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Chapterr 3 

Comparat ivee description of 

thee active site of LAD H 

3.11 Introduction 

Withh the atomic resolution X-ray structures at hand, a new dimension is given 

too the study of the active site of LADH. The reaction mechanism of the enzyme 

involvess the transfer of small particles (a hydride ion and a proton). No large 

conformationall  changes at the scale of loop rearrangements are to be expected 

inn the protein during the actual conversion of the substrate. With the current 

structures,, minute rearrangements which involve atom shifts of no more than 

aa few Angstroms give a deeper insight into the catalytic reaction mechanism. 

Thee LADH complexes for which such an amount of data has been obtained 

broachh the role of the metal, the conformation of NADH and the interaction 

off  the enzyme with the substrate analogue DMSO. 

Eachh active LADH molecule consists of a dimer and thus contains two active 

sites.. There has been a lot of speculation on the communication between the 

twoo active sites. It has been suggested that the enzyme performs half of the 

sitee reactivity under stoichiometric conditions (Luisi and Bignetti, 1974). No 

unambiguouss data have been obtained so far to prove this point. 

Thee active site of a ternary complex in a closed conformation of LADH is 

situatedd at the center of mass of the monomer, Fig. 3.1. To be more precise, 

thee center of mass of the monomer lies between the active site metal and 

thee nicotinamide of NADH. This is an interesting feature in the light of the 



3.2.. THE ZN-MPD-NADH-LADH COMPLEX 50 0 

promotionn of the catalytic reaction. The center of mass is the most inert part 

off  an object. Random motion is minimal at the centre of mass of a protein. 

Thus,, specific coherent motion at the active site directed to move the molecules 

participatingg in the chemical reaction wil l be most effective when situated at 

thee centre of mass. 

dimer r 
 # NADH binding 

11 domain 

Activ ee site 

Figuree 3.1: Depiction of the centers of mass (as balls) of the dimer, the cat-

alyticc domain, the nucleotide binding domain and the monomer in the Zn-

MPD-NADH-LADHH complex. The center of mass of the monomer is situated 

betweenn the active site metal and the nicotinamide of NADH. 

3.22 The Zn-MPD-NADH-LADH complex 

Thee description of the active site of LADH starts with the Zn-MPD-NADH-

LADHH complex since it contains the native metal and it gives the best resem-

blancee of a complex where an alcohol molecule enters into the active site. The 
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MPDD molecule consists of a secondary and a tertiary alcohol group (Fig. 3.2). 

LADHH can oxidise primary and secondary alcohols, but is not capable of the 

oxidationn of tertiary alcohols. This may be explained by the fact that the two 

apolarr methyl groups at the tertiary side of the MPD molecule hinder each 

otherr sterically if binding to the metal is considered. The MPD molecule is 

situatedd with the tertiary alcohol group facing the active site. The tertiary 

oxygenn atom is at 4.5 A from the active-site metal but this is not close enough 

too consider the MPD molecule to be a metal ligand. 

HO' ' 

c rr  OH 

Figuree 3.2: Chemical structure of 2-methyl 2,4-pentanediol (MPD). The atoms 

aree numbered according to the PDB standard for hetero compounds. 

Thee hydroxyl group of the tertiary alcohol forms a hydrogen bond to 0 7 of 

Serr 48 (inter-oxygen distance of 2.67 A). It is the tertiary alcohol group that 

facess the active site. No other direct contacts between the MPD molecule and 

thee enzyme have been formed. The secondary alcohol hydroxyl group forms 

aa hydrogen bond with a water molecule deep inside the substrate entrance 

channel.. This water molecule in turn makes only hydrogen bonds to other 

waterr molecules. 

Thee MPD molecule is disordered, which is a reminiscence of the fact that a 

racemicc mixture of 2,4(5/i?)-methyl-pentanediol has been used. The MPD 

moleculee blocks the solvent channel through which the substrate has to enter. 

Duee to the high concentration of MPD present in the precipitating solution, the 

enzymee is poisoned. MPD is a substrate of LADH, although the turnover rate 

iss low and has never been measured adequately. Given the high concentration, 

MPDD can be considered an inhibitor, but it is readily replaced by a substrate 

molecule. . 

Att first glance, the active site at the critical stage of the reaction mechanism is 



3.2.. THE ZN-MPD-NADH-LADH COMPLEX 52 2 

composedd of a zinc atom and its protein ligands, the nicotinamide of NAD(H) 

andd the substrate. The metal forms the central part of the active site. Al l 

atomss that are within the first (at bonding distance, i.e. shorter than 2.5 A) 

andd second coordination sphere (at a distance shorter than approximately 5 

A)) of the metal are considered in the description of the active site. 

Thee protein residues that are within the first coordination sphere of the metal 

aree the metal ligands Cys 46, His 67 and Cys 174, Fig. 3.3. The two cysteines 

seemm to form a pair of tongs that keep the metal in place while substrate 

and/orr water take position. A large void is left vacant for the substrate to 

coordinatee to the metal. Zinc prefers a coordination of four or five. In the Zn-

DMSO-NADH-LADHH complex (Al-Karadaghi et al, 1994), the oxygen of the 

DMSOO molecule is liganded to the metal. The resulting metal-ligand geometry 

iss distorted tetrahedral. This is in contrast with the structural zinc site which 

iss surrounded in a perfect tetrahedral geometry by four cysteines. 

Thee protein residues in the second coordination sphere of the metal in the 

tertiaryy complex are Ser 48, Asp 49, Glu 68, Phe 93 and Arg 369 Fig. 3.3. 

Thee role of Ser 48 is most eminent. It is thought to participate in the proton 

releasee that accompanies the hydride transfer during the oxidation of alcohol 

(Eklundd and Branden, 1987). Asp 49 is thought to play a role in cofactor 

bindingg (Ganzhorn and Plapp, 1988). It forms a hydrogen bond with His 67 

whichh is one of the protein metal ligands. Glu 68 and Arg 369 pair up at the 

oppositee site to where the substrate is supposed to bind. The complementarity 

off  positive (Arg 369) and negative (Glu 68) charges can play a role in the tuning 

off  the electrostatics favouring certain metal binding modes. The role of Phe 

933 in the second coordination sphere of the metal is still obscure. 
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Firstt coordination sphere Second coordination sphere 

Cysl744 Phe93 V \ 

Figuree 3.3: The first and second coordination sphere of the metal displayed 

inn an identical orientation. The arrow indicates the path along which the 

substratee enters the active site. The NADH molecule extends with its nicoti-

namidee (NIC) into the second coordination sphere. Hydride transfer occurs at 

thee C4 atom of the pyridine ring, whereas a water molecule has been identified 

closee to the C6 atom of the pyridine ring. 

Thee NADH molecule extends from the surface to the active site with the 

adenosinee moiety bound to the solvent exposed exterior of the enzyme and 

thee nicotinamide facing the active site metal. The pyridine ring of the nicoti-

namidee covers up the active site at that side of the metal where the substrate 

iss supposed to bind. The NADH atom closest to the metal is the C5 atom 

off  the pyridine ring at a distance of 3.61 A. The same atom is at a van der 

Waalss distance from the sulphur atom of Cys 174 (3.36 A). 

Oncee the structure of the LADH complex was modeled in such a way that both 

thee MPD molecule and the NADH cofactor had found their optimal position, 

twoo prominent peaks remained in the residual electron density map around 

thee active site. The peaks are still visible at a contour level of 8 a (0.53 e/A3). 

Onee peak, referred to as Wl , is situated at approximately 2.5 A from the C4 

atomm of the tertiary alcohol of the MPD molecule, and at 2.1 A from the zinc 

atom.. It occupies essentially the same position as the oxygen atom of DMSO 

inn the Zn-DMSO-NADH-LADH complex (Al-Karadaghi et ai, 1994). The 

otherr peak, referred to as W2, is situated at approximately 1.9 A from the C6 
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atomm of the nicotinamide of NADH and at 2.3 A from the zinc atom. 

Figuree 3.4: View of the active site with the 3F0 — 1FC electron density map 

displayedd at a contour level of (0.325 e/A3 (2.5 a) and 0.46 e/A3 (3.5 a) 

respectively. . 

Thee peaks were modeled as a water molecule that occupied two distinct posi-

tions.. It is possible to refine the occupancy of the respective water sites with 

SHELX.. A free variable was assigned in such a way, that the occupancy of the 

atomm in these two positions is constrained to be that of a single fully occupied 

atom.. The Wl /W2 water molecule was especially defined using the scattering 

factorss of oxygen, but assigning a van der Waals radius of 0.25 A to effectively 

turnn off anti-bumping restraints. This was necessary for the determination of 

thee precise position of W2 near the nicotinamide. 

Thee relevant distances between the two water sites and surrounding residues 

aree listed in Table 3.1. The refinement of the occupancy of the sites converged 

too an occupancy of Wl of approximately 40 % in both subunits. It is situated 

att hydrogen bonding distance from an MPD atom. Since the 02 atom of the 
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MPDD molecule makes a hydrogen bond to Ser 48, the MPD atom involved in 

thee interaction with the Wl site must be a carbon. Thus, MPD either makes 

ann unfavourable contact with the metal bound water, or with Ser 48. However, 

iff  the metal bound water is deprotonated, the hydroxide ion might form an 

extraordinaryy bond with the C4 atom of MPD. Hydrogen bonds between a 

hydrogenn bound to a carbon and an oxygen have been reported to stabilise 

/3-sheetss (Fabiola et al, 1997). 

Tablee 3.1: The distances in the active site of the Zn-MPD-NADH-LADH 

complexx between the water molecule and other key residues in the active site 

off  the A and the B subunit, with the B subunit in brackets 

Keyy atom 

Zn n 

Serr 48 (OG) 

MPDD C4/02 

NADHH C6 

Cyss 46 SG 

Distancee (A) 

Wll  (40 % occupancy) 

2.155 (2.11) 

2.711 (2.78) 

2.511 (2.51) 

3.277 (3.23) 

3.600 (3.59) 

W22 (60 % occupancy) 

2.311 (2.33) 

2.699 (2.61) 

3.800 (3.71) 

1.911 (1.93) 

3.011 (3.02) 

Thee W2 site makes a hydrogen bond with both Ser 48 and Cys 46. The 

distancee between the two water peaks in the A subunit is 1.45 A and 1.42 A in 

thee B subunit. When one lowers the contour level to 0.13 e/A3, a continuous 

densityy becomes visible between the two water sites. The distances of the two 

waterr sites to the 0 7 oxygen of Ser 48 are similar. A simile can be made 

withh a pendulum, where 0 7 forms the base and Wl and W2 are the two outer 

positionss of the ball on the string. Ser 48 then plays a guiding role in directing 

thee water molecule from the Wl site that corresponds to the binding site of 

inhibitorss to the W2 site close to the nicotinamide. The distances between the 

waterr molecule and the surrounding residues is similar for both independent 

subunits.. There is some rearrangement in the distance to the MPD molecule 

andd the Ser 48 residue between subunits. 

Inn a comparative study on metal ligand interactions (Harding, 1999) on the 

basiss of small molecule X-ray structures deposited in the CSD, the average 

bondd distance for a water molecule bound to Zn(II) in a four coordination 
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geometryy is reported to be 2.01 (3) A. For a five coordination geometry, the 

averagee distance is 2.06 (9) A. The distances found in the LADH complexes 

aree much larger. Especially the Zn-W2 distance (2.31/2.33 A) is out of range. 

However,, the author of the above article remarks that the spread in bond 

distancess (1.96-2.05 and 1.97-2.28 A for four and five coordination respectively) 

iss much larger for zinc than for other transition state metals. The difference 

doess not so much reflect errors from the measurement but rather the influence 

off  other metal ligands. This explains why zinc is preferred by many enzymes 

thatt need a metal with a flexible coordination chemistry. 

AA certain amount of positive and negative residual density remains in the 

activee site after anisotropic ADP refinement. This is mainly localised around 

thee metal and near Cys 174 and Cys 46. An attempt was made to model two 

conformationss for the atoms involved, but this did not lead to a substantial 

improvementt in the residual density. It was therefore decided to leave the 

activee site in one conformation except for the disordered water molecule. The 

spreadd in position of the protein ligands and the metal is partially described 

byy the shape of the ADP ellipsoids , see Fig. 3.5. 

Ass wil l be discussed in more detail in Chapter 4, the pyridine ring of the 

nicotinamidee of NADH is severely distorted as a consequence of the interaction 

betweenn the nicotinamide and W2. This can be clearly seen from the electron 

densityy in both subunits. 
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NADH H 

|| Cys174 

Figuree 3.5: View of the ADPs of the atoms in the active site at a level where 

thee probability of finding the atom within the ellipsoid is 50 %. 

AA second batch of crystals containing an Zn-(MPD)-NADH-LADH complex 

wass obtained by a different procedure. The content of MPD in these crystals 

wass only 0.1 %. Since the bindings constant KM for MPD is around 1 M, it was 

expectedd that the complex would contain a minor fraction of MPD. However, 

aa molecule of MPD was found in a position identical to the one of Zn-MPD-

NADH-LADH ,, where the content of MPD in the crystallisation solution was 

122 %. The occupancy of MPD in the Zn-(MPD)-NADH-LADH complex is 

approximatelyy 70 % and the molecule occupies two distinct conformations 

similarr to the one in the native zinc complex. 
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Tablee 3.2: The distances between the water molecule and other key residues in 

thee active site of the A (B) subunit for the Zn-(MPD)-NADH-LADH complex 

Keyy atom 

Zn n 

Serr 48 (OG) 

MPDD C4/02 

NADHH C6 

Cyss 46 SG 

Distancee (A) 

Wll  (40 % occupancy) 

2.122 (2.11) 

2.700 (2.76) 

2.444 (2.50) 

3.100 (3.08) 

3.655 (3.65) 

W22 (60 % occupancy) 

2.233 (2.25) 

2.755 (2.70) 

3.788 (3.81) 

1.755 (1.71) 

2.988 (3.02) 

Tablee 3.2 shows that W2 is at a distance of 1.75 A from the C6 atom of the 

nicotinamide.. In comparison with the fully occupied MPD complex (Table 

3.1),, this means that it has shifted 0.16 A closer to the ring. In the B subunit, 

thee shift is even larger. The distance between the C6 atom and W2 is 1.71 A, 

whichh corresponds to a shift of 0.20 A. The distance between W2 and the metal 

decreased,, whereas the distance between the two W1/W2 sites remained at the 

samee 1.47 A (1.48 A in subunit B, from now on displayed between brackets). 

Apparently,, the position of W2 changes as a result of the lower occupancy of 

thee MPD molecule. The decrease in the stress coming from the MPD molecule 

hass not promoted the detachment of W2 from the nicotinamide. 

Thee distance between Wl and the C4 atom of the MPD molecule is decreased 

inn both subunits. The distance between C4 and Wl is 2.44 (2.50) A, which 

correspondss to shifts of 0.06 and 0.09 A respectively. The magnitude of these 

shiftss is comparable to the error of the X-ray measurement. 

3.33 The Cd-MPD-NADH-LADH complex 

Thee sole difference between the Cd-MPD-NADH-LADH and the Zn-MPD-

NADH-LAD HH complex is the replacement of the native zinc metal by cad-

miumm both in the catalytic and the structural metal site. Both crystals were 

grownn under the same conditions, have the same symmetry (PI) and similar 

diffractionn qualities. This gives a unique opportunity to assess the influence of 

thee nature of the metal on the enzyme structure. A separate chapter (Chapter 

6)) wil l be devoted to the observed differences. Here, only the active sites are 
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compared. . 

I tt was found that all players occupy a similar position though slightly altered 

byy the increased radius of the metal. Superposition of the active sites of Zn-

MPD-NADH-LADHH and Cd-MPD-NADH-LADH shows that all the metal-

ligandd distances are approximately 0.2 A larger in the cadmium containing 

complexx (Fig. 3.6). The distance between W2 and C6 is 1.77 (1.93) A and 

thee distance to the cadmium atom is 2.44 (2.41) A. The distance between the 

twoo water sites has been enlarged from 1.48 (1.47) A to 1.61 (1.77) A. 

Tablee 3.3: The distances between the water molecules and other key residues 

inn the active site of the A (B) subunit for the Cd-MPD-NADH-LADH complex 

Keyy atom 

Cd d 

Serr 48 (OG) 

MPDD C4/02 

NADHH C6 

Cyss 46 SG 

Distancee (A) 

Wll  (40 % occupancy) 

2.255 (2.36) 

2.655 (2.64) 

2.255 (2.51) 

3.255 (3.54) 

3.822 (3.97) 

W22 (60 % occupancy) 

2.444 (2.41) 

2.622 (2.86) 

3.866 (3.71) 

1.777 (1.93) 

3.200 (3.06) 
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Hiss 67 

« - " ^ rr 'Zn/Cd 

Cyss 174 

Figuree 3.6: Superposition of the active sites of subunit A of the Zn-MPD-

NADH-LAD HH (dark) and the Cd-MPD-NADH-LADH complex (in grey). The 

metall  ligands are pushed away by the cadmium atom as a result of its larger 

radius. . 

Thee electron density cloud accounting for the metal is extended in the Cd-

MPD-NADH-LADHH complex. Whereas the density cloud in the native enzyme 

iss spherical, the cloud surrounding the active site cadmium ion is ellipsoidal. 

Moreover,, the distance between W2 and the C6 atom is larger between the 

subunitss in the cadmium than in the zinc containing enzyme. This is probably 

causedd by the interference of Glu 68 into the first coordination sphere of the 

metal.. This interference is only visible as a second minor (25 %) conformation 

inn the A subunit of the Cd-MPD-NADH-LADH complex. The Oei oxygen 

atomm at the end of the Glu 68 side chain interferes with the metal at a distance 

off  2.48 A. The interaction of an additional negatively charged atom elongates 

thee metal-W2 molecule distance. The situation for Wl is different. In subunit 

A,, the distance to the metal is 2.25 A whereas in subunit B it is 2.36 A. This 

indicatess that the interference of Glu 68 plays a possible role in the positioning 

off  the metal bound water. 

AA separate data set at 277 K was collected on a crystal containing the Cd-

MPD-NADH-LADHH complex. Although the diffraction is limited to 1.95 A, 
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thee main features in the active site are preserved. The nicotinamide ring is 

stronglyy puckered and there is a residual density both near the nicotinamide 

andd the MPD molecule. The double conformation of Glu 68 is also conserved 

att this temperature. Exclusion of the second minor conformation of the side 

chainn of Glu 68 resulted in a clear residual density. 

3.44 The Cd-DMSO-NADH-LADH complex 

AA crystal containing the Cd-MPD-NADH-LADH complex was treated with 

DMSOO prior to flash-cooling. DMSO is an aldehyde substrate analogue (Fig. 

3.7).. The refined structure showed that the MPD molecule had been replaced 

withh the DMSO molecule. 

O O 

CH33 CH3 

Figuree 3.7: Chemical structure of dimethyl sulphoxide (DMSO) 

Becausee of the timely freezing of the structure, a unique situation is observed 

inn the coordination sphere of the metal. The DMSO molecule occupies two 

distinctt positions in the active site. One conformation is similar to the pub-

lishedd Zn-DMSO-NADH-LADH complex where LADH was cocrystallised with 

NADHH and DMSO (Al-Karadaghi et al., 1994). The oxygen of DMSO is bound 

too the active site metal at a distance of 2.54 (2.59) A. This is a relatively large 

distancee for a metal-oxygen ligand bond. In the published structure of the 

Zn-DMSO-NADH-LADHH complex with data extending to 1.8 A, the relevant 

distancee is 2.26 (2.13) A. Even when the difference in radius between zinc and 

cadmiumm is taken into account, the distance in the Cd-DMSO-NADH-LADH 

complexx is still significantly larger. Besides, the oxygen of the DMSO molecule 

formss a hydrogen bond (with an oxygen-oxygen distance of 2.63 (2.69) A) with 

Serr 48. 

Thee DMSO molecule in the second position is situated on the premises of the 

substratee channel far away from the metal. The distance between the DMSO 
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oxygenn and the metal is 4.22 (5.16) A. In this position, the DMSO molecule 
alsoo makes a hydrogen bond with Ser 48. The distance between the 07 oxygen 
off  Ser 48 and the oxygen of DMSO is 2.73 (2.72) A. 

Tablee 3.4: The distances between the water molecules and other key residues in 
thee active site of the A (B) subunit for the Cd-DMSO-NADH-LADH complex 

Keyy atom 

Cd d 

Serr 48 (OG) 

NADHH C6 

Cyss 46 SG 

Distancee (A) 

DMSOO (bound) 

(500 % occupancy) 

2.622 (2.57) 

2.599 (2.66) 

3.466 (3.49) 

4.077 (3.95) 

DMSOO (displaced) 

(500 % occupancy) 

5.511 (5.58) 

2.733 (2.70) 

5.533 (5.52) 

6.411 (6.37) 

W2 2 

(500 % occupancy) 

2.411 (2.47) 

2.666 (2.65) 

1.822 (1.75) 

3.144 (3.09) 

Surprisingly,, the fullfillment of the four coordination of the active site metal 
iss achieved once again by the presence of a water molecule with an occupancy 
off  50 % at the W2 site. The distance between the C6 atom and the W2 site 
iss 1.82 (1.75) A and the distance between W2 and the oxygen of the DMSO 
moleculee that is bound to the metal is 1.73 (1.82) A. The occurrence of the 
W22 site can be interpreted in such a way, that the water molecule coordinates 
too the metal when the DMSO molecule is distant. The water molecule is 
displacedd when the DMSO molecule binds. 
Theree is no continuous density between the W2 site and the DMSO oxygen. 
Thiss is an important observation, since it excludes the possibility that a di-
atomicc species occupies the active site in the MPD complexes. Hydrogen 
peroxidee for instance could have been a candidate. The inter-oxygen distance 
iss 1.46 A in this molecule which corresponds nicely with the W1-W2 distance 
foundd in the MPD complexes. However, this would mean that the metal 
coordinationn number in these complexes is partly three which is a rare coor-
dinationn number for zinc ions. Moreover, the diatomic molecule should have 
beenn chased away by DMSO in the Cd-DMSO-NADH-LADH complex. 
Ann attempt was made to find the displaced water molecule by comparing the 
waterr structure of the different complexes in the surroundings of the active 
site,, Fig. 3.8. Indeed, a water molecule was found in the Cd-DMSO-NADH-
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LADHH complex that is absent in the Zn/Cd-MPD-NADH-LADH complexes. 

Itt is situated in the apolar region of the substrate channel. The occurrence 

off  this water molecule forces Leu 116 to assume a different conformation. Its 

sidee chain swings away from the solvent channel. The water molecule makes 

weakk hydrogen bonds with the carbonyl oxygen of Phe 93 (at a distance of 

3.100 A) and the OG1 atom of Thr 94 (at a distance of 3.05 A). The position 

off  the water molecule seems to be fully occupied with an ADP of 15 A2. The 

distancee between the former position of the water molecule (Wl) as observed in 

thee Cd-MPD-NADH-LADH complex and the position of the water molecule 

foundd in the substrate channel of the Cd-DMSO-NADH-LADH complex is 

approximatelyy 8.5 A. 

Figuree 3.8: Superposition of the A subunit of the Zn-MPD-NADH-LADH 

(inn black shade) and the Cd-DMSO-NADH-LADH complex in the substrate 

channel.. Leu 116 swings away in the complex with DMSO to make space for 

aa water molecule. 

3.55 The Zn-IBA-NADH-LAD H complex 

Iso-butyramidee (IBA) is a strong inhibitor that is used in an enzyme assay to 

determinee the active site concentration of LADH in a solution, Fig. 3.9. Such 
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aa determination demands that IBA is added to the enzyme before NADH. The 

inhibitionn constant for the binary IBA-LAD H complex is « 5 mM (Theorell 

andd McKinley-McKee, 1961). A strong complex is formed when NADH is 

addedd to this binary complex. In that case, the inhibition constant is 5 nM. 

Thee active site concentration is then determined from the relative height of the 

fluorescencee signal from the enzyme bound NADH molecule. When NADH is 

addedd first, a weak complex is formed with an inhibition constant of ss 150 

/JM./JM. NAD+ does not bind to the IBA-LAD H complex at all. 

AA strong Zn-IBA-NADH-LAD H complex was obtained by co-crystallisation 

whichh implies that the structure contains a well equilibrated inhibitor complex. 

Thiss contrasts with the Cd-DMSO-NADH-LADH complex which was treated 

withh DMSO shortly before data collection. The IBA molecule binds to the 

activee site metal through its oxygen atom. The distance between the zinc 

atomm and the oxygen atom of IBA is 2.50 (2.50) A. This is a relatively large 

distancee for a zinc-oxygen ligand bond. A possible reason for the elongation 

off  this bond is the positioning of the amide group of IBA. It is pointing at 

Phee 93 in such a way, that the amide is situated at a distance of 3.07 (3.00) 

AA from the CZ atom of Phe 93. 

NH2 2 

Figuree 3.9: Chemical structure of Isobutyramide (IBA) 
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Figuree 3.10: Left: The active site of the Zn-IBA-NADH-LAD H complex show-

ingg the close interactions between IB A, Phe 93 and the nicotinamide of NADH. 

Right:: Overlay of the Cd-DMSO-NADH-LADH structure and the Zn-IBA-

NADH-LAD HH structure (darker shade). The interference of IB A with Phe 

933 uncovers a possible role of Phe 93 in cofactor dissociation. Phe 93 inter-

actss with a water molecule which in turn interacts with Phe 319. The main 

chainn nitrogen of Phe 319 makes a hydrogen bond with the oxygen of the 

carboxamidee of NADH. 

Thee close proximation of IBA to Phe 93 leads to a displacement of the aromatic 

ring.. This has an indirect effect on the binding of NADH. At the other side of 

thee aromatic ring of Phe 93, a water molecule is situated. This water molecule 

iss sandwiched between Phe 93 and Phe 319. The closest distance between the 

waterr molecule and either of the ring atoms of Phe 93 or Phe 319 is 3.7 A. 

Thee main chain nitrogen of Phe 319 is involved in a hydrogen bond with the 

oxygenn of the iarboxamide group of the nicotinamide of NADH. When the 

activee sites of the Zn-IBA-NADH-LAD H and the Cd-DMSO-NADH-LADH 

complexx are compared, it can be seen that the Phe 93 ring is displaced away 

fromm the active site, Fig. 3.10. 

I tt has been reported (Theorell and McKinley-McKee, 1961) that the inhibiting 

effectt of IBA manifests itself through the dissociation rate of the cofactor. The 

enzymee is locked in a closed conformation. From the structure it seems that 

IBAA stabilises the NADH-LAD H complex both by an interaction with the C6 
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atomm of the nicotinamide and Phe 93. It is proposed that Phe 93 plays a role 

inn the first dissociation step of the cofactor by the initiation of the rupture of 

thee hydrogen bond that fixes the oxygen of the carboxamide of NADH to the 

enzyme. . 

I tt would be interesting to find the water molecule that formerly occupied the 

activee site. This is hindered by the relatively low resolution (1.95 A) of the 

X-rayy data. The key residue affected by the water displacement in the Cd-

DMSO-NADH-LADHH complex is Leu 116. This residue assumes a double con-

formationn in the Zn-IBA-NADH-LAD H structure. The leucine side chain al-

ternatess between the position occupied in the Cd-DMSO-NADH-LADH com-

plexx and the Zn/Cd-MPD-NADH-LADH complex. It has not been established 

yett whether the electron density currently accounting for the partially occu-

piedd Leu 116 side chain may also be interpreted partially as a water molecule 

off  low occupancy. 

Anotherr reason why an atomic resolution structure of the Zn-IBA-NADH-

LADHH complex might be interesting is that residual density near the nicoti-

namidee may be interpreted as a water molecule. Unfortunately, at the given 

resolutionn this density is obscured by ripples of density around the metal that 

cannott be dealt with due to the limited resolution. 

3.66 The SS-LADH complex 

Thee first structure of a steroid isozyme of LADH (SS-LADH) has been ob-

tained,, Fig 3.11. This steroid isozyme differs from the ethanol isozyme (EE-

LADH)) by deletion of Asp 115 and by substitution of nine amino acids. The 

deletionn clearly facilitates the binding of a bulky substrate as it leads to a vast 

enlargementt of the substrate binding pocket. None of the residues essential 

forr catalysis is modified. The residue substitutions are listed in Table 3.5. 
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Tablee 3.5: Listing of amino acid substitutions for SS-LADH compared to EE-

LADH H 

Residue e 

EE E 

177 Glu 

433 Thr 

599 Thr 

944 Thr 

1011 Arg 

1100 Phe 

1155 Asp 

1722 He 

2777 Thr 

3666 Glu 

SS S 

177 Gin 

433 Ala 

599 Ala 

944 He 

1011 Ser 

1100 Leu 

1711 Val 

2766 Ala 

3655 Lys 

Location n 

Att rim of nicotinamide 

andd cofactor binding cleft 

Buriedd near active site metal 

Att the substrate channel 

Att the substrate channel 

Nearr the structural zinc site 

Att the substrate channel 

Centree of substrate channel 

Buriedd near active site metal 

Nearr adenosine moiety of NADH 

Nearr adenine binding site 

off  the cofactor 

Effectt of substitution 

Negativee charge lost 

H-bondd lost; smaller volume 

H-bondd lost; smaller volume 

H-bondd lost; larger volume 

Positivee charge lost 

Smallerr volume 

Negativee charge lost; Wide-

ningg of the substrate channel 

Smallerr volume 

H-bondd lost; smaller volume 

Negativee charge changed 

too positive 

AA number of charges is exchanged and there is a loss of three negative charges 

whenn comparing the SS-LADH isozyme to EE-LADH. Thus, the electrostatics 

off  the two isozymes are clearly different. There are three cases were a threonine 

iss substituted by an alanine which leads to the loss of a hydrogen bond. The 

losss of a hydrogen bond is compensated at Thr 43, where the substitution by 

ann alanine is accompanied by the introduction of a new water molecule in the 

coree of the enzyme. The observation that the SS-LADH isozyme is less stable 

thann EE-LADH (Adolph et al., 1997) can be partly explained by the net loss 

off  four hydrogen bonds. 
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Figuree 3.11: A ribbon diagram of one subunit of the steroid isozyme of LADH 

inn complex with zinc, NAD+/NADH and cholic acid, an inhibitor. The 

residuess that differ between the ethanol and the steroid specific species are 

givenn in ball and stick. 

Thee enzyme was complexed with NAD+ and 3a,7Q,12a-trihydroxy-5-/?cholan-

244 acid (cholic acid), an inhibitor with a structure similar to a steroid. It was 

foundd that cholic acid binds in an unproductive way. The binding of the 

moleculee is inverted compared to what is expected for a steroid substrate and 

thee target hydroxy group is exposed to the surface of the enzyme. 

Thee difference between cholic acid and the related steroid substrate is the 

occurrencee of a carboxy group at the 24th position. It is this carboxy group 

thatt binds to the active site metal. The distance between the carboxy-oxygen 

andd the zinc atom is 2.22 (2.23) A. The other carboxy-oxygen forms a tight 

hydrogenn bond with the 0 7 oxygen of Ser 48 (2.53 (2.50) A). UV-Vi s spectra 

onn crystals of the SS-LADH complex revealed that NAD was partially reduced 



3.7.. CONCLUDING REMARKS 69 9 

duringg crystallisation. Nevertheless, it appears that there is mostly NAD+ in 

thee crystal. This can be derived from the fact that the pyridine ring of NAD 

iss essentially planar. The relation between the planarity of the pyridine ring 

andd the oxidation state of the cofactor is discussed in chapter 4. 

3.77 Concluding remarks 

AA series of LADH complex structures based on X-ray data extending in part to 

atomicc resolution have been obtained. Unique detailed features of the active 

sitee of LADH have emerged at this resolution. The nicotinamide of NADH 

iss severely puckered into a twisted boat form. Chapter 4 wil l address the 

functionall  basis of this puckering. A comparison wil l be made with other 

pyridinee compounds as well as the known structures of NAD(P) containing 

enzymes. . 

Thee puckering of the nicotinamide is caused by the association of its pyridine 

ringg with a metal bound atom. The identification of this atom wil l be dealt 

withh in Chapter 5, where ab initio quantum chemical calculations wil l be used 

too reproduce the puckering of the nicotinamide upon adduct formation with 

aa water molecule. 

Thee replacement of the native zinc metal by cadmium left the active site essen-

tiallyy intact. However, Glu 68 extends its side chain into the first coordination 

spheree of the active site cadmium atom. A detailed comparison of the metal 

substitutedd enzyme with the native enzyme wil l be made in Chapter 6. A role 

forr Glu 68 wil l be evaluated drawing a structure of a XX human alcohol dehy-

drogenasee into the comparison where this glutamic acid is the fourth ligand 

off  the active site metal. 

Thee inhibitor complexes complement each other, in that the IBA complex is 

stationaryy and the DMSO complex is transient. A close interaction between 

Phee 93 and the nitrogen of the IBA compound indicate a possible role of Phe 

inn the dissociation of the cofactor after the reaction has occurred. The DMSO 

complexx revealed a water molecule in the substrate channel that is not found 

inn the MPD complexes. It is concluded that this water molecule has been 

chasedd away from the active site upon binding of the DMSO molecule to the 

activee site metal. 


