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SUMMARY - Equilibrium, thermochemical, and time-resolved fluorescence measure- 
ments have been carried out in order to compare pig heart lactate dehydrogenase 
(LDH) and cytoplasmic malate dehydrogenase (MDH). The differences in the 
thermodynamic parameters for binding of NADH and NAD+ show the same pattern for 
both enzymes. The stronger binding of NADH is entropy-based, which can be 
understood as reflecting electrostatic interactions. The tryptophan fluores- 
cence of MDH and LDH differ for the free enzymes and in quenching by NADH. The 
differences can be accounted for in terms of a single long-lived tryptophan 
residue present in LDH and not in MDH. 

INTRODUCTION - Considerable structural and chemical information is available 

for lactate dehydrogenase (LDH) and cytoplasmic malate dehydrogenase (MDH). 

High-resolution crystal structure results have been obtained for both enzymes 

(l-3), amino acid sequences are available for several lactate dehydrogenases (4), 

and the sequence of pig heart cytoplasmic malate dehydrogenase is under investi- 

gation (5). LDH and MDH are homologous (6), and the reactions catalyzed by 

these enzymes are closely similar with regard to substrate and mechanism (1-2, 7). 

A careful examination of the correspondences between the enzymatic and other 

properties of LDH and MDH should be fruitful in identifying chemical features 

common to both enzymes and thus likely to be of particular importance. 

Attention is focused in this paper on the differences in binding of the 

cofactors NADH and NAti+ and on the fluorescence behavior of the free proteins 

and the NADH complexes. Both MDH and LDH bind NADH ca 1000 times more tightly 

than NAD+. Cofactor release can be rate-determining in both directions of the 
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enzyme reaction (1, 7), for which slow isomerizations of the binary complexes 

are important (1). Measurements of the steady-state fluorescence of LDH and MDH 

have defined a principal difference between these 

tryptophan fluorescence by NADH is linear for MDH 

(lo), which has been attributed to differences in 

proteins, viz. the quenching of 

(8-9) and nonlinear for LDH 

quenching mechanism (8). 

EXPERIMENTAL - Pig heart supernatant MDH was prepared by the method of Glatthaar 
-Lmodified by introduction of chromatography on hydroxylapatite. Char- 
coal treatment was used to remove tightly-bound UV-absorbing material. Pig heart 
LDH was prepared by the method of Reeves and Fimognari (12), with the enzyme 
being treated similarly with charcoal before use. NAD+ and NADH were obtained 
from P-L Biochemicals and for most experiments were further purified (g-10). 
Concentrations were determined spectrophotometrically, using the molar extinction 
coefficients c 
LDH, and E: 

34 

NaC1,,2%?d 

= 6,320 for NADH,c2!9 
2,000 for MDH. 

= 17,800 for NAD, ~~8~ = 194,000 for 
= 8 Solu ions were of ionic strength 0.3, adjusted 

with contained 0.05 M sodium phosphate for pH near 6 or 0.05 M Tris chlor 
for pH near 8. 

Heats of reaction were measured using an LKB flow microcalorimeter, with 
solutions pumped at ca 0.15 ml/min. Protein concentrations were 5 to 30 mg/ml. 
Appropriate corrections were applied for the heats of dilution of cofactor and 
salt solutions. There was no significant heat of dilution for enzyme solutions. 

Steady-state fluorescence measurements were made with an Aminco-Bowman 
spectrofluorimeter or with a laboratory-built device. Equilibrium constants 
for bindin)g of NADH were determined by fluorescence titrations. Corrections were 
applied for inner filter and related effects. 

Excitation for time-resolved fluorescence measurements was with an ADP- 
doubled N2: dye laser. The fluorescence decay data were analyzed assuming a two 
exponential decay: I(t) = a,*exp(-t/Tl) + 
fluorescenlce intensity at time t after 
factors related to the number 07 

g convolution of the above equation with the 
experimental pulse shape and routines based on simplex or truncated Taylor's 
series methods. For further details on data reduction and experimental proce- 
dures, see Torikata et al. (13) and Johnson and Rupley (14). 

RESULTS AND DISCUSSION - Thermodynamics. Table I contains pairs of values of 

the thermodynamic parameters for cofactor binding to MDH and LDH, given in that 

order. The third row of values of Table I are differences in thermodynamic para- 

meters, calculated as those for NADH binding less those for NAD+ binding. The 

results given are for pH 6, where no large change in protons bound is associated 

with cofactor binding. At pH 8 binding of NADH to MDH is associated with uptake 

of 0.55 moles H+/mole NADH, compared with 0.19 at pH 6 (14). Proton effects for 

tide 
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LDH are smaller than for MDH but also are significant at pH 8. The enthalpy 

values of Table I were corrected for the small heats of proton transfer to buffer 

at pH 6. Calorimetric measurements for pig heart LDH (15), mitochondrial MDH 

(16, 17), and rabbit muscle and beef heart LDH (16, 17), have given AH values 

between -6.1 and -10.2 kcal/mol for NAD+ and -6.9 and -12.1 kcal/mol for NADH 

binding at 25 "C. Differences between the values for LDH in the literature and 

those of Table I can be understood as reflecting buffer effects, which were not 

measured in the previous work. The free energy values of Table I are in agree- 

ment with recent literature values for LDH (10) and MDH (7-9, 18), after allowing 

for the differences in pH and ionic strength of the various measurements. 

It is remarkable that the 3-5 kcal/mol difference in free energy of binding 

of NADH and NAD+ is entropy-based, with the enthalpy change being less than half 

the size of the free energy effect. Furthermore, NADH binding to MDH is weaker 

at pH 8 by 1 kcal/mol (14), and this is also an entropy-based effect, with the 

difference in AH being of opposite sign to that in AG. 

We believe that the effect of pH on NADH binding to MDH and the differences 

in binding of NADH and NAD+ have origin in the same or similar chemistry. It is 

important that these differences in thermodynamics are not a reflection of sub- 

stantial differences in contacts between cofactor and enzyme. This has been 

shown by crystallographic analysis of the complexes of LDH with NADH and NAD+ 

(I), on the one hand, and by the steady-state and time-resolved fluorescence 

properties of the NADH-MDH complex, which are identical at pH 6 and 8, including 

the quenching of fluorescence by NADH (13). 

The thermodynamic data of Table I cannot be explained by possible changes 

in hydrogen-bonding or hydrophobic interactions. With regard to the latter, there 

is no substantial difference between the NAD+ and NADH complexes in exposure of 

nonpolar groups to solvent. The heat capacity values (Table I) for NADH and NAD+ 

binding show no pattern, comparing MDH and LDH, and are relatively small, indi- 

cating the absence of the hydrophobic contribution and supporting the descrip- 

tion of stronger binding of NADH as entropy-based. 
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A satisfactory explanation of the differences in cofactor binding may be 

found in charge interactions. Support for electrostatic interactions of macro- 

molecules being entropy-based comes from the observations of entropy-based 

binding of ions to carbonic anhydrase (19) and to nucleotides and nucleic acids 

(20). Crystallographic and sequence studies of LDH (1, 4) have identified 

charged groups of the protein near the substrate and the nicotinamide ring, in- 

cluding a histidine and several arginine side chains. There is a ring of nega- 

tive charges of aspartate and glutamate residues, for which the environment is 

altered when a loop of the LDH polypeptide chain moves during ternary complex 

formation (4). Crystallographic results for MDH show that the conformation of 

the bound NAD+ is similar to that for LDH (2). 

The identification of the same pattern of thermodynamic values for MDH 

and LDH emphasizes the mechanistic importance of the difference in strength of 

binding of cofactors. Studies on model dihydronicotinamide reactions have shown 

the sensitivity of reaction rate to charge environment (21). 

Fluorescence. Steady-state fluorescence measurements have shown that MDH 

and LDH differ in tryptophan emission and its quenching by NADH (8, 10). Time- 

resolved fluorescence measurements allow a detailed interpretation of these dif- 

ferences. Table I gives values of the decay parameters of equation (1) for LDH 

and MDH, as the free enzymes and the complexes with NADH. 

The principal points describing the properties of the free enzymes are, 

first, the ratio of the pre-exponential factors (a,/a,) is ca 0.5 for MDH and 1 

for LDH. Secondly, there is a particularly long-lived emitter in LDH of ca 8 ns 

lifetime that is absent from MDH. The 8 ns emitter, detected by analysis of the 

long-time decay, is seen in the value of ~~ for LDH, which is 1.5 times that 

for MDH. 

With regard to the effect of NADH on the tryptophan emission, the lifetime 

results show, first, that the short-lived emitters are not significantly affected 

by cofactor binding. Secondly, the fluorescence decay properties are the same for 

LDH and MDH when NADH is bound. Thirdly, the dependence of the decay parameters 
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a2 and ~2 ion extent of complexation with NADH is linear for MDH and nonlinear for 

LDH. The nonlinear dependence of the parameters for LDH reflects strong (static) 

quenching (of the 8 ns component. Thus the binding of NADH to one subunit of the 

LDH tetram'er quenches the fluorescence of the tryptophan with 8 ns lifetime both 

within the same subunit and in one adjacent subunit, 

These results can be described by a relatively simple model. There is only 

one tryptophan of LDH that can be subject to inter-subunit quenching, judging 

from the distances determined by the crystallographic results (1). This residue 

is Trp-248, which must have 8 ns emission lifetimeand must be strongly quenched 

by binding of NADH. LDH has six tryptophan residues. Two of the remaining five 

are moderately long-lived of ca 4 ns lifetime, and three are short-lived of ca 1 

ns lifetime. The differences in both the steady-state and the time-resolved 

results for MDH and LDH are explained if Trp-248 of LDH is not present in MDH, 

which has five tryptophan residues. Since this emitter is strongly quenched by 

NADH, the close similarity of the decay properties of the NADH complexes of MDH 

and LDH is explained. Deletion of the 8 ns contribution to the long-lifetime 

averaged emission properties (a2 and ~~ of Table I) gives similar values for MDH 

and LDH. 

The point to be emphasized is that there is near identity of the fluorescence 

properties of LDH and MDH, if allowance is made for the contribution of one tryp- 

tophan that emits with 8 ns lifetime in LDH but does not emit in MDH. The general 

structural homology between MDH and LDH seen in the crystallographic results (6) 

is extended by the observation of similarity in a sensitive physical property, the 

time-resolved fluorescence. 

REFERENCES 

1. Holbrook, J.J., Liljas, A., Steindel, S.J., and Rossmann, M.G. (1975) in The 
Enzymes (P. Boyer, ed.) 3rd Edition, Vol. XI, pp. 191-292, Academic Press, 
New York. 

2. Banaszak, L.J., and Bradshaw, R.A. (1975) in The Enzymes (P. Bayer, ed.) 3rd 
Edition, Vol. XI, pp. 369-396, Academic Press, New York. 

3. Weininger, M., Birktoft, J.J., and Banaszak, L.J. (1977) in Pyridine Nucleotide 
Dependent Dehydrogenases, Proceedings of the 2nd International Symposium, 
Konstanz, West Germany (Horst Sund, ed.) pp. 87-100, de Gruyter, Berlin. 

659 



Vol. 93, No. 3, 1980 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

4. 

5. 
6. 

7. 
8. 
9. 

10. 
11. 

12. 

13. 

14. 

ii: 
17. 
18. 
19. 

20. 

21. 

Eventoff, W., Rossmann, M. G., Taylor, S.S., Torff, H.-J., Meyer, H., Keil, W., 
and Klitz, H.-H. (1977) proc. NatZ. Acad. Sci. USA 3, 2677-2681. 
Dr. Ralph Bradshaw, personal communication. 
Rossman, M.G., Liljas, A., Branden, C.-I., 
h&mes (P. Boyer, 

and Banaszak, L.J. (1975) in The - 
ed.) 3rd Edition, Vol. XI, pp. 62-103, Academic Press, New 

Frieden, C., 
Lodola, A., 

and Fernandez-Sousa, J. (1975) J. %oZ. Chem. 2&, 2106-2113. 
Spragg, S.P., and Holbrook, J.J. (1978) &o&em. J. 169, 577-588. 

Mueggler, P.A., Dahlquist, F.W., 
34904497. 

and Wolfe, R. G. (1975) Biochemistry 14, 

Stinson, R.A., and Holbrook, J.J. (1973) Biochem. J. 131, 719-728. 
Glatthaar, B.E., Barbarash, G.R., Noyes, B.E., Banaszak, L.J., and Bradshaw, 
R.A. (1974) Anal. Biochem. 57, 432-451. 
Reeves, W-J., Jr., and Fimognari, G.M. (1966) in Methods in Enzymology (S.P. 
Colowick and N.O. Kaplan, eds.) Vol. 9, pp. 288-294, Academic Press, New York. 
Torikata, T., Forster, L.S., O'Neal, C.C., Jr., and Rupley, J.A. (1978) 
Biochemistry, in press. 
Johnson, R.E., and Rupley, J.A. (1978). Submitted for publication. 
Schmid, F., Hinz, H.-J., 
Subramanian, S., 

and Jaenicke, R. (1976) Biochemistry 15, 3052-3058. 

Subramanian, S., 
and Ross, P.D. (1977) Biochem. Biophys. Res. Corn. 3, 461-466. 

Holbrook, J.J., 
and Ross, P.D. (1978) Biochemistry 17, 2193-2197. 

and Wolfe, R.G. (1972) Biochemistry 11, 2499-2502. 
Henkens, R.W., Watt, G.D., 
1878. 

and Sturtevant, J.M. (196g Biochemistry 5, 1874- 

Rialdi, G., and Biltonen, R.L. (1975) in "Thermochemistry and Thermodynamics" 
(H.A. Skinner, ed.) Physical ChemistryTeries Two, Vol. 10, pp. 147-189, Butter 
worths, London and Boston. 
Hajdu, J., and Sigman, D.S. (1977) Biochemistry l&, 2841-2847. 

660 


