 

site. . 

Thee experimental verification of the newly proposed mechanism can be ini-

tiatedd immediately by the interpretation of the spectroscopic data that are 

alreadyy known. The PAC spectra on cadmium substituted enzyme complexes 

havee to be reinterpreted on the basis of the crystal structures. It wil l be most 

interestingg to see whether the introduction of a dual-positioned water wil l fit 

in.. The protonation state of the water molecule can in principle be tackled 

withh neutron diffraction, although the disordered nature of the water molecule 

mayy complicate a proper assignment. 

Thee notion of the dual water molecule itself needs closer inspection. Does 
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itt continuously change position in the binary complex, or does it have to be 
triggeredd by the presence of the substrate? There is a great challenge for 
theoreticall  chemistry in the description and cause of the motion that makes 
thee water molecule switch position. The water molecule could be moving under 
thee influence of a changing electromagnetic field. Alternatively, Ser 48 forms 
thee base of a pendulum and the water molecule swings from one position to 
thee other. There are some indications that the motion of the water molecule 
iss guided by a global protein motion. The active site lies on the centre of 
gravityy of the monomer. An environment is created where coherent motion 
off  individual atoms is possible. The motion of the water molecule can thus 
bebe driven in a specific way. The first coordination sphere of the active zinc 
ionn can be perturbed by Glu 68 (as observed in the Cd-MPD-NADH-LADH 
complexx X-ray structure) or Arg 369. Such perturbations may cause a shift in 
thee position of the zinc bound water molecule. A first investigation into this 
motionn can be made with the atomic resolution X-ray structures available. The 
motionn of the individual atoms in the protein can be accessed by monitoring 
thee behaviour of the anisotropic displacement parameters at the active site in 
comparisonn with the overall motion. 

Thee enzymatic activation of NADH as described in this thesis is a phenomenon 
thatt has implications for all dehydrogenase systems. Experimental confirma-
tionn for the relation between the puckering of the pyridine ring and activation 
off  NADH for hydride transfer has been presented for the first time. Moreover, 
thee means by which the enzyme puckers the pyridine ring has been identified. 
AA water molecule is steered by the enzyme which also controls its protonation 
state.. The nicotinamide is derivatised by the formation of an adduct with the 
waterr molecule. Hydride transfer is performed when the protonation state of 
thee adducted water molecule puckers the pyridine ring in such a way that the 
chargee is localised around the C4 atom and a twisted boat conformation is 
assumedd that is liable to accept or donate the hydride. 

Oxygenn atoms can be found in the immediate surroundings of the pyridine 
ringg of most NAD(P) dependent enzymes. In dihydrofolate reductase, a water 
moleculee is situated at 3.0 A from the nitrogen of the pyridine ring (Filman 
etet ai, 1982). In ferredoxin-NADP"1" reductase, a close interaction (3.2 A) be-
tweenn a protein residue (THR 166) and the C6 of the nicotinamide is observed. 
Inn a binary complex of a short chain alcohol dehydrogenase from Drosophila 
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MelongasterMelongaster with NAD+ (Benach et al, 1999), a water occupies the substrate 

bindingg site at a distance of 2.8 A from the C5 atom of the severely puckered 

pyridinee ring (J. Benach, private communication). 

Al ll  these enzymes have completely different active sites. Nevertheless, there 

seemss to be a common design with the enzyme manipulating the pyridine 

ringg puckering by the guided interaction between NAD(P) and an oxygen 

containingg group. The construction of a model compound that performs a 

controlledd hydride transfer is a long lived challenge. It seems now eminent that 

aa molecular flip-flop that activates the nicotinamide is a necessary element of 

suchh a model compound. 


