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Chapterr 5 

Theoreticall  calculations on 
thee nicotinamide moiety 

5.11 Introductio n 

Thee occurrence of an electron density peak with the apparent features of a 

partiallyy occupied water molecule was observed in a series of LADH complexes 

att a near distance to the nicotinamide of NADH. The identification of the peak 

ass a water molecule was based on the following assumptions: 

A.. The catalytic zinc atom should have at least a four  coordination. 

Thiss excludes a suggestion by Michael Dunn (personal communication) that 

thee spurious peaks seen at the active site are the reminiscence of a minor 

conformationn of the protein complex. If such a minor conformation would exist 

wheree the active site metal is shifted, an occupancy of such a conformation of 

100 % would be enough to cause the appearance of a ghost zinc peak with the 

strengthh of the density observed. However, the occupancy of the conformation 

wouldd be so small, that no other ghost peaks are expected to be seen except 

forr the metal atoms. It is also expected that if such a minor conformation 

occurs,, the structural zinc site is affected as well. No peaks can be found in 

thee residual density at the structural zinc site with the required features as 

observedd in the catalytic zinc site. 
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B.. The height of the electron density is such, that only a water 

moleculee can be assigned. Although the enzyme was extensively dialysed 

duringg preparation, it has been exposed to a number of ions. The crystalli-

sationn medium was buffered with Tris/HCl, and chloride has been found to 

associatee in some complexes with the active site metal (Coleman and Weiner, 

1973).. However, the occurrence of chlorine would lead to a more prominent 

peakk since it contains 17 electrons. The only other candidates that could show 

thee density features observed are small cations (Na+ and K+), but it is im-

plausiblee that such positive ions would find a place in the coordination sphere 

off  zinc. 

C.. The formatio n of a water-pyridin e rin g adduct is feasible. The 

waterr molecule is at a distance of approximately 1.8 A from the C6 atom 

off  the pyridine ring. Thus, it does not form a covalent bond and an inter-

mediatee term has to be assigned to this interaction. The interaction can be 

characterisedd as an adduct: it is a non-covalent, non-ionic link between a car-

bonn and an oxygen atom that is caused by a interatomic movement and is 

off  temporary nature (ad = toward -I- ductus = led). Although NADH is an 

electron-richh system compared to NAD+, the delocalisation of charges along 

thee pyridine ring of the nicotinamide can be such that a positive charge oc-

curss at the C6 atom of the ring. Such a positive charge would attract the 

metall  bound water molecule. Adduct formation between a reduced nicoti-

namidee and trifluoroacetophenone has been invoked to explain retarded iso-

topee effects (Chipman et a/., 1980). Hanschmann (Hanschmann, 1974) has re-

portedd the pH-dependent specific dimerisation of nicotinamides where a bond 

iss formed between the C6 atoms of the monomers. He concluded that this 

mustt have been preceded by the formation of a radical. Such dimerisation 

onlyy proceeds at a pH larger than 7. This is in agreement with kinetics per-

formedd on the LADH system, where it was established that association of the 

cofactorr is related to a basic pKa shift assigned to metal bound water (Kvass-

mann and Pettersson, 1980). In LADH devoid of the cofactor, a pKa value 

wass measured of approximately 9.2. Binding of NAD"1" shifts this value down 

too 7.6. Binding of NADH results in a pKa value that lies above 11. These 

pKaa values may be interpreted in the sense that the enzyme creates an envi-
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ronmentt where radicalisation of the pyridine ring is promoted. The relation 

betweenn the pK0 shifts and possible deprotonation of the zinc bound water is 

nott unambiguous though. An alternative interpretation for this shift is that 

itt is ruled by the deprotonation of Lys 228 (LeBrun and Plapp, 1999). This 

residuee plays an active role in the binding of the cofactor and this is further 

describedd in Chapter 6. 

D.. Water  plays a significant role in the reaction mechanism of most 

(i ff  not all) zinc enzymes. In a recent review on zinc dependent enzymes 

(Coleman,, 1998), the conclusion is drawn that "The combination of zinc and 

proteinn ligands provide an ideal environment for activating a coordinated water 

ass a nucleophile." LADH is quietly left out of this review, because the currently 

acceptedd mechanism states that water is displaced by the substrate before 

hydridee transfer takes place or, in other words, the water molecule leaves the 

premisess before the real action starts. 

5.22 Considering the role of a water-NADH adduct 

Att first glance, it seems that another nucleophile is not needed in the reaction 

mechanism.. Al l the necessary components for the oxidation of alcohol are 

alreadyy present: zinc acts as the nucleophile to which the alcoholate binds 

andd NADH is the hydride donor or NAD+ the hydride acceptor. However, 

onee major question remains: 

Whatt  induces NAD(H ) to participat e in hydrid e transfer? This ques-

tionn is totally ignored in the current reaction mechanism, and it is also ignored 

inn the study of most other NAD(P) dependent proteins. When one considers 

thee surroundings of the nicotinamide, it is interesting to see that the pyridine 

ringg has no direct contact with any protein atom. It is anchored through its 

carboxamidee group, which forms three hydrogen bonds. The ribose unit at-

tachedd to the nicotinamide is also anchored with a number of hydrogen bonds. 

Iff  the substrate approaches the pyridine ring near the C4 position, this wil l 

nott necessarily lead to polarisation of the ring. Clearly, there must be an 

interactionn between the protein and NADH that has escaped attention so far. 

I tt has been suggested that hydrogen tunneling wil l enhance the hydride trans-
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ferr (Bahnson et al, 1997; Kohen et a/., 1999) l. The distal side of the nicoti-

namidee is embedded in an apolar environment. One of the methyl groups of 

Vall  203 is situated at a van der Waals distance from the pyridine ring. Tun-

nelingg may occur between this methyl group and the pyridine ring. Structural 

studiess on mutated LADH, where Val 203 was replaced by Ala, revealed a 

decreasee in activity (Bahnson et a/., 1993). The effect of this mutation cannot 

bee unambiguously assigned to tunneling. The nicotinamide moiety assumes 

aa different conformation in the V203A mutated enzyme, so that the nicoti-

namidee is tilted to fil l up the void that occurs because of the absence of the 

Vall  side chain. A larger degree of closure of the gap between the subdomains 

wass observed as well, which could hinder the entrance of substrates into the 

activee site. Even if tunneling plays a role in the activation of NADH, it is not 

likelyy to be the main factor because the forces it ensues are not sufficient to 

activatee the cofactor. At the time no structural information on LADH was 

available,, one of the hypotheses for the reaction mechanism involved the ac-

tivationn of NADH by the catalytic zinc atom (Mahler and Douglas, 1957). It 

wass proposed that zinc interacts directly with the nicotinamide, either with 

thee carboxamide group or the C5 atom. This hypothesis was discarded once 

thee 2.4 A structure of the ternary complex of LADH with MPD and NAD+ 

becamee known (Plapp et al, 1978). It was found that the zinc atom was situ-

atedd at a distance of more than 3 A from the nicotinamide, excluding a direct 

interaction. . 

Withh the current data at hand, one can reconsider the old hypothesis of zinc 

regulatedd NAD(H) activation. The water can be seen as a bridge through 

whichh the metal atom polarises the nicotinamide. To assess this hypothesis, 

abab initio calculations on a system consisting of a nicotinamide moiety and a 

waterr molecule have been carried out. One of the major questions is whether 

thee zinc bound water is plain water or deprotonated water, as predicted by 

thee pKa values measured with kinetics. In this latter case, zinc acts as a Lewis 

acidd on the water molecule. 

*Thee notion of the tunneling of a whole hydrogen seems unlikely to me. It is more 
probablee that electrons tunnel rather than an electron + a proton. The notion of tunneling 
iss based on secondary isotope effects that explore differences in rate constants as a result of 
thee replacement of specific hydrogens by deuterium or tritium. The effects are rather small 
andd errors in the measurement seem to be large. 
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5.33 A very short history on theoretical studies of 

nicotinamidee systems 

Forr more than two decades, attempts have been made to explain the hy-

dridee transfer initiation of the nicotinamide moiety using approaches from 

theoreticall  chemistry to interpret the outcome of organic reactions on com-

poundss that highlight certain features of the nicotinamide. The theoretical 

approachh shifted from Molecular Dynamics to ab initio quantum chemical 

methodss which give a dramatic improvement in accuracy. Therefore, only 

recentt studies using ab initio methods are considered here. 

Twoo main streams can be distinguished in the study of the nicotinamide. 

Onee focusses on the potential curve resulting from moving a hydride from the 

C44 position of the pyridine ring to the substrate. The other focusses on the 

requirementss to be fulfilled by the pyridine ring to donate the hydride. To 

startt with the latter, a growing number of observations from both structural 

andd theoretical sources indicate that the pyridine ring has to assume a boat 

conformationn for hydride transfer to occur. In this way, the hydrogen atom 

thatt wil l leave the pyridine ring is in a pseudo-axial position. Almarsson and 

Bruicee (1993) have calculated that the energy necessary to pucker the reduced 

ring,, so that OJAT=5 and ac=15 degrees, is only 1.8 kcal/mol. For the oxidised 

ring,, 21 kcal/mol is needed to achieve the same puckering. 

Thee possibility of a puckered ring is ignored in all studies on the potential 

curvee that is obtained moving the atom from the nicotinamide to the substrate. 

Cardenass et al. (1996) assume that the pyridine ring is planar all through the 

hydridee transfer. Moreover, a basis set is used that does not account for the 

effectt of diffuse orbitals. Schiött et al. (1998) stated that calculations that do 

nott take into account the diffusive effect, which is a result of the delocalised 

electronss of the aromatic ring, give an optimised geometry that ignores the 

delocalisationn of the electrons. This delocalisation is essential for the hydride 

transferr to occur. 

Inn a study on a system containing a nicotinamide and a zinc atom coordinated 

byy 3 water molecules and an alcoholate, a basis set was used that does account 

forr diffuse orbitals (Decornez et al, 1998). Although a state of the art the-

oreticall  framework was used, this study lost touch with the chemical reality 

thatt occurs in the active site of the enzyme. A hydrogen bond was allowed to 
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bee formed between one of the zinc coordinated waters and the carboxamide 

off  the nicotinamide. 

Nonee of the studies considers the influence of the ribose attached to the pyri-

dinee ring. Ab initio calculations are time consuming and this increases consid-

erablyy with an increase in the number of atoms included in the system. The 

ribosee has most often been excluded to speed up the calculations. However, 

ribosee is an oxygen-rich entity so it seems worthwhile to investigate its possi-

blee role in the distribution of electrons along the nicotinamide. Moreover, it 

formss part of the proton relay cascade in LADH. We have therefore decided 

too include the ribose in our calculations. 

5.44 Construction of the model system 

Thee coordinates of the nicotinamide moiety consisting of the nicotinamide 

andd the ribose attached to it were obtained from the Zn-MPD-NADH-LADH 

complexx (see Chapter 3, section 3.2). The NADH molecule was truncated at 

thee oxygen attaching the ribose to the pyrophosphate, and this oxygen was 

replacedd by a hydrogen, Fig. 5.1. 

Hydrogenss were built into the starting model manually using XtalView (McRee, 

1993)) at a distance of 1.00 A from its carrier atom. The reduced nicotinamide 

moietyy (NICH) was depleted of one of its C4 hydrogens to obtain the oxi-

disedd moiety (NIC+). Al l calculations were done both on the reduced and the 

oxidisedd moiety. 
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Figuree 5.1: The nicotinamide moiety model system consisting of a nicoti-

namidee and the ribose attached to it. The oxygen connecting the ribose to 

thee pyrophosphate has been replaced by a hydrogen atom. 

Thee Cartesian coordinates were optimised using the GAMESS (Schmidt et al., 

1993)) software package. For the initial geometry optimisation, an MNDO basis 

sett was used. The puckering of the pyridine ring decreased from the starting 

geometryy of the crystal structure and relaxed to become essentially planar. A 

Z-matrixx was constructed from the resulting optimised geometry (see Table 

5.11 for an example). 

Thee Z-matrix describes the geometry of the model in terms of distances and 

(torsion)) angles. An atom is chosen as a reference point from where the matrix 

iss constructed. In this case, the reference atom was chosen to be the C6 atom 

whichh is the nicotinamide atom interacting with the water molecule. The 

atomss are listed in a column with the reference atom as the first entry of the 

list.. For each of the other atoms in the system, a distance, angle and torsion 

anglee are defined to one of the preceding atoms in the list. In this way, it is 

possiblee to fix certain distances and (torsion) angles. 
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Tablee 5.1: Example of a Z matrix 

Atomm Bonded distance Angle 

C6 6 

Nl l 

C2 2 

C3 3 

C4 4 

C5 5 

C7 7 

07 7 

to o 

1 1 

2 2 

3 3 

4 4 

5 5 

2 2 

7 7 

(A) ) 

1.4095183 3 

1.3802131 1 

1.3318246 6 

1.5174955 5 

1.5064653 3 

1.4168085 5 

1.4283390 0 

with h 

(deg) ) 

117.8208200 0 

123.9582947 7 

120.6081018 8 

109.5352956 6 

119.5292187 7 

111.9380586 6 

Torsionn angle 

with h 

(deg) ) 

12.7082410 0 

1.1363379 9 

-28.2237003 3 

-179.7078902 2 

-94.0000170 0 

t t 
Fixed d 

Thee basis set that was further used for the optimisation of the geometry was 

6-31G**.. This basis set describes each inner shell atomic orbital by 6 Gaussian 

functions.. Each valence electron is split into two parts, written in terms of 

threee and one Gaussians, respectively. To account for the diffusive effect of the 

aromaticc ring system on the orbitals, 6 d-type Gaussian functions are added 

too the description of each atomic orbital. The 6-31G**  basis set has also been 

usedd in calculations on the nicotinamide alone (Schi0tt et a/., 1998). 

5.4.11 Th e effect of th e hydrogen bonding network 

Thee geometry optimisation with GAMESS is done in vacuo and no inter-

molecularr contacts between the nicotinamide and its (protein) surroundings 

aree taken into account. In the protein crystal structure, the nicotinamide 

moietyy is fixed by a hydrogen bond network, Fig. 5.2. 
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Figuree 5.2: Hydrogen bonding network between the reduced nicotinamide 

moietyy and the enzyme as observed in the Zn-MPD-NADH-LADH complex. 

Carbonn is coloured yellow, oxygen red and nitrogen blue 

Thee carboxamide is anchored with three hydrogen bonds. The protein residues 

involvedd in the hydrogen bonding come from two different polypeptide regions 

off  the cofactor binding domain. The carbonyl oxygen of Val 292 forms a 

hydrogenn bond acceptor to the nitrogen of the carboxamide together with 

thee carbonyl oxygen of lie 318. The backbone nitrogen of the neighbouring 

residuee Phe 319 donates a hydrogen to the oxygen of the carboxamide. The 

ribosee is attached to the enzyme by three hydrogen bonds. The 03*  atom of 

thee ribose forms a hydrogen bond with the carbonyl oxygen of He 269. The 

mostt important interactions between the enzyme and the cofactor are the two 

hydrogenn bonds that keep the 02*  oxygen atom of the ribose in place. The 

participatingg protein residues are Ser 48 and His 51. There is strong evidence 

thatt these interactions contribute to the proton relay system (Eklund and 

Branden,, 1987). 

I tt was attempted to mimic the geometry forced on the nicotinamide moiety 

byy the hydrogen bonding network by fixing two dihedral angles, X^m a nd 

Xpj.Xpj. These angles are also used in the description of the geometry of the 

nicotinamidee (Almarsson and Bruice, 1993), Figure 4.4. The orientation of the 
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Tablee 5.2: Puckering and energy parameters for the free and the constrained 

nicotinamidee moieties. 

System m 

NICHH (free) 

NICHH (constrained) 

NIC++ (free) 
NIC++ (constrained) 

OLC OLC 

7.8 8 

13.0 0 

1.9 9 

1.6 6 

ajv v 

3.3 3 

7.6 6 

0.7 7 

1.9 9 

Twist t 

0.03 3 

0.04 4 

0.01 1 

0.01 1 

XN XN 

47.7 7 

-94.0 0 

175.1 1 

-94.0 0 

-157.4 4 

-160.0 0 

-153.7 7 

-160.0 0 

Energyy (Hartree) 

-834.218 8 

-834.217 7 

-833.471 1 

-833.461 1 

carboxamidee group is fixed by XAW,- The difference between the dihedral angle 

XATTIXATTI of the unconstrained nicotinamide and that of the nicotinamide in the 

crystall  structure is rather small, both for the oxidised and the reduced form. 

Thatt would mean that the enzyme does not have to alter the carboxamide 

geometryy when the nicotinamide enters the active site cleft. The carboxamide 

cann thus be considered an anchor that is dropped by the cofactor in the first 

stepp of the binding of the nicotinamide in the active site. 

Thee orientation of the ribose in relation to the nicotinamide, expressed by the 

dihedrall  angle XN, is very different for the individual systems. The confor-

mationn of the ribose seems to be strongly affected by the oxidation state of 

thee pyridine ring. 

Thee angles were fixed to X,im=160 ° and X^=94 °, which are the approximate 

averagee values in the crystal complex structures under study. The fixation of 

thesee two angles was sufficient to simulate the crystal structure geometry. 

Sincee the conditions for the geometry optimisation only differ in the intro-

ductionn of the two constraints, the energy difference between the two systems 

doess reflect to some extent the barrier the enzyme has to overcome to bring 

thee nicotinamide in a productive geometry. When one compares in Table 5.2 

thee energies of the unconstrained geometry of the reduced nicotinamide moiety 

(NICH)) and the energy of the extended geometry, the energy is 0.00124 Hartree 

(0.7777 kcal/mol) lower for the former. For the oxidised nicotinamide (NIC"1"), 

thee difference in energy is much larger (0.00960 Hartree or 6.01 kcal/mol). 

Thee observation that the reorientation of the oxidised nicotinamide is energet-

icallyy more costly than that of the reduced ring fits well with kinetic data that 

indicatee that the reduced nicotinamide has a stronger affinity for the enzyme. 

Onee may argue that the system under calculation is too much simplified to 
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Tablee 5.3: Puckering parameters for reduced nicotinamides. 

System m 

Zn-MPD-NADHH (X-ray) 

NICH H 

NICH-H20 0 

NICH-OH--

occ occ 
12.3 3 

13.01 1 

9.7 7 

14.7 7 

ajv v 

10.0 0 

7.6 6 

6.6 6 

10.3 3 

Twistt (A) 

-0.38 8 

0.04 4 

0.25 5 

-0.35 5 

explainn this phenomenon, but it has been established (Adolph et ai, 1997) 

thatt the binding of NAD(H) occurs in at least two steps. First, the adenosine 

moietyy is anchored, and the nicotinamide assumes an unproductive binding 

mode.. Secondly, the nicotinamide enters the active site. In the second step, 

thee major factor for binding affinity is the adaptability of the nicotinamide to 

thee local environment. The carboxamide anchors in the active site without 

muchh conformational change. However, the subsequent adjustment of the ri-

bosee unit to the local hydrogen bonding network costs more energy in case the 

nicotinamidee is oxidised. Thus, the theoretical calculations give a fundamental 

explanationn for the higher affinity of the reduced nicotinamide for the enzyme 

whichh is more sophisticated than the vague notion that it is 'more flexible'. 

5.55 The water-NICH system 

AA water molecule was placed at a distance of 1.7 A from the C6 atom of the 

pyridinee ring of the optimised NICH molecule, with constraints applied to 

XNXN and XAm> The distance between the oxygen of the water molecule and 

thee C6 atom was fixed. It was necessary to fix an angle between the oxygen, 

C66 and C5 to keep the water molecule from drifting towards the plane of 

thee pyridine ring. The geometry was optimised, allowing the whole system 

too adjust to the 4 constraints applied: the fixed dihedral angles XA™, and 

XN,XN, and two constraints fixing the relative position of the water molecule. A 

similarr protocol was followed for a hydroxide and a hydroxonium ion. 

Thee geometry optimization of the NICH-OH" and the NICH-H2O system 

bothh converged to unique conformations. The puckering angles OLQ and ajy 

aree smaller for the NICH-H2O system than for the crystal structure and the 

NICH-OH-- system, Table 5.3. In all cases, etc is larger than apt which is in 
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accordancee with a study on a large number of pyridine structures (Almarsson 

andd Bruice, 1993). Thus, the effect of pyramidisation on the nitrogen ring 

atomm leads to a smaller distortion than the tendency of the C4 atom to be 

outt of plane. The most remarkable difference between the hydroxide and the 

waterr system is in the twist of the ring. In the NICH-H2O, the C5 atom lies 

abovee the plane formed by C2-C3-C6. It resembles more the free pyridine ring 

wheree the C5 atom also lies above the plane. The twist of the pyridine ring in 

thee crystal structures and in the NICH-OH-system is of the same magnitude 

andd shows that the C5 atom lies below the plane. 

Superpositionn of the optimised geometries of NICH and its derivatives on the 

nicotinamidee of the NADH molecule in the Zn-MPD-NADH LADH structure 

(withoutt the attached ribose), shown in Fig. 5.3, gives an RMSD of 0.26 A for 

thee NICH-H20 system, 0.12 A for the constrained NICH system and 0.04 A 

forr the NICH-OH- system. The ProR hydrogen is in a pseudo-axial position 

inn the NICH-OH" system. The twisted boat conformation of the NICH-OH-

systemm resembles the conformation that was predicted to be productive for 

hydridee transfer (Almarsson and Bruice, 1993). The authors stated that the 

leavingg hydrogen has to be in a pseudo-axial conformation, and they predicted 

thatt this would be achieved by puckering the ring in such a way that ac=15 

andd ajv is 10 degrees. The puckering angles of the NICH-OH" system are 

highlyy similar to these values, Table 5.5. This suggests that the hydroxide can 

indeedd activate the pyridine ring. 

Thee NICH-H2O derivative gives an unproductive conformation. The ProR 

hydrogenn is pseudo-equatorial and points away from the substrate in the envi-

ronmentt of the enzyme active site. The deprotonation of the water molecule 

hass a strong effect on the pyridine ring puckering. This observation leads 

too a consideration of a possible coupling between the (de-)activation of the 

nicotinamidee and the proton relay system. 



5.5.. TH E WATER-NIC H SYSTEM 115 5 

Figuree 5.3: Superposition of the crystal structure (yellow) and the calculated struc-

turess (cyan) of a) the NADH-H20 adduct (RMSD=0.257 A), and b) the NADH-OH" 

adductt (RMSD=0.043 A for the pyridine ring atoms In the NADH-OH- adduct, the 

pyridinee ring assumes a twisted boat conformation and the ProR hydrogen is in a 

pseudo-axiall  position perfectly oriented for hydride transfer whereas in the NICH-

H2O,, the ProR hydrogen is rather pseudo-equatorial. 

Theree are other indications that the NICH-OH- system initiates hydride trans-

fer.. Charges were calculated on the basis of a topological description of an 

atomm using Bader's AIMPA C program (Bader, 1990, Table 5.4). 2 

Thee charge on the C6 atom of the underivatised reduced nicotinamide is pos-

itive.. This would make the attraction of a water molecule or hydroxide ion 

possible.. The positive charge on the C6 increases upon formation of the NICH-

H2OO adduct. The adduct formation thus leads to a delocalisation of positive 

chargee towards the C6 atom. The charge on the C6 atom increases even fur-

therr for the N ICH-OH- adduct. The C4 hydrogen atoms gain in negative 

chargee when the adducts are formed. The negative charge of the H# hydrogen 

iss doubled upon formation of the NICH-H2O adduct and it is further increased 

whenn the N ICH-OH- adduct is formed. The negative charge on the H5 atom 

2Thee calculation of the charges for the pyridine ring system is complicated. Charge 
analysiss is very sensitive to the basis set in use, and most charge analysis methods calculate 
thee density of atomic orbitals centered around an atom. This approach underestimates the 
contributionn of diffuse atomic orbitals. Bader's topological approach calculates saddle points 
inn the density and uses these as the boundary of the atom electron density cloud. 
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remainss essentially the same in the NICH-H2O adduct compared to NICH, but 

itt is doubled when the NICH-OH- adduct is formed. Thus, the zinc bound 

waterr molecule indeed polarises the pyridine ring. A gradient is created that 

resultss in the accumulation of positive charge near the adduct and negative 

chargee at the hydrogen atoms of C4. The C4 atom seems to be unaffected by 

thee adduct formation, although it becomes slightly more positively charged. 

Thiss is an interesting phenomenon that touches upon the discussion whether 

aa hydride ion is transferred as one entity, or if the proton and two electrons 

aree transferred sequentially. If this calculated charge distribution is a realistic 

model,, it seems likely that first an electron is transferred discharging the ProR 

hydrogen.. Subsequently, the positive charge on the C4 wil l be discharged by 

thee transfer of a proton, and finally the last electron follows. 

Atomicc orbitals are sorted in GAMESS in such a way, that the approximate 

bondd order and valence can be assigned. A trend can be distinguished in 

whichh the bonding order decreases for the bond between the C4 atom and the 

leavingg ProR hydrogen when the NICH-H2O adduct is formed, and the bond 

weakenss even more in the NICH-OH- adduct. 

Tablee 5.4: Electronic charges and bond valences of the atoms involved in 

hydridee transfer for the reduced NICH systems. 

System m 

NICH H 
NICH-H2O O 
NICH-OH--

Charge e 
C6 6 

+0.47 7 
+0.75 5 
+0.76 6 

C4 4 
+0.26 6 
+0.26 6 
+0.28 8 

Hfi i 

-0.06 6 
-0.11 1 
-0.12 2 

Hs s 
-0.05 5 
-0.05 5 
-0.12 2 

Bondd valence 
C4-H* * 
0.94 4 
0.94 4 
0.93 3 

C4-Hs s 

0.93 3 
0.94 4 
0.96 6 

Thee system containing the hydroxonium ion was not stable, even when all 

threee hydrogens attached to the acidic oxygen were fixed. This can be ex-

plainedd considering the fact that even for the reduced NIC, the C6 atom is 

positivelyy charged. The positive localised charge in the area where the water 

iss interacting causes a strong repulsion of the H3O4" molecule. Thus, it seems 

highlyy improbable that a hydroxonium ion wil l occur in the enzyme active 

site.. The water molecule is bound to zinc which acts as a Lewis acid. The 

positivelyy charged zinc ion prevents the water from protonation. This is also 

inn agreement with the pK0 values measured for the association of the cofactor 
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too LADH, which axe larger than 7 in all circumstances. 

5.5.11 T h e wa te r -N IC + s ys tem 

Too come to a complete picture of the interplay between water and NAD(H), 

geometriess were optimised for the oxidised NIC"1" system with a water molecule 

placedd in the same position as for the reduced NICH system. This may not 

reflectt the precise interaction occurring in the enzyme. The oxidised cofactor 

hass a more rigid structure, and this may result in a different orientation of the 

pyridinee ring in relation to the enzyme active site. There are no (crystal) struc-

turee models of NAD+-LAD H complexes available to verify the differences in 

orientationn between a reduced and an oxidised enzyme bound cofactor. Some 

off  these complexes have been reported (Bahnson et a/., 1993; Ramaswamy et 

al.al.yy 1999; Ramaswamy et ai, 1994) but the oxidation state of the cofactor has 

nott been determined with UV-Vi s spectroscopy, and therefore it is very well 

possiblee that NAD"1" has been reduced to NADH during the crystallisation 

process. . 

Ass expected, the geometry of the ring structures of the oxidised nicotinamide 

derivativess is less affected by the derivatisation with a water molecule than in 

thee case of the more flexible reduced nicotinamide (Table 5.5). NIC+-H20 is 

thee most distorted system, whereas the negatively charged hydroxide seems 

too have a neutralising effect on the NIC+-OH~ system. 

Tablee 5.5: Puckering parameters for the oxidised nicotinamides. 

System m 

NIC+ + 
NIC+-H20 0 
NIC+-OH" " 

OLC OLC 

1.60 0 
2.60 0 
3.35 5 

OJjV V 

1.90 0 
3.47 7 
2.88 8 

Twistt (A) 

0.01 1 
-0.03 3 
0.02 2 

Thee limited knowledge we have about the orientation and interaction of the 

waterr molecule with the nicotinamide makes it difficult to decide which adduct 

activatess hydride transfer from the substrate to the nicotinamide in an enzyme. 

Thee bond valence of C4 increases considerably when the NIC+-H20 adduct 

iss compared to the unperturbed nicotinamides, as shown in Table 5.6. The 

increasee in bond valence is larger than the increase in bond valence between 
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C44 and H5. This suggests that the C4 atom is more liable to accept an 

incomingg hydride and that NIC+-H20 is the reactive species. This is taken into 

considerationn when the new reaction mechanism is formulated in Chapter 7. 

Tablee 5.6: Electronic charges and bond valences of the atoms involved in 

hydridee transfer for the oxidised NIC+ systems. 

System m 

NIC+ + 

NIC+-H20 0 

NIC+-OH" " 

Charge e 

C6 6 

+0.649 9 

+0.921 1 

+0.910 0 

C4 4 

+0.075 5 

+0.075 5 

+0.073 3 

H s s 

-0.046 6 

0.085 5 

0.018 8 

Bondd valence 

C4-Hs s 

0.908 8 

0.920 0 

0.945 5 

Individuall  net bond valence 

C4 4 

3.786 6 

3.833 3 

3.865 5 

5.5.22 Th e r ibose rin g flip;  th e r iddl e of proton relay 

Anotherr remarkable conformational shift is observed in the ribose when one 

comparess the NIC+-OH- system with the NIC+-H20 system. The 02*  atom 

thatt is involved in the proton relay system is nipped. In the oxidised nicoti-

namide,, the ring flip is most pronounced and the 02*  atom forms a hydrogen 

bondd with the hydroxide molecule. In the NIC+-H20 adduct, the 02*  atom is 

pointingg away from the adduct site. In our calculations, the hydrogen bonding 

thatt fixes the geometry of the ribose has been neglected. Thus, the flipping of 

thee 02*  atom may be sustained in an enzymatic environment. Nevertheless, 

itt can be seen as a force acting upon the enzyme-cofactor complex. In Table 

5.7,, the distances and angles are given for the atoms involved in the hydrogen 

bondingg network through which the proton is transferred. In the atomic reso-

lutionn X-ray structures of NADH-LAD H complexes, the angle between Ne2 of 

Hiss 51, the 02*  and the C2 atom of the ribose is approximately 120 degrees, 

thee angle between the 07-03*  atom of Ser 48, 02*  and CI of the ribose is 

aroundd 110 degrees. Especially the latter angle is rather tense. The electron 

densityy for the 02*  atom is well defined and there is no indication that the 

ribosee assumes alternative conformations. 

Thee hydrogen bonds in the proton relay system are considerably stronger in 

thee Zn-CHO-NAD+-SS-LADH complex. This is the only complex available 

thatt contains a substantial amount of NAD+. Moreover, it is the highest 

resolutionn structure for an inhibitor complex where the inhibitor is fully bound 
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too the active site metal. There is no spurious density that would indicate the 

presencee of a metal bound water in the active site. The differences in strength 

off  the hydrogen bonds in the proton relay pathway between an oxidised and 

aa reduced nicotinamide moiety reflect the effect of the oxidation state of the 

moietyy on the proton relay system. 

Tablee 5.7: Distances within the proton relay system for two X-ray struc-

turess (with the values for the B subunit in brackets) and calculated quantum-

chemicallyy with GAMESS. 

System m 

Zn-MPD-NADH-LADH H 

NICH H 

NICH-OH--

NICH-H20 0 

Zn-CHO-NAD+-SS-LADH H 

NIC+ + 

NIC+-OH--

NIC + -H 20 0 

Serr 48 07 - 02* 

Distance e 

(A) ) 
2.755 (2.76) 

2.58 8 

3.56 6 

3.78 8 

2.633 (2.61) 

2.82 2 

4.16 6 

2.69 9 

C2*-02*-07 7 

anglee (deg) 

111.00 (109.4) 

112.6 6 

62.4 4 

66.0 0 

112.33 (111.7) 

124.6 6 

60.9 9 

137.9 9 

Hiss 51 Ne 2-02* 

Distance e 

(A) ) 
3.088 (3.05) 

3.29 9 

2.69 9 

2.83 3 

2.977 (2.95) 

3.22 2 

2.89 9 

3.54 4 

C2*-02*-N t2 2 

anglee (deg) 

122.11 (123.9) 

105.2 2 

132.0 0 

140.7 7 

122.44 (120.7) 

122.6 6 

121.6 6 

115.4 4 

Thee nicotinamide moieties calculated with quantum chemical methods were 

superimposedd on the nicotinamide moiety of the Zn-MPD-NADH-LADH crys-

tall  structure by a least squares fit of the non-hydrogen atoms, Fig. 5.4. The 

ribosee ring flips depending on the position of the metal bound water. The po-

sitionn of the 02*  atom is changed when the ribose ring flips. It comes within 

hydrogenn bonding distance of either Ser 48 or His 51. 

I tt should be noted that the NIC(H) systems have no 'knowledge' of the pres-

encee of either His 51 or Ser 48, and thus the hydrogen of the 02*  ribose atom 

pointss away from Ser 48 in the NICH, NIC+ and NIC+-H20 systems. Addi-

tionall  calculations are needed where the surroundings of the system treated 

quantumm chemically is included in the calculations as fragments in the cal-

culationss or as a molecular dynamic system (the QM/MM approach). These 

approachess wil l certainly help to determine whether the ribose ring fli p sub-

sidess when the environment is taken into account. 

Thee transfer of a proton from the active site to the solvent can now be depicted 
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assumingg that the proton transfer is faster than the ribose ring flip. The 

protonn from a NICH-H2O adduct is accepted by Ser 48. At the same time 

Serr 48 donates its own proton to the 02*  atom on the ribose. Meanwhile, 

thee electronic state in the nicotinamide ring has changed and the ribose ring 

flips.flips. The 02 atom of the ribose, burdened with two hydrogens, comes now 

withinn hydrogen bonding distance to the Ne2 atom of His 51. His 51 donates 

aa proton to the solvent at the NSl position and accepts the proton from the 

02**  atom of the ribose, and the proton relay pathway is completed. 

Thee release of the proton from the proton relay system depends on the pro-

tonationn state of His 51. Thus, the enzyme can control the proton flow by 

adjustingg the electronic environment of His 51. The direction and the impulse 

off  the proton flow controls the protonation state of the metal bound water 

andd thereby the hydride transfer. 
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Figuree 5.4: Superposition of the NIC(H) adducts onto the nicotinamide moiety 

off  the NADH molecule in the Zn-MPD-NADH-LADH complex crystal struc-

turee shows that the ribose ring flip can be related to the proton relay system 

consistingg of Ser 48, the ribose 02*  atom and His 51. The shortest hydrogen 

bondingg distance between the 02*  ribose atom and either the 0 7 atom of Ser 

488 or the Ne2 atom of His 51 is indicated by the black line to illustrate the 

effectt of the ribose ring flip. 
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5.66 Conclusions 

Calculationss on the nicotinamide moiety were performed with the ribose in-

cluded.. Although this slowed down calculations considerably, it turned out to 

bee worthwhile. It seems that a theoretical basis has been found for the higher 

affinityy of reduced NADH for the enzyme compared to oxidised NAD+. The 

energyy difference between an unhampered nicotinamide moiety and a moiety 

ontoo which the geometry observed in the crystal structure is enforced is sig-

nificantlyy larger for the oxidised form of the nicotinamide. The adjustment of 

thee ribose unit to the hydrogen bonding network of the enzyme is identified 

too be a possible factor in the cofactor binding affinity. 

Thee positioning of the water close to a nicotinamide moiety in a theoretical 

frameworkk allowed the confirmation of the identity of the peak observed in 

thee crystal structure as a hydroxide. Comparison of the puckering of the 

theoreticallyy calculated nicotinamides with that of the crystal structure clearly 

showedd that the NICH-OH" adduct has the same puckering features as the 

nicotinamidee in the Zn-MPD-NADH-LADH structure. 

Furthermore,, it was found that the formation of a hydroxide-NADH adduct 

leadss to activation of the pyridine ring. A twisted boat conformation is as-

sumedd and the ProR hydrogen is made ready to leave. It was found that upon 

protonationn of the water, the pyridine ring changes conformation in such a way 

thatt the ProR hydrogen switches from a pseudo-axial to a pseudo-equatorial 

position. . 

Thee deprotonation of the water forming an adduct with the nicotinamide not 

onlyy affects the conformation of the pyridine ring. It also causes a ring fli p in 

thee ribose that can be related to a switch in the proton relay system. Thus, 

thee proton relay and hydride transfer are directly coupled. The enzyme can 

controll  the hydride transfer through the protonation state of the water bound 

too the metal. In the final chapter, all threads wil l be tied together to construct 

aa new model for the catalytic mechanism of LADH. 


