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Chapterr  6 

AA study on the effect of 
cadmiumm substitution in 
LAD H H 

6.11 Introductio n 

LADHH depends on zinc to perform its catalytic activity. A method was de-

velopedd to deplete the enzyme of either or both of the zinc ions (Maret et aL, 

1979).. When the protein in the crystalline state is treated with a chelating 

agent,, the active site is depleted of its metal and the enzyme becomes inactive. 

Thee active site metal is surrounded by two cysteines and a histidine, leaving 

roomm for the chelating agent to form a complex. The structural zinc site is not 

affectedd by this treatment because it is surrounded by four cysteine residues 

inn a tetrahedral configuration and it is not easily accessible by other potential 

ligands.. In addition, dimer interactions in the crystal lattice shield the struc-

turall  zinc site from chelators. Exchange of the metal at the structural site is 

performedd in solution. The enzyme is passed through a gel filtration column 

att a temperature of approximately 35 degrees. Metal exchange occurs while 

thee protein passes the column in the presence of an excessive amount of the 

metall  to be inserted. 

Thee occurrence of metal sites in LADH is used to employ alternative spectro-

scopicc methods to study the hydride transfer process. The electron configura-

tionn of zinc is [Ar]3d104s2. Since zinc is diamagnetic, it wil l not be detected 



6.1.11 Activit y of metal substituted LAD H 124 4 

byy most spectroscopic methods. It is therefore necessary to replace the zinc 

atomss by other transition state metals that are detectable to spectroscopy 

too study shifts in the electronic configuration during the reaction. Once the 

enzymes'' metal sites are empty, these sites can be filled with metals with a 

similarr electronic configuration. A series of metals have been used as substi-

tutionn (Table 6.1). Spectroscopic studies on metal substituted enzymes have 

beenn complemented with kinetic data. X-ray structures were obtained for the 

Coo (Schneider et al., 1983), Cu (Al-Karadaghi et al, 1995) and Cd (Schneider 

etet al, 1985) substituted enzymes. 

6.1.11 Ac t i v i t y of metal subst i tu ted L A D H 

Replacementt of zinc by other transition state metals naturally has an effect on 

thee activity of the enzyme. Although copper neighbours zinc in Mendelyeev's 

periodicc table, copper substitution leads to a dramatic change in the behaviour 

off  the enzyme. Dependent on pH, it becomes almost totally inactive. With 

substitutionn by Ni, Co or Cd a catalytically active enzyme is retained. 

I tt has been proposed for most zinc enzymes that the metal acts as a Lewis 

acidd (Coleman, 1998), (de-) protonating the substrate in a controlled manner 

therebyy driving the reaction in the required direction. It is expected that the 

ratee of activity should follow a trend in Lewis acidity of the metals. For the 

reversee reaction, i.e. aldehyde reduction, such a trend was observed using the 

chromophoree DACA as a probe (Dunn et al, 1982). Assuming tetrahedral 

coordination,, the order in Lewis acidity is: 

Co(II)Co(II) > Ni(II) >=  Zn(II) » Cd(II). 

Ass can be seen from Table 6.1, the activity of the enzyme expressed by the 

turnoverr of DACA follows a similar trend. 

6.1.22 Resu l ts fro m spectroscopic data 

Thee information that can be obtained from spectroscopic data is rather lim-

ited,, but it turns out to be essential for an understanding of the reaction 

mechanism.. The changes in the first coordination sphere of the excited metal 

duringg a catalytic cycle can be explored. Thus, one can find out the number 
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Tablee 6.1: 

Metal l 

Zn(II ) ) 

Cu(II) ) 

Ni(II ) ) 

Co(II) ) 

Cd(II) ) 

Configuration n 

[Ar]3d[Ar]3d 10104s4s2 2 

[Ar]3<?4s[Ar]3<?4s2 2 

[Ar]3d[Ar]3d 884s4s2 2 

[Ar]Zd[Ar]Zd 774s4s2 2 

[Kr]4d[Kr]4d 10105s5s2 2 

HatomHatom V" / 

0.72 2 

0.71 1 

0.72 2 

0.72 2 

0.92 2 

Activity 1 1 

100% % 

low w 

100% % 

140% % 

2 .5% % 

Spectroscopicc method 

UV-Vis/Raman/EPRR 2 

UV-Vis/Raman/EPRR 3 

UV-Vis/EPRR 3 

NMR/PACC 4 

1.. The activity is based on the relative turnover of dimethylaminocinnamaldehyde (DACA) 
a"1.. 2. (Maret et al., 1983,Farrar et al, 1996) 3. (Maret et al., 1979) 4. (Bobsein and 

Myers,, 1981,Bauer et al., 1991) (Dunn et al., 1982). 

off  metal ligands and possibly the coordination geometry. The main issue to 

bee resolved by spectroscopic data is whether the metal bound water is re-

placedd by the substrate and a four-coordination around the catalytic zinc is 

retained,, or whether both are bound to the metal during the reaction allowing 

ann intermediate state with zinc being five-coordinated. 

Thee results from different methods on different substituted metals are am-

biguous,, but there is a substantial amount of data supporting the hypothesis 

off  the formation of a five-coordinate intermediate (Makinen and Yim, 1981; 

Makinenn et al, 1983; Hemmingsen et al., 1996). This is in blatant contradic-

tionn with the most popular reaction mechanism that demands the water to be 

displacedd by the substrate (Ferscht, 1999; Stryer, 1995). 

6.1.33 X-ra y structures of metal subst i tu ted L A D H 

Thee X-ray structures extending to a resolution of 2.1-2.4 A of metal-substituted 

enzymess show that no large rearrangements are needed to accommodate dif-

ferentt metal species. Conformation changes observed upon metal substitution 

involvee only the residues that are ligated to the active site metal. Prom the 2.1 

AA resolution X-ray structure of the copper substituted enzyme (Al-Karadaghi 

etet a/., 1995), it was concluded that the intrinsic properties of copper rearranged 

thee ligands in such a way that the distortion in the tetrahedral geometry of the 

metall  was enlarged. This reduces the enzymatic activity. In the other metal 

substitutedd enzymes, the main changes observed are in the repositioning of 

metall  liganding Cys 46. Given the limited resolution it was not possible to 
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attributee these shifts either to the geometrical restraints applied or to a real 

rearrangementt of the residue as a result of the changing metal environment. 

6.1.44 Interpretat io n of P AC spectra 

Cadmiumm can be considered the metal most closely related to zinc from a 

electro-chemicall  point of view. Interestingly, cadmium is liable to an alterna-

tivee spectroscopic technique, perturbed angular correlation of 7-rays (PAC) 

(Hemmingsenn et a/., 1995). 

Thee PAC method can be used on isotopes that emit two subsequent 7-rays in 

aa relatively short period of time. The l l l m Cd isotope is used to replace the 

zincc atoms in LADH in which "m" denotes a long-lived excited state. After 

decay,, the isotope that remains is m C d. The first 7-ray emitted has an energy 

off  150 keV. After this emission, the nucleus is in a new excited state with a 

half-lifee of 84 ns. The second emitted 7-ray has an energy of 247 keV. Thus, 

thee difference in energy between the two 7-rays and the difference in half life 

timee can be used to monitor the radioactive decay. 

Thee angular correlation between the two emitted 7-rays contains information 

aboutt the first coordination sphere of the metal. Moreover, it is sensitive to 

smalll  changes in the coordination. For the interpretation of the spectrum, ad-

ditionall  structural data are necessary. The PAC spectra require very accurate 

templatess and are mostly interpreted using small molecule model compounds 

ass reference structures. 

Recentt interpretation of PAC data suggests that for some complexes of LADH, 

slightt perturbations in the low u>o angle region indicate the possible interfer-

encee of a third negatively charged protein ligand (Hemmingsen et a/., 1996). 

AA strong candidate for such interference is Glu 68 which is situated in the 

secondd coordination shell of the catalytic zinc site. In the X-ray structures, 

thee carboxyl oxygens are 4.5 A away from the metal. However, molecular 

dynamicc studies showed that the penetration of the carboxy group of Glu 68 

intoo the first coordination sphere of the metal is energetically feasible (Ryde, 

1995a;; Ryde, 1995b). Mutation of Glu 68 to a glutamine led to a consid-

erablee decrease in activity (Ganzhorn and Plapp, 1988), indicating that this 

deeplyy buried glutamate indeed plays a role in the optimisation of the catalytic 

activityy of LADH. 
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Inn order to further support the interpretation of the PAC spectra, it was 

attemptedd to collect atomic resolution X-ray structures on LADH complexes 

thatt contained either zinc or cadmium. In this way, minute differences as 

aa result of the metal exchange could be identified and information on the 

coordinationn sphere of the metal could be obtained that is accurate enough 

forr the interpretation of the PAC spectra. 

6.22 Results 

6.2.11 Effect on th e flexibility  of th e enzyme 

Thee replacement of the metal seems to have an effect on the flexibility  of the 

enzymee complex. In general, the cadmium structure is more rigid than the 

zincc structure. The X-ray data sets of the cadmium crystals are characterised 

byy a slightly lower Wilson B factor than the data sets of the zinc containing 

complexes,, see Chapter 2 for details. Data were collected at a wavelength of 

0.877 A, far from the Zn-absorption edge (1.2 A) and the closest absorption 

edgee of Cd (the K edge at 0.46 A). 

Severall  factors have an impact on the flexibility  of the protein. The most 

prominentt are the temperature at which the data were collected and the crystal 

contacts.. The ensemble of LADH complexes collected gives an opportunity to 

separatee these factors. Data were measured at two different temperatures (100-

1200 and 277 K) and in two different space groups (PI, P2\) which results in 

differentt crystal contacts. Crystals grew under identical conditions in different 

spacee groups, and it is it is out of convenience for data collection that all atomic 

resolutionn structures have PI symmetry. 

Too describe the effect of metal replacement on the flexibility  of the protein, 

thee average atomic displacement factor was monitored as a function of the 

distancee to the respective metal. The averaged temperature factor B n o rm 

withinn a given radius (r) from the metal site is expressed as the sum of the 

individuall  isotropic ADP's normalised against the Wilson B factor Bwuson of 

thee data set and divided by the total number of atoms Na i o m 5: 

11 N 

Bnorm(T)Bnorm(T) = ~= -rz $>£>Pi (6.1) 
^Wilson^Wilson * ^atoms ; 
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Figuree 6.1: Comparison of the flexibilit y around the catalytic and the struc-

turall  metal sites for the Zn-MPD-NADH-LADH and the Cd-MPD-NADH-

LADHH complex as monitored by Bn o r m. Zn/Cd stands form the metal and 

A/BB for the respective subunit. 

Thee relation between the flexibilit y of the protein and the distance from the 
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respectivee protein metal sites is plotted in Fig. 6.1. The atoms in the first 

coordinationn sphere around the zinc metal in the A subunit are more rigid 

inn comparison to the first coordination sphere of the corresponding zinc site. 

Thiss holds both for the catalytic and the structural site. However, at a dis-

tancee further than the first coordination sphere, the environment of the active 

sitee in the cadmium substituted enzyme is more rigid in both subunits. The 

differencee in relative rigidity is more pronounced around the structural metal 

site.. A small but systematic shift in the flexibility  can be observed between 

thee cadmium substituted and the native enzyme. 

6.2.22 Compar ison of th e overall geomet ry 

Superimpositionn of the complex structures of Cd-MPD-NADH-LADH and Zn-

MPD-NADH-LADHH using the Ca positions gives an average RMSD of 0.10 

A.. There is one region for which deviations are larger than 0.2 A in both 

monomers,, Fig 6.2. It covers residues 116 to 120 which are involved in the 

recognitionn of the substrate. The loop in the Cd structure has clear density 

andd can be undoubtedly assigned to a single conformation. In the native zinc 

enzymee structure, the loop is disordered. The RMSD values for Pro 119 in 

thee A subunit is 0.75 A but in the B subunit the differences are smaller. 

Thee loop lies in the neighbourhood of the structural zinc site. The four cys-

teiness liganding to the metal (Cys 97, 100, 103 and 111) belong to a rather 

shortt stretch of amino acids. This stretch has to accommodate a metal of 

largerr radius when zinc is replaced by cadmium. For the zinc-sulphur bond at 

thee structural site, the average bond length is 2.35 A. The average bond length 

forr the cadmium substituted enzyme between the sulphur and the cadmium 

atomm is 2.55 A. The increase in the metal ligand distance coincides with the 

increasee of the van der Waals radius of 0.2 A between zinc and cadmium. The 

expansionn of the structural metal site in the cadmium enzyme increases the 

rigidityy of the nearest loop, which happens to be the loop spanning residues 

1166 to 120. 

Interestinglyy enough, the strain caused by the larger radius of the cadmium 

atomm leads to a less flexible structure. This suggests that the enzyme prefers 

aa certain flexibility  in a region between the active site and the structural 

site.. The loop consisting of residues 113 to 120 plays an important role in 
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thee substrate specificity of the enzyme. In the steroid metabolising isozyme 

off  LADH, Asp 113 is absent (Adolph et al., 2000). This leads to a large 

conformationall  change that allows the entrance of bulky substrates into the 

activee site cleft. 

AA subunit 
BB subunit 

jj 1 

00 50 100 150 200 250 300 350 
Residuee number 

Figuree 6.2: The RMS deviations between Ca position for the A and the B 

subunitt of the Cd and the Zn-MPD-NADH-LADH complex 

Thee catalytic zinc ion is deeply buried in the protein, approximately 2 A from 

thee centre of gravity of the monomer. The first solvent shell surrounding 

thee protein lies at approximately 15 A. The structural metal site is more 

exposed.. The first hydration shell lies approximately at 8 A. These values 

aree used as the outer boundary in the evaluation of the effect of the various 

metall  ions on the protein flexibility.  The distance between the structural 

andd the catalytic zinc atom in the monomer is approximately 20 A, which 

allowss the study of the effect of the two sites independently. The flexibility  of 

twoo complexes is compared for which the experimental conditions were most 

similar,, i.e. the Zn/Cd-MPD-NADH-LADH complexes both measured at 120 

KK at 1.1 A resolution and crystallised in PI. 
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6.2.33 Interact io n between cadmium and Glu 68 

Thee most notable difference between the native and the cadmium substituted 

enzymee complex is the double conformation of Glu 68 in the A subunit of 

thee cadmium substituted structure. The second minor conformation of the 

sidee chain is oriented in such a way that the OE1 atom is situated at 2.48 A 

fromm the cadmium atom. The disorder in this residue is observed in complexes 

measuredd at 120 K and 277 K in two different space groups (PI and P2i). Due 

too the atomic resolution of the 120 K complex, it was possible to refine the 

occupancyy of the disordered side chains in the 120 K structure. The side chain 

pointingg towards the metal has an occupancy of 0.25. When this side chain is 

leftt out from the structure factor calculation, a residual density appears that 

clearlyy indicates the missing atoms, Fig 6.3. 

Glu u 

Cd d 

Figuree 6.3: F0 — Fc omit map contoured at 2a (0.14 eA- 3) for the Glu 68 side 

chain. . 

Ass a result of the interaction between Glu 68 and cadmium, the electron 

densityy of the metal is elongated compared to the density for the corresponding 

zincc atom in the Zn-MPD-NADH-LADH complex (Fig. 6.4). In the Cd-

DMSO-NADH-LADHH complex, where the MPD molecule was chased away 

byy the DMSO, Glu 68 is in a single conformation. The inhibitor is only 
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partiallyy bound to the active site, but this changes the electronic configuration 

off  the cadmium atom sufficiently to expel the Glu 68 side chain from the first 

coordinationn sphere. 

/ / 

t t 

Figuree 6.4: Comparison of the ADP ellipsoid of the active site metal in the A 

subunitt at an occupancy of 99 %. The ellipsoid of the cadmium is elongated 

andd extends towards the OE1 atom of Glu 68 on one side. On the other side it 

extendss towards the metal bound hydroxide. The view is along His 67 which 

hass been omitted for clarity. The two cysteines ligands seem to act as a pair 

off  thongs. 

Thee coordination of Glu 68 to the active site zinc atom has been observed 

inn the binary complex structure of a class II I ADH, human XX alcohol dehy-

drogenasee (Yang et a/., 1997) (HCC) with NAD+. HCC is a zinc dependent 

dehydrogenasee with an architecture that is highly similar to LADH. In this 

case,, a fully occupied Glu 68 side chain points at the active site metal. The 

distancee between the OE1 atom of Glu 68 and the zinc atom was 2.87 A in 

thee A subunit and 2.03 A in the B subunit. The distance between the zinc 

atomm and the C4 of the pyridine ring is 6.1 A. This is much larger than 

forr the ternary complexes of the horse enzyme, where the C4-Zn distance is 

approximatelyy 4 A. It was concluded (Yang et al., 1997) that the distance is 

enlargedd as a result of the repulsion between NAD+ and the positively charged 
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zincc atom. However, the interaction of Glu 68 as an extra negatively charged 

ligandd in the HCC complex lowers the positive net charge on the zinc atom. 

Thiss should allow a closer interaction between the nicotinamide and the active 

metall  site. 

Ann investigation has been made (Colonna-Cesari et a/., 1986) into the dif-

ferencess in the subdomain movements between the apo, the binary and the 

ternaryy complex of LADH. It was found that when the ternary complex and 

thee apo structure are superimposed, the catalytic domain rotates by 10°. The 

apoo enzyme has an 'open' conformation and the ternary complex has a 'closed' 

conformation.. The motion causes the closure of the active site cleft upon en-

trancee of the substrate. The widening of the active site pocket might be ex-

plainedd by the fact that the binary HCC complex assumes a conformation that 

iss an intermediate between the open and the closed structure as is known from 

LADH.. This might be the reason why the distance between the nicotinamide 

moietyy and the active site metal is so large. 

Anotherr charged residue from the second coordination sphere of the active 

sitee metal is Arg 369. It is hydrogen bonded via it's NH2 atom to the oxygen 

atomm of Glu 68 that points at the active site metal. Arg 369 in turn can 

makee a hydrogen bond with the carbonyl oxygen of He 368. He 368 occupies a 

positionn in a generously allowed region of the Ramachandran plot in ternary 

complexx structures. In the apo enzyme, He 368 is found in the core region of 

thee Ramachandran plot. This indicates that the binding of the cofactor causes 

aa strain on the main chain atoms of He 368 leading to a distorted geometry. 

Thee He 368-Arg 369-Glu 68 cascade is involved in cofactor binding. The NH1 

atomm of Arg 369 makes a hydrogen bond to the phosphate of NADH that is 

boundd to the nicotinamide moiety. The hydrogen bonds connecting 68OEI to 

369##22 and the distances between 369NH\ and 368o are displayed in Table 

6.2.. The order of the table is such, that the closure of the enzyme increases 

fromfrom top to bottom. 
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Tablee 6.2: Distances in the He 368-Arg 369-Glu 68 cascade. The numbers 

markedd with a * are related to conformations where the glutamic acid points 

towardss the metal. 

Complex x 

apoo LADH° 

HCC6 6 

Zn-(MPD)C C 

Cd-MPDC C 

Cd-DMSOc c 

Zn-MPDC C 

Zn-DMSOd d 

68OE68OE 1-369NH2 (A) 

AA subunit 

2.91 1 

3.63 3 

2.95 5 

2.98/2.68* * 

2.87 7 

2.87 7 

2.74 4 

BB subunit 

--

3.17* * 

2.88 8 

2.93 3 

2.85 5 

2.84 4 

2.88 8 

368O-369NHII  (A) 

AA subunit 

4.51 1 

2.74 4 

4.13 3 

4.19* * 

4.32 2 

4.49 9 

4.86 6 

BB subunit 

--

3.28* * 

4.29 9 

4.46 6 

4.51 1 

4.70 0 

4.83 3 
a.. Eklund et al., 1984; b. Yang et al, 1997; c. This work; d. Al-Karadaghi et al, 1995 

Inn the open apo LADH structure, a hydrogen bond is formed between Glu 

688 and Arg 369. The carbonyl of He 368 is distant from Arg 369. In the 

casee of HCC, there is only a hydrogen bond formed when the Glu 68 is fully 

coordinatedd to the metal. In subunit A, where the distance between the OE1 

atomm and the metal is 2.81 A, the hydrogen bond between Glu 68 and Arg 

3699 is disrupted. As a result of that, a hydrogen bond between the carbonyl 

off  He 368 and Arg 369 is formed. 

Thee Zn-(MPD)-NADH-LADH complex contains only partially an MPD molecule 

I tt closely resembles a binary NADH-LAD H complex. Although the hydrogen 

bondingg between Glu 68 and Arg 369 is very similar for most ternary com-

plexes,, this partially ternary complex reveals a distance between the carbonyl 

off  He 368 and NH1 of Arg that is shorter than in the fully occupied ternary 

complexes.. In the Cd-MPD-NADH-LADH complex, Glu 68 is partially linked 

too the active metal site in subunit A. The hydrogen bond between Glu 68 and 

Argg 369 is comparably strong for the conformation where Glu 68 is linked to 

thee metal. There is also a significant difference in the distance between He 

368oo and Arg 369NHI in the A and the B subunits. 

Thee Cd-DMSO-NADH-LADH complex contains an inhibitor that is partially 

boundd to the catalytic metal. This has the effect that the Glu 68 side chain 

iss chased away from the first coordination sphere of the metal. The distance 

betweenn He 368o and Arg 369jvjn is further increased in the Zn-MPD-NADH-

LADHH complex, and the remotest distance is achieved in the cocrystallised 
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inhibitorr complex Zn-DMSO-NADH-LADH. 

6.33 Conclusions 

Twoo X-ray data sets have been collected under similar conditions on a native 

andd a cadmium substituted enzyme. The same abortive enzyme complex was 

formedd (MPD-NADH-LADH), crystals in the same space group of similar 

diffractionn quality were obtained, and both complexes were measured at 120 

KK to atomic resolution. The wealth of experimental data allowed a precise 

identificationn of the differences that occur upon metal substitution. 

Itt was found that the cadmium substituted complexes are less flexible which 

resultss in slightly better X-ray diffraction. Structural rearrangements are ob-

servedd in a loop consisting of residues 116-120 that resides close to the struc-

turall  metal site. The main structural difference between the two metal com-

plexess is the occurrence of a double conformation of Glu 68 in the cadmium 

substitutedd complexes. This observation confirms spectroscopic data using 

PACC of 7-rays that suggest that Glu 68 might coordinate to the active site 

metal.. It can be questioned whether the linkage of a fourth protein ligand to 

thee active site metal is an artifact that occurs as a consequence of the larger 

spheree of the cadmium metal. 

However,, in a complex of HCC with NAD a full coordination of Glu 68 to the 

metall  has been observed. The enzyme assumed a quasi open conformation. 

Therefore,, the association of Glu 68 to the metal does seem to play a role in 

thee catalytic mechanism, possibly in the binding of NAD(H) to the enzyme. 

Thee Cd-MPD-NADH-LADH complex is in a closed conformation and it is the 

sheerr perturbance of the cadmium metal that makes the Glu 68 interact. Nev-

ertheless,, this gives a unique opportunity to see something like a first initiation 

off  the association/ dissociation mechanism of NADH from the enzyme. 

I tt has been suggested (Cedergren-Zeppezauer, 1986) that there are multiple 

conformationall  states in ADH which can be associated with the mechanism 

thatt rules NADH binding. It seems that the binding of NADH proceeds at 

leastt in two steps (Adolph et a/., 1997). Firstly, the adenosine moiety binds 

too a pocket that contains some key residues that trigger gross conformational 

rearrangementss when the binary complex is formed. One of these residues is 

Lyss 228, which seems to play a key role in the binding of the adenosine moiety 
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off  NADH, Fig. 6.5 . It sits at the surface of the protein like an antenna. 

Lyss 228 causes a strain on He 368 in the presence of NAD(H). This leads to 

aa conformational change in Arg 369 which promotes the coordination of Glu 

688 to the active metal side, lowering its positive charge. Thus, the binding of 

thee nicotinamide into the active site pocket is achieved. 

Figuree 6.5: A view of the residues involved in cofactor binding with the apo 

(purple)) and the ternary complexed enzyme superimposed. The Cys residues 

ligandingg to the zinc atom have been omitted for clarity. 

Inn the second binding step of NADH, the nicotinamide swings into the active 

site.. Lys 228 makes a hydrogen bond with the ribose of the adenosine moiety, 

therebyy displacing the side chain of He 368. This leads to a conformational 

changee in the main chain of He 368 and its neighbour, Arg 369. The guanidine 

unitt of Arg regulates the orientation of Glu 68. Binding of the adenosine 

moietyy of NAD(H) triggers the entrance of the carboxy group of Glu 68 to 

enterr the first coordination sphere of the active site metal. This lowers the 

positivee charge of the zinc ion. 

Thee positive charge on the zinc ion has to be lowered to allow the entrance 

off  the nicotinamide in the active site pocket. The metal bound hydroxide 

stretchess out to attract the pyridine ring of the nicotinamide moiety. Even 

inn its reduced form, this moiety carries a positive charge on the C6 position. 
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Thus,, the hydroxide forms a bridge between the metal and the nicotinamide, 

regulatedd by the orientation of the side chain of Glu 68. 

Itt should be noted that mutation of Glu 68 to Gin is not lethal for enzymatic 

activity,, but it does lower the efficiency of the enzyme 35 fold (Ganzhorn and 

Plapp,, 1988). From the kinetic data, it occurred that the decrease was not a 

resultt of the association/dissociation of the cofactor. This does not contradict 

thee proposed hypothesis, since the action of Glu 68 is proposed to be related 

withh the second step in NADH binding: the entrance of the nicotinamide in 

thee active site. The lowering of the positive charge on the active site zinc ion 

inn the absence of Glu 68 can be achieved by other residues. Asp 49 has also 

beenn identified to play a role in the cofactor binding (Ganzhorn and Plapp, 

1988).. It forms a hydrogen bond with His 67, one of the three protein ligands 

too the active zinc ion. Asp 49 can also lower the positive charge on the zinc 

ionn by strengthening this hydrogen bond. 

Thee effect of cadmium substitution on the conversion of the substrate can 

bee partly related to the enhanced association of Glu 68 to the active site 

metal.. This association lowers the ability of the catalytic metal to deprotonate 

thee alcohol, which is believed to be one of the critical steps in the reaction 

mechanism. . 


