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Abstract 

The kinetic mechanism of the  oxidative  decarboxylation  of  2R,3S-isopropylmalate by the  NAD-dependent iso- 
propylmalate  dehydrogenase  of Thermus thermophilus was investigated.  Initial  rate results typical of random or 
steady-state  ordered  sequential  mechanisms  are  obtained  for  both  the wild-type and  two  mutant  enzymes  (E87G 
and  E87Q) regardless of whether  natural or alternative  substrates  (2R-malate,  2R,3S-tartrate  and/or  NADP)  are 
utilized. Initial rate  data fail to converge on a rapid equilibrium-ordered pattern despite marked reductions  in spec- 
ificity (kco,/Km) caused by the  mutations  and  alternative  substrates.  Although  the  inhibition  studies  alone  might 
suggest an  ordered kinetic mechanism with cofactor binding  first,  a  detailed  analysis reveals that  the expected non- 
competitive  patterns  appear  uncompetitive because the  dissociation  constants  from  the  ternary complexes are  far 
smaller  than  those  from  the  binary complexes. Equilibrium  fluorescence  studies  both  confirm  the  random  bind- 
ing of substrates  and  the kinetic estimates  of  the  dissociation  constants of the  substrates  from  the  binary  com- 
plexes. The  latter  are  not  disturbed  markedly  by  the  mutations  at site  87. Mutations  at  site 87 d o  not  affect  the 
dissociation  constants  from  the  binary complexes, but  do greatly  increase the Michaelis constants,  indicating  that 
E87 helps stabilize  the Michaelis complex  of  the wild-type enzyme.  The  available  structural  data,  the  patterns of 
the kinetics results,  and  the  structure  of a pseudo-Michaelis complex of the  homologous  isocitrate  dehydrogenase 
of  Escherichia coli suggest that  E87  interacts with the  nicotinamide  ring. 
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The  isopropylmalate  dehydrogenase  (IMDH)  from Thermus 
thermophilus (2R,3S-isopropylmalate:NAD+ oxidoreductase 
[decarboxylating];  EC I .  1.1.85), the  tartrate  dehydrogenase 
(TDH)  from Pseudomonasputida, and  the isocitrate dehydrog- 
enase  (IDH)  from Escherichia coli (2R,3S-isocitrate:NADP+ 
oxidoreductase  [decarboxylating]; EC 1. I .  1.42) are homologous 
enzymes  (Hurley et al., 1989; lmada et al., 1991; Tipton & 
Beecher, 1994) that  catalyze  dehydrogenations  at  the Cas  and 
decarboxylations  at  the  Cps of their respective 2-hydroxy  acid 
substrates.  The  reactions  occur in two  steps, with dehydrogena- 
tion preceding decarboxylation, viz: 

MgZ+ 

MgZ+ 

2-Hydroxy acid + NAD(P)+= 2-Oxalo  acid + NAD(P)H + Hf 

2-Oxalo  acid + H+ = 2-Keto acid + C 0 2  

The crystallographic structure of native E. coli IDH with bound 
2R,3S-isocitrate  (Hurley et al., 1991) is consistent with much 
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previous  work  on  the  catalytic  mechanism  (Steinberger & 
Westheimer, 1951; Siebert  et al., 1957; Lienhard & Rose, 1964; 
Londesborough & Dalziel, 1968; Erhlich & Colman, 1987; Gris- 
som & Cleland, 1988), where the  required  magnesium,  coordi- 
nated between the  carboxylate  and  hydroxyl  group of the C a  
of  2R,3S-isocitrate, is in a position  to stabilize  negative charges 
formed  on  the  hydroxyl oxygen during  the  transition  states of 
both  steps  (Fig.  1A). 

Despite sharing  only  30%  sequence  identity,  the  crystallo- 
graphic  structure  of  apo  IMDH reveals the  same  protein  fold 
as  IDH,  one  quite  distinct  from  other  dehydrogenases  (Hurley 
et al., 1989; Imada et al., 1991). Although  no  crystallographic 
structures of IMDH with substrate  bound  are  available, all 
amino  acids in IDH  and  IMDH involved  with binding  and  ca- 
talysis at  the  2R-malate  core  common  to  their  substrates  are 
identical. Both enzymes  catalyze  hydride  transfer  onto  the re 
faces  of  the  nicotinamide rings of their  cofactors  (Kakinuma 
et al., 1989; Hurley  et al., 1991). These  observations suggest that 
the  catalytic sites of  IDH  and  IMDH  are  conserved. 

The  available  crystallographic  structures  of  IMDH  (Imada 
et  al., 1991; Hurley & Dean, 1994) are relatively open  compared 
to  the closed conformations seen with IDH. By structural  anal- 
ogy,  then, closure is necessary to bring all residues involved with 
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Fig. 1. A: Schematic  diagram of the  active site of IDH with bound  2R,3S-isocitrate.  Spheres  colored as follows: carbon,  black; 
hydrogen,  white;  charged  oxygens, heavy shading;  uncharged  oxygens, light shading.  ZR.3S-isocitrate  binds  between  the  two 
domains of IDH in a  pocket  formed  from  both  subunits. RI 19. R129. and R 153 form  hydrogen  bonds to the a and /3 carboxyl- 
ates of 2R,3S-isocitrate.  The  a-hydroxyl  group  and  a-carboxylate of 2R.3S-isocitrate are chelated to a  magnesium  ion  associ- 
ated  with D283 and D241 and two waters  (not  shown) in a  roughly  octahedral  manner.  The  structure is consistent  with  much 
previous  work  on  the  catalytic  mechanism,  suggesting  that  dehydrogenation  at  the  a-carbon  precedes  decarboxylation  at  the 
@-carbon. D283 of IDH is suitably  aligned to act as  a  catalytic  base  abstracting  a  proton  from  the  a-hydroxyl  during  dehydro- 
genation,  and K230 probably  acts  as  the  catalytic acid donating  a  proton to the  &carbon  during  decarboxylation. The y-carboxylate 
moiety of ZR.3S-isocitrate  forms  a  hydrogen  bond to the  serine  at  site 113. R: In the  pseudo-Michaelis  complex of IDH,  the 
y-carboxylate of 2R.3S-isocitrate  forms  a  salt  bridge to the  charged  nitrogen of the  nicotinamide  ring,  the C4 of which is posi- 
tioned to reccive the  a-carbon  hydride of 2R.3S-isocitrate  on  the  re-face. C: Proposed  structure of the  IMDH  active  site  with 
2R,3S-isopropylmalate  bound.  The  active  site of IMDH is clearly  homologous to that of IDH.  with  three  arginines  (94, 104. 
and 132) available  for  hydrogen  bonding to the  carboxylates of ZR,3S-isopropylmalate,  two  aspartates (217 and 241) available 
for  chelating  magnesium,  and  a  potentially  catalytic  lysine  at  position 185. The precise  location of the  side  chain of E87 is not 
known,  but i t  probably lies close to the  y-isopropyl  moiety of the  bound  substrate,  where it would  be in a  position to stabilize 
the  nicotinamide  ring  for  catalysis by forming  a salt bridge to the  charged  nitrogen (D) or  a hydrogen  bond IO the  amide  (not 
shown). 

binding the 2R-malate  moiety of the  substrates together to form  causing a marked  reduction in k,, (Dean & Koshland, 1990; 
the 2R,3S-isopropylmalate  binding  site (Fig. IC). A rigidly con- Hurley et al., 1990). These  effects  are mimicked  when SI 13  is 
served glutamic acid at site 87 in IMDH occupies  a  position  sim-  replaced by aspartate  or  glutamate  (Dean et al., 1989; Dean & 
ilar to SI 13 in IDH.  Closure would inevitably bring  this  charged Koshland, 1990), both  of which carry negatively charged side 
amino  acid  into  the  proximity of the  hydrophobic  y-moiety  of  chains. 
bound  ZR,3S-isopropylmalate.  These  observations suggest that E87 may help  stabilize the 

In the  crystallographic  structure of a  pseudo-Michaelis com-  IMDH Michaelis complex,  much like the  role played by the 
plex of IDH, SI 13 hydrogen  bonds to the  y-carboxylate of y-carboxylate of bound ZR,3S-isocitrate in IDH (Fig. ID),  and 
2R,3S-isocitrate, which in turn,  formsa salt bridge to  thecharged  at  the  same  time  may repel ZR,3S-isocitrate from  the active  site 
nitrogen of  the nicotinamide  ring  (Fig. IB), presumably  stabiliz- of IMDH, much like the phosphorylated  serine in IDH. Indeed, 
ing it  in a position  for  catalysis  (Stoddard et al., 1993). Indeed,  the  conformation of the  cofactor in the  IMDH binary  complex, 
in the absence  of bound ZR,3S-isocitrate, the entire  nicotinamide  which is similar to  that seen in the pseudo-Michaelis complex 
mononucleotide moiety  of the  cofactor is completely disordered of  IDH, brings the  charged  nitrogen of the  nicotinamide ring 
(Hurley et al., 1991). Moreover,  phosphorylation  of SI 13 inac-  within 4.4 A of  E87  (Hurley & Dean, 1994). 
tivates IDH by repelling the negative charge of  the y-carboxylate An  understanding  of  the kinetic  mechanism of  IMDH is nec- 
of  the  substrate,  causing a marked increase in its dissociation essary prior to investigating the  role  of E87 in the active  site of  
constant,  and  disrupting  alignment  of  the  nicotinamide  ring,  IMDH. All thoroughly investigated NADP-dependent IDHs cat- 
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alyze steady-state  random  mechanisms  (eukaryotic  mitochon- 
dria  [Londesborough & Dalziel, 1970; Northrop & Cleland, 
1974; Uhr et al., 19741; the digestive gland of the mussel Myti- 
Ius edulis [Head, 19801; and  the  prokaryote E. coli [Dean & 
Koshland, 19931). By contrast,  preliminary  investigations sug- 
gest that  TDH  and  IMDH catalyze ordered kinetic mechanisms 
with the  cofactor  binding  first  (Tipton & Peisach, 1991; Han & 
Pirrung, 1994). 

Here, initial rate  studies,  alternative  substrates,  inhibition 
studies,  and fluorescence equilibrium  binding  experiments with 
wild-type and  mutant  enzymes  are used to  elucidate  the kinetic 
mechanism  and  investigate  the  role  of E87 in the  active  site  of 
IMDH. 

Results 

Enzyme  purity 

Following  SDS-PAGE  and  staining with Coomassie blue, pu- 
rified  wild-type and  mutant  enzymes reveal the expected broad 
3s-kDa  bands  corresponding to IMDH.  The  preparations  are 
substantially  free  of  contaminating  protein,  although several 
minor  bands  are  occasionally seen if  more  than  20 pg of pro- 
tein are  loaded  per  lane. 

Alternative substrates 

The  substrate  range of IMDH is broad  (Miyazaki et al., 1993) 
so long  as  the  2R-malate  core, which is essential for  catalysis, 
is preserved. In addition  to  the published  range  (methyl-,  ethyl-, 
isopropyl-,  isobutyl-,  tertbutyl-,  and  isoamyl  moieties  may be 
attached  at  the  3s-position  of  2R-malate, which is also a sub- 
strate),  IMDH  can utilize 2R,3S-tartrate  and  NADP. Based on 
changes in absorbance at 340  nm,  2R,3S-isocitrate  and  2R,2R- 
tartrate do not  appear  to be substrates  (rates < 0.003/s at 50 mM 
substrate 5 mM  NAD).  However,  this  does  not exclude the  pos- 

sibility that  decarboxylation may occur  in  the  absence  of re- 
duction  of  NAD  as seen  in TDH  (Tipton & Peisach, 1991). 
2s-malate  and  2S,3S-tartrate do  not  appear  to  be  substrates, a 
result consistent with the  chirality of the active site. 

Kinetic results 

Michaelis constants in the  submicromolar range were determined 
using 10-cm quartz cuvettes and, generally, rates  remained linear 
for at least 200 s. Rates below 0.05 pM  2R,3S-isopropylmalate 
may  be  somewhat imprecise due  to  the  inevitable  curvature 
caused by consumption  of  the limiting substrate.  Estimates of 
Michaelis constants exceeding 10 mM  are  probably biased due 
to  difficulties in saturating  the enzymes with substrates  and  as- 
sociated  changes in  ionic strength  and salt concentrations. Nev- 
ertheless, all estimates are reproducible within about 15% of  the 
reported values. 

Estimates of the kinetic parameters  are  presented in Tables 1 
and  3.  No evidence of  substrate  inhibition was detected.  How- 
ever, double reciprocal plots  (Fig. 2) revealed  evidence of weak 
cooperativity.  The Hill  coefficients are never greater  than 1.15, 
and only in a few cases did partial regression analyses reveal that 
they make a  significant contribution to a reduction in the resid- 
ual sums of squares. In no case did  omission  of  the Hill coeffi- 
cients from  the kinetic models significantly disturb  estimates of 
V,,,,, and K,,, when analyses  of  the  data  are  confined to sub- 
strate  concentrations  above  the  apparent Michaelis constants, 
where  the weak nonlinearities  are  not so evident.  Standard  er- 
rors of  the kinetic estimates  are generally less than 15% of the 
estimates. 

Initial rate studies 

initial  rate  studies  (Table I )  were conducted using the  natural 
substrate, 2R,3S-isopropylmalate,  alternative  substrates, 2R,3S- 
tartrate  and  2R-malate,  and  both  natural  and  alternative  cofac- 

Substrate 

IPMb 
NAD 
IPM 
NADP 
Tartrate 
NAD 
Tartrate 
NADP 
Malate 
NAD 
Malate 
NADP 

- 

Kt 

(PM) 
____" 

10.6 
2,004 

7.75 
4,782 
2,535 
1,985 
2,918 
5,619 

30,923 
2,182 

3 1,565 
6,579 

(PM)  
Kt, 

0.017 
3.21 
2.98 

1,836 
40.7 
45.4 

817 
1,573 
1,510 

106.5 
3 1,565 
6,579 

0.24 

1.66 

0.19 

0.10 

10.59 

4.69 

7.734 
2,468 

35,590 
2,584 

0.48  0.20 
131 
ND' 

1,210  0.21 
386 
ND 

35,590  0.26 
2,584 

ND 

11.2 
1,637 

10,183 
2.422 

32,600 
1,853 

76 1 0.26 
181 

ND 

32,600  0.19 
1,853 
N D  

___- ___"___ ""_ __ _ _ _ ~  - 

a Data were obtained in 25 mM MOPS, 100 mM KCI, 5 mM free Mg2+, 1 rnM dithiothreitol,  pH 7.3 with KOH, at 21 "C.  

'ND,  not determined. All standard errors are less than 15% of the estimates. 
IPM, isopropylmalate. 
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Fig. 2.  Double  reciprocal  plots of data  from  three initial steady-state  rate  experiments  for  the  oxidative  decarboxylation of 2R,3S- 
tartrate by the  wild-type E87 enzyme. A: Patterns  suggest  a  rapid  equilibrium-ordered  mechanism  with  NAD  binding  first  and 
2R,3S-tartrate  binding  second. B: Patterns  also suggest a  rapid  equilibrium-ordered  mechanism,  but  this  time with 2R.3S-tartrate 
binding  first  and  NAD  binding  second.  The  apparent  change in binding  order  was  achieved  merely  by  using  different  substrate 
concentrations. C: Results  in the lower  panels,  where NADP is the  cofactor,  reveal  linear  intersecting  patterns  typical of ran- 
dom or steady-state  ordered  mechanisms.  Lines  describe  the  fits  to  Equation 1 using  logarithmically  transformed  data. 

tors  (NAD  and  NADP). In all cases, Equation 1 provides an ble reciprocal plots typical of rapid  equilibrium-ordered mech- 
adequate  fit  to  the  data, suggesting that  the sequential mecha- anisms,  but by changing the range of substrate  concentrations 
nism is either random  or steady-state  ordered.  Note that using used the  apparent  order of binding is reversed (e.g., see  Fig. 2). 
a limited range of substrate  concentrations  can generate dou- This  situation arises whenever the dissociation constants from 
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the binary complexes are markedly larger than those from the 
Michaelis complexes. All reported kinetic estimates are deter- 
mined from complete data sets encompassing the  broad range 
of substrate  concentrations. 

The use of alternative  substrates, cofactors,  and  mutant en- 
zymes cause marked reductions in specificity (from k,,,/K,,, = 
1.4 X lo7 M-' s-' with the wild-type enzyme utilizing 2R,3S- 
isopropylmalate to 6 M-' s-' for  the E87Q mutant utilizing 
2R-malate), yet  never bring the mechanism sufficiently close to 
rapid equilibrium such that Equation  2  (rapid equilibrium or- 
dered) provides an adequate  fit to  the  data. Moreover,  the dis- 
sociation  constants for  the substrates and cofactors from their 
binary complexes  with each enzyme (the Ki's in Table 1) remain 
relatively unperturbed by the presence of alternative  substrates 
and cofactor. Such are the hallmarks of a  random kinetic mech- 
anism (Huang, 1979). 

Fluorescence studies 

Addition of substrates (2R,3S-isopropylmalate, 2R,3S-tartrate, 
2R-malate, or 2R,3S-isocitrate) to enzyme solutions do not pro- 
duce detectable changes in the emission spectra between 300 and 
500 nm when  excited at 280 nm (Fig. 3A). Addition of NAD re- 
duces peak fluorescence at 340 nm,  but no more so than ex- 
pected from inner filter effects.  The  addition of NADH also 
reduces peak fluorescence, the effect being more  marked  due 
to its absorbance at 340 nm.  NADH  also produces a peak at 
450 nm that is indistinguishable from  that obtained in the  ab- 
sence of enzyme. NAD  and  NADH spectra remain unaffected 
by the addition of substrates in the absence of enzyme. 

The  addition of substrate to a solution of  enzyme containing 
a small quantity (20 pM) of NADH causes a  marked decrease 
in fluorescence at 340 nm and  a dramatic increase  in  fluorescence 
at 420 nm (Fig. 3A). This provides direct evidence for  the  for- 
mation of abortive  E.NADH.substrate complexes, the fluores- 
cent properties of which differ markedly from those of the free 
enzyme and  the binary complexes with substrates or cofactors. 
The sole  exception  is the addition of 2R,3S-isocitrate, which does 
not generate  any  detectable increase at 420 nm (Fig. 3B). One 
possible explanation is that  the y-carboxylate of bound 2R,3S- 
isocitrate lies sufficiently close to the reduced nicotinamide ring 
to cause quenching. Nevertheless, the binding of 2R,3S-isocitrate 
can still be monitored by the  drop in fluorescence at 340 nm in 
the presence of NADH (Fig. 3B) or  NAD (not shown). These 
results provide direct evidence for  the  formation of abortive 
E.NAD(H).isocitrate complexes. 

The weak cooperativity seen in the kinetics data is again evi- 
dent in the binding of substrates, regardless of whether changes 
in emission are  monitored at 340 or 420 nm (Fig. 4). Evidently, 
the cooperativity seen in the initial rate kinetics studies is caused 
by changing affinities,  rather than changes in kc,,. The disso- 
ciation  constants in Table  2 are calculated from  data in the up- 
per linear portions of the plots.  The dissociation constants in 
Table  2 are based on changes in fluorescence at 420 nm, which 
avoids the strong absorbance of NADH at 340  nm  when the lat- 
ter is the varied ligand. 

Figure 5A illustrates results from a fluorescence experiment 
with the wild-type enzyme in which 2R,3S-isopropylmalate is 
varied at fixed concentrations of NADH. The straight line, rep- 
resenting the expected relation for  an ordered mechanism in 
which 2R,3S-isopropylmalate binds second, is  clearly at variance 
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Fig. 3. Fluorescence  spectra  (excitation at 280 nm) of the wild-type E87 
(A) and  mutant E87G (B) enzymes. A: Buffer with 2R,3S-isopropylmalate 
(oo00)orwith lOpMNADH(0000);wild-typeE87enzymealone(-); 
10 pM  NADH reduces  apparent  protein  fluorescence  at 340 nm  by  ab- 
sorbing  at  280nm  and 340 nm (....); 5OpM 2R,3S-isopropylmalate  has 
little  effect  on  protein  fluorescence ( 1 1 ~ 1 )  unless NADH is present 
(-), in  which  case  a  dramatic  drop  in  fluorescence  at 340 nm  occurs 
and a new peak at 420 nm  appears. B: Mutant E87G enzyme  with 15 mM 
2R,3S-isocitrate (- )or 20pM  NADH (oooo) present;  addition  of 
5 mM  2R,3S-isocitrate  in  the  presence of 20 pM  NADH (0 o o 0 )  causes 
a drop in  fluorescence at 340  nm,  but  does  little  to  change  fluorescence 
at  around 450 nm;  as with the wild-type enzyme,  addition of 10pM  2R,3S- 
isopropylmalate in the  presence  of  20  pM  NADH  causes  a  drop  in  fluo- 
rescence at 340 nm  and a  marked  shift  in  fluorescence  at 450 nm (. . -. . e); 

further  addition of 5 mM 2R,3S-isocitrate  has little effect on fluorescence 
at  340nm,  but  the peak at  450nm  drops (I I I), a  consequence,  perhaps, 
of  competitive  binding. 
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Fig. 4. An  Eadie-Hoftsee  plot of the  equilibrium  binding of 2R,3S- 
tartrate  to  the wild-type  enzyme  in  the  presence  of  50  pM NADH  mon- 
itored  by  fluorescence at  340  nm (0) and 420 nm (W). The weak posi- 
tive  cooperativity  (the  Hill  coefficient = 1.13 0.04 is typical for all 
substrates) is similar to  that  detected  in  the  kinetics  experiments.  Esti- 
mates of the  dissociation  constants  were  calculated  using  data  above 
F = 0.5,  where  the  effects  of  cooperativity  are  no  longer  evident. 
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Fig. 5. Secondary plots of the  apparent dissociation constants of varied substrates  (obtained from fluorescence experiments 
such as those in Fig. 4) as  functions of the reciprocal of the  concentration of the fixed substrates. In both  plots,  the straight 
lines represent the expected relations if the fixed substrate  binds first (Equation 8) and the curves are fits to random binding 
(Equation 7) using logarithmically transformed data. A: Equilibrium binding of 2R,3S-isopropylmalate to the wild-type E87 
enzyme at fixed concentrations of NADH. The inset shows the same data on  a log-log scale with fit to the  random model of 
Equation 7 (-) tracking  the data better than the fit to the  ordered model (Equation 9) with the fixed substrate binding sec- 
ond (----). B: Equilibrium binding of NADH to the  mutant E87G enzyme at fixed concentrations of ZR,3S-tartrate. 
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Table 2. Equilibrium binding consiants from fluorescence studiesa 

Enzyme 

E87 E87G E87Q 

- """ ~~ -_____ """ - ~ -~ ~ ~ 

""_ " _ ~  

"" __ "-" _ " ~ ~  """ 

K;/ ti: K/ Kt!? ti;' ti: 
""_ 

(PM) Substrate  (PM)  (PM)  (PM)  (PM)  (PM) 

lPMb 8.4 0.018 11.1 0.4  14.3 
NADH 65.5 0. I4 59 1.6 70 25 
Tartrate  2,766 161 1 1,360 1,210 5,860 
NADH 

1,220 
I22 7.1 77 8.2  120 25 

Malate  37,  I35  1,605 28,400' 29,600d 23,870' 
NADH 

26,750d 
I18 5.1 NDC  ND  ND  ND 

lsocitrate N D  173.4 26 1 9.4 153 
NAD 2,492  ND 2,123 76.5 1,746 112 

"""""" """"" 

5.1 

9.8 

_______ __ "" __ """""" ___ """""_ 

a Data  were  obtained in 25 mM  MOPS, 100 mM KC], 5 mM free  Mgz+, 1 mM dithiothreitol, pH 7.3 with KOH,  at 21 "C. 
IPM,  isopropylmalate. 
Determined  at 10 mM  NADH. 
Determined  at 400 m M  NADH. 
ND,  not  determined. AI1 standard  errors  are less than 15% of the  estimates. 

with the  data.  Equation  8, which  describes the  binding  2R,3S- 
isopropylmalate  first  and  then  NADH,  provides  an  acceptable 
fit to  the  untransformed 2R,3S-isopropylmalate data.  However, 
when Equation 8 is fitted  to  logarithmically  transformed  data, 
the  curve  systematically  underestimates  the  apparent dissocia- 
tion  constants of 2R,3S-isopropylmalate  at high concentrations 
of  NADH.  Equation  7, which  describes random  binding,  pro- 
vides  a much  better  fit with the  curve  tracking  the  data  properly 
and intercepting the Y-axis above  the origin  (Fig. 5A, inset). 
Hence,  the data  support  random binding of 2R,3S-isopropylmalate 
and  NADH, a  result consonant with the  conclusions  from  the 
initial  rate  studies. 

Figure 5B illustrates results from  an  experiment with the 
E87G  mutant,  where  NADH is varied  at fixed concentrations 
of 2R,3S-tartrate.  The  fact  that  the fitted curve is not  linear (as 
in Equation 9) and  does  not pass through  the origin  (as in Equa- 
tion 8 when B is saturating)  supports a random mechanism (data 
fitted  to  Equation 7). The  binding  of  2R,3S-isopropylmalate  to 
the  E87Q  mutant  produces  similar results. 

The results from  the  fluorescence  equilibrium  binding  stud- 
ies (Table 2) support  random  binding, in agreement with the re- 
sults from  the initial rate  studies with alternative  substrates. 
Indeed,  the estimated K f ' s  for  the  substrates  and  cofactors cal- 
culated using Equation 7 are in agreement with the K,'s ob- 
tained  from  the  initial  rate  studies  (Table 1 ) .  Moreover,  the 
equilibrium  fluorescence  binding  studies  provide  direct evidence 
for  E.NADH.substrate  abortive complexes and  the E.NAD.iso- 
citrate  dead  end  complexes  (Fig.  6). 

Inhibition studies 

NADH always produces  competitive  inhibition  patterns with 
respect to NAD  and noncompetitive inhibition  patterns with re- 
spect to  the  substrates  (Table 3). Although  these  observations 
are  consistent  with  Figure 6 ,  an ordered  steady-state  mecha- 
nism  with cofactor  binding  first  can  produce  similar  inhibition 
patterns. 

2R,3S-tartrate, by virtue of its low kc,,, can be used as an  ef- 
fective inhibitor of the wild-type enzyme,  catalyzing  the reac- 
tion  with  2R-malate.  As  expected,  2R,3S-tartrate  produces 
competitive  inhibition patterns with respect to this substrate.  The 
K ,  = 50 pM of  2R,3S-tartrate  obtained  at 20 mM  NAD  (Ta- 
ble 3) when 2R-malate is utilized as a substrate is similar  to  the 
K,, = 40.7 pM of 2R,3S-tartrate when it is the  substrate  (Ta- 
ble l ) .  Such  equivalence is expected for a  rapid  equilibrium ran- 
dom mechanism,  but not  for a  steady-state ordered  mechanism. 

Interestingly,  2R,3S-tartrate  produces  uncompetitive  pat- 
terns with respect to  NAD. Similar  patterns were obtained with 
2R,3S-isocitrate  as  an  inhibitor, regardless of  substrate  or  mu- 
tant  enzyme used (Table 3). Such  results  are usually taken  as 
diagnostic of an  ordered kinetic  mechanism with cofactor bind- 
ing first.  However,  any  inhibitor  having a  high affinity for the 

E.NAD.lnhibltor 

/ \  
E.lnhibitor E 

'NAD\ E.NAD.lprn - 
f 

E.NADH.lpm 

Scheme I 

Fig. 6 .  IMDH from T. thermophihs catalyzes  a  random kinetic mech- 
anism in the direction of oxidative  decarboxylation of the 2-hydroxy acid 
substrates.  Two  abortive  complexes  form,  E.NADH.substrate  and 
E.NAD.inhibitor. 
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Table 3 .  Kinetic constants from inhibition studiesa 

Varied 
Enzyme  substrate  Inhibitor 

E87 IPMC 
NAD 
Malate 
Malate 
Malate 
Malate 
NAD 
NAD 
NAD 
Tartrate 
Tartrate 
NAD 
NAD 
NAD 
NAD 

E87Q IPM 
IPM 
NAD 
NAD 
Malate 
Malate 
NAD 
NAD 
Tartrate 
Tartrate 
NAD 
NAD 

E87G Tartrate 
Tartrate 
NAD 
NAD 
NAD 
NAD 

- -~ - - - 
~~ - ~~ ~ ~ 

lsocitrate 
NADH 
Isocitrate 
Tartrate 
Tartrate 
NADH 
lsocitrate 
Tartrate 
NADH 
Isocitrate 
NADH 
Isocitrate 
Isocitrate 
lsocitrate 
NADH 
lsocitrate 
NADH 
Isocitrate 
NADH 
Isocitrate 
NADH 
lsocitrate 
NADH 
lsocitrate 
NADH 
lsocitrate 
NADH 
Isocitrate 
NADH 
lsocitrate 
lsocitrate 
NADH 
NADH 

Patternb 

C 
C 
C 
C 
C 
NC 
uc  
u c  
C 
C 
NC 
uc 
uc 
uc 
C 
C 
NC 
uc 
C 
C 
NC 
uc 
C 
C 
NC 
uc 
C 
C 
NC 
uc 
uc 
C 
C 

K,, (mM) 

617 f 150 
0.111 + 0.004 

237 f 2 
50 f 4 
72 t 5 

400 ? 70 

______ 

192 + 19 
246 f 43 
528 f 68 

152 f 18 
20 f 2 
36 f 4 

1 6 +  1 
32 t 4 
75 f 3 

84 f 5 
23 f 3 

139 f 15 

61 t 3  
24 f 3 

172 f 19 

50 t 3 
48 f 4 

Fixed  Concentrations 
K,, (mM)  substrate  (PM) 

389 f 23 
321 5 1 2  
164 f 3 

669 f 29 
567 k 42 
680 t 16 

4,478 f 210 

73 f 4 
48 t 2 

139 k 13 
29 f 1 

194 k 9 
15 k 1 

79 rt 2 
29 k 2 
69 2 2 

NAD 
IPM 
NAD 
NAD 
NAD 
NAD 
Malate 
Malate 
Malate 
NAD 
NAD 
Tartrate 
Tartrate 
Tartrate 
Tartrate 
NAD 
NAD 
IPM 
IPM 
NAD 
NAD 
Malate 
Malate 
NAD 
NAD 
Tartrate 
Tartrate 
NAD 
NAD 
Tartrate 
Tartrate 
Tartrate 
Tartrate 

- __ "" 
" 

2,000 
12 

20,000 
20,000 
2,000 
2,000 
1,000 
1,000 
1,000 

20,000 
2,000 

100 
125 

1,000 
150 

2,000 
2,000 

50 
20 

750 
750 

25,000 
25,000 

1,250 
1,250 
1,250 
1,250 
5,000 
3,000 
1,000 
5,000 
2,500 

250 
~ ~~ ~ 

" - - 

Data  were  obtained  in 25 mM  MOPS, 100 mM KC1, 5 mM  free  Mg2+, 1 mM  dithiothreitol, pH 7.3 with KOH, at 21 "C. 
C, competitive  inhibition; NC, noncompetitive  inhibition; UC, uncompetitive  inhibition. 
' IPM,  isopropylmalate. 

E.NAD binary complex  relative to  the  free enzyme can  force  the 
noncompetitive pattern expected of a random kinetic mechanism 
with a dead-end complex to  appear uncompetitive. This is a par- 
ticular concern here because 2R,3S-tartrate  and 2R,3S-isocitrate 
(Table 2) have  much  higher  affinities  for  the E.NAD binary 
complexes  than  the  free wild-type enzyme  (Table 1). Indeed, 
when the kinetic constants in Table 1 and  the  equilibrium  bind- 
ing constants in Table 2 are  inserted  into  the  equation  describ- 
ing noncompetitive  inhibition  for a random kinetic mechanism, 
namely 

VA B 

J 

the  simulated results show  that  isocitrate ( I )  generates  the  ap- 
pearance of uncompetitive  patterns with  respect to NAD ( B ) ,  
regardless  of the  concentrations of fixed substrate ( A )  when the 
latter is unsaturating. 

If the  patterns  generated  from these inhibition  studies do  not 
provide a means to  distinguish between random  and  ordered 
mechanisms,  the  initial  rate  studies with alternative  substrates 
and fluorescence equilibrium  binding  studies  provide  unambig- 
uous evidence supporting a random mechanism with the  forma- 
tion  of  abortive  and  dead-end  complexes  (Fig. 6). 

Discussion 

The kinetic mechanism 

Initial  rate  studies, utilizing both  natural  and  alternative sub- 
strates  and  cofactors,  inhibition  studies,  and  equilibrium  bind- 
ing studies of wild-type and  mutant  enzymes,  demonstrate  that 
the  IMDH  from T. thermophilus catalyzes a random kinetic 
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mechanism  in  the  direction  of oxidative decarboxylation  of  the 
2-hydroxy acid substrates,  and  that  two  abortive  complexes, 
E.NADH.substrate  and  E.NAD.inhibitor,  form  (Fig. 6). Re- 
ports suggesting that  IMDH  catalyzes  an  ordered  mechanism 
should  be  treated with caution given such wide separations be- 
tween K,’s and K,’s, which can cause  initial rate  data  to  appear 
characteristic of rapid  equilibrium  ordered mechanisms (Fig. 2) 
and  noncompetitive  inhibition  patterns  to  converge  on  uncom- 
petitive ones  (Table 3). 

A proposed role for  the conserved E87 

A  detailed  understanding  of the role played by the conserved E87 
ultimately  requires determination of the  crystallographic  struc- 
ture  of an IMDH  ternary  complex.  Unfortunately,  no  struc- 
tures  of  IMDH  with  bound  substratehnhibitors  are  available. 
However,  the  striking  homologies between the  catalytic sites of 
IMDH  and  IDH  (Fig.  IA,C) suggest that  the  nicotinamide ring 
in the  IMDH Michaelis complex  may  adopt a position  similar 
to  that in the  IDH  pseudo-Michaelis  complex, lying above  the 
y-isopropyl  moiety, with E87 stabilizing it in that  position in a 
manner reminiscent of the  role played by the  y-carboxylate of 
2R,3S-isocitrate in IDH  (Fig.  IB,D). 

Such  an  arrangement might be  taken  as evidence for  an  or- 
dered kinetic mechanism with the  substrate binding  first, because 
the  nicotinamide ring of  the  bound  cofactor might be expected 
to  block access to  the active  site. However,  the  crystallographic 
structure  of  IMDH  with  bound  NAD  has been determined 
(Hurley & Dean, 1994) and reveals that  the  nicotinamide ring 
is only partially ordered  and  that  further  closure of the  two  do- 
mains is necessary to  form  the  substrate binding site. Evidently, 
the  conformation  of  NAD in  its binary  complex  does  not block 
the active  site, which remains accessible to  substrate.  Hence,  the 
available  crystallographic results are  consistent with the  pro- 
posed  random  mechanism. 

The role of E87 in the binary complexes 

In the binary  complex of  IMDH with NAD,  E87 lies 4.4 A from 
the  charged  nitrogen  of  the  nicotinamide ring (Hurley & Dean, 
1994). Although  electrostatic  interactions  can readily occur 
across such distances,  the  presence  of  water, its high dielectric 
constant,  together with the  observation  that  the  nicotinamide 
ring is only  partially  ordered, suggests that  any  interaction 
should be weak.  As  expected,  neither  mutant  at  site 87 greatly 
affects  the Ki’s of the  cofactors  (Tables 1, 2). 

Nor  do  the  mutations  greatly  affect  the K,’s of  2R,3S- 
isopropylmalate  and 2R-malate (Tables I ,  2). That E87 plays no 
role in  stabilizing the closed conformation  of  IMDH necessary 
for  formation  of  the  substrate  binding site is also suggested by 
the  available  structural  data. Direct interactions between E87 
and  the  y-moieties  of these substrates seem unlikely,  as d o  in- 
teractions with adjacent  amino  acids  (P86  and L90). 

That  E87 plays no role in stabilizing  the  binary complexes  is 
also  consistent with the  notion  that  E87 lies outside  the active 
site. Yet equilibrium binding experiments with  2R,3S-isocitrate 
suggest  otherwise.  Fluorescence  studies  show  that  2R,3S- 
isocitrate  forms  binary complexes with  the  mutant  enzymes, 
but  not with the  wild-type  enzyme  (Table 2). This suggests that 
residues at site 87 lie close to  the  y-moiety  of  bound  2R,3S- 
isocitrate,  and  that  the  mutations  eliminate  an  inevitable elec- 

trostatic  repulsion,  thereby  improving  binding.  Interestingly, 
E87  may  also  interact weakly with the  3s-hydroxyl  of  bound 
2R,3S-tartrate because the  mutants  also  reduce  the stabilities of 
the  binary complexes  with this  substrate  (Tables 1,  2). 

The role of E87 in the ternary complexes 

I f  E87 lies close to  the  y-moieties  of  the  bound  ligands  in  the 
ternary  complexes,  then  replacing it  with an  uncharged  amino 
acid  should  also  eliminate  the  inevitable  electrostatic  repulsion 
with the  y-carboxylate  of  bound  2R,3S-isocitrate.  Indeed,  the 
K,,’s of  the  mutant  enzymes  toward  2R,3S-isocitrate  are re- 
duced by a factor  of 18 compared  to  the wild-type  enzyme (Ta- 
ble 2). This becomes  all the  more impressive  when compared  to 
K,,’s with 2R,3S-isopropylmalate, which are increased by fac- 
tors between 30  and 300 (similar  results are  obtained with 2R- 
malate  and  2R,3S-tartrate, Tables 1, 2), yielding overall  changes 
in affinity between  540 and 5400. 

In analogy with IDH,  the most plausible mechanism by which 
E87 stabilizes the Michaelis complex  remains  a direct interaction 
with the  cofactor,  trapping  ligands between the  nicotinamide 
ring and the  protein.  This might be achieved by a  hydrogen bond 
to the  amide or a  salt bridge  to  the  charged  nitrogen,  both  on 
the  nicotinamide  ring,  or a hydrogen  bond  to  the  attached 
ribose. 

The role of E87 in catalysis 

2R-malate  produces a very low kc,, with IDH  (Dean & Kosh- 
land, 1990). Low kcuI’s (between and 5 x 10-4-fold lower 
than  that with 2R,3S-isocitrate)  are  also  obtained with the  ho- 
mologous series -CH,,  -CH2CH3,  -CH2CH2CH3,  -CH2CHCH2, 
-CH2CH20H,  and  -CH2CH0  attached  at  the 3s position of 
2R-malate  (A.M.  Dean,  A.K.  Shiau, & D.E.  Koshland  Jr., un- 
publ.  data).  These  observations  are  consistent with the  notion 
that  the negative charge  of  the  y-moiety  of  2R,3S-isocitrate is 
crucial  for  alignment  of  the  nicotinamide ring for  efficient ca- 
talysis  in IDH.  In  contrast,  the k,,,’~ of  wild-type IMDH to- 
ward  ZR,3S-tartrate  and  ZR,3S-isopropylmalate  are  similar 
(Table I ) .  Furthermore,  Miyazaki et al. (1993) report  that  the 
k,,’s for wild-type IMDH  operating at 60” are  quite similar for 
methyl-,  ethyl-, and isopropyl- y-moieties attached to 2R-malate. 
These  observations  demonstrate  that  the  y-isopropyl  moiety 
plays no direct  role in catalysis by IMDH,  and  that  the  enzyme 
itself must align  the  nicotinamide  ring. 

Substitutions  for  E87  reduce kc,, by a factor of 50 with 2R- 
malate, lending credence to  the  notion  that this  residue can play 
a role in  aligning the  nicotinamide  ring  for  catalysis.  However, 
these same  mutants have no  discernible  effect  on k,,, when ei- 
ther  2R,3S-isopropylmalate or ZR,3S-tartrate is the  substrate. 
Inspection  of  Table 1 reveals that  the k,, of wild-type IMDH 
toward  2R-malate is aberrantly high. Precisely why elimination 
of the negatively charged  glutamate  has so little effect  on kc,, 
of  substrates with  y-moieties attached  at  the 3 s  position is not 
known,  but a very tentative  explanation  can be proposed. 

Whereas  the  nicotinamide  mononucleotide moiety of  the  co- 
factor is stabilized by a  single  negatively charged  moiety  on 
the  bound  substrate in IDH, it is stabilized by two negatively 
charged  amino  acids in IMDH  (D78  and E87). In  IDH, elimi- 
nation of the negative charge inevitably reduces k,,,. But  in 
IMDH, elimination  of the negative charge of E87 need not cause 
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a  reduction in kc,, if the bifurcating hydrogen bond between 
D78 and  the ribose hydroxyls is still sufficient to align the  C4 
of the nicotinamide ring for catalysis. This suggestion is all the 
more  reasonable because of the limited degrees of freedom as- 
sociated with the nicotinamide ribose moiety, particularly be- 
cause a  bifurcating hydrogen bond may also stabilize the sugar 
pucker. 

Conclusion 
The oxidative decarboxylation of 2-hydroxy acid substrates 
by the  IMDH of T. thermophilus occurs via a  random kinetic 
mechanism with the  formation of two abortive complexes, 
E.NADH.substrate and E.NAD.inhibitor (Fig. 6). The available 
X-ray  structures and kinetic data for the wild-type and site- 
directed mutant enzymes  suggest that E87 interacts directly with 
the nicotinamide ring only in the Michaelis complex, and  that 
this interaction, together with hydrogen bonds from D87 to the 
nicotinamide  ribose  hydroxyls, helps stabilizes the Michaelis 
complex. 

Materials and  methods 

Growth  conditions and strains 

E. coli strain C600 (which is LeuB-) was routinely grown at 
37 "C in Luria broth (IO g bactotryptone, 5 g yeast extract, 10 g 
NaCl in 1 L with 15 g of bactoagar  added for plates). Transfor- 
mants were selected in the presence of 50 pg/mL of ampicillin. 

Molecular biology 

All  gene manipulations were conducted using standard methods 
(Sambrook et al., 1989) and procedures recommended by the 
manufactures  of the molecular biology products used. 

Plasmid pUTLll9 (Kagawa et al., 1984),  which carries the 7: 
thermophilus HB8 LeuB gene encoding IMDH, was trans- 
formed into E. coli C600. pUTLl19 was purified, digested with 
BamH 1, and a resulting 1.2-kb fragment electroeluted from an 
agarose gel, precipitated and lyophilized. Plasmid pEMBL18 (-) 
was similarly digested with BamH 1 and  the enzyme heat inac- 
tivated at 70 "C for 1 h. The 1.2-kb fragment was ligated into 
the digested plasmid with T4 DNA ligase. Following transfor- 
mation into strain C600, plasmids carrying the 1.2-kb insert  were 
identified by electrophoresis of BamH 1 digests. The  orienta- 
tions of the inserts were determined by the dideoxy sequencing 
method (Sanger et al., 1977). A  plasmid,  pLD1, was identified 
with the LeuB gene  in the correct orientation for protein expres- 
sion from the lac promotor of the pEMBL18 (-) vector. 

The uridine-labeled template  method  of Kunkel (1985) was 
used to replace the glutamate at site 87 in the LeuB gene  of pLDl 
with a glutamine and a glycine. Single-stranded uridine-labeled 
template was prepared using strain  CJ236  and helper phage 
R401. Oligomer primers containing the necessary mismatches 
were synthesized using a Biosearch 8700 DNA Synthesizer. The 
mutants were identified by sequencing, and again confirmed by 
sequencing. 

Growth and  disruption of cells 

E. coli strain C600, harboring  a plasmid encoding either the 
wild-type LeuB gene or a site-directed mutant, was grown to 

full density in 6 L of Luria broth  and harvested by centri- 
fugation, Sixty milliliters of ice cold extract buffer (10 mM 
KH2P04, 0.5 M KC1, 2 mM MgC12, 0.03% 2-mercaptoethanol, 
pH 7.7 with KOH) were added to 20 g of  cell paste and soni- 
cated for 30 s every 3 min for a total of  10 bursts. 

Protein  purification 
Isopropylmalate dehydrogenase was purified using, with some 
modifications,  the  method of Yamada et al. (1990). TWO milli- 
liters of extract buffer  containing 60 mg  of protamine  sulfate 
were added dropwise to  the sample, stirred on ice for 30 min, 
and the pellet removed by centrifugation.  The supernatant was 
heated for 20  min at 75 "C and the precipitated proteins removed 
by centrifugation.  This step was again repeated,  and  the result- 
ing supernatant subjected to ammonium  sulfate  fractionation. 
The pellet formed between 15% and 55% saturation at 4 "C  was 
resuspended in  12  mM K2HP04, 4 mM citric acid, 10  mM  MgCl2, 
0.05% trichloromethylpropanol, 0.1 Yo 2-mercaptoethanol, 
pH 6.2, and dialyzed against the same. The protein solution was 
applied to an ion exchange column of DEAE sephacel, and 
eluted with a linear gradient of  0-200  mM  KCI. Fractions  con- 
taining peak activities, and  that correlate with the peak bands 
on SDS-PACE gels,  were  pooled and dialyzed overnight against 
storage  buffer (0.9 mM citric acid, 3.5  mM K2HPO4, 100  mM 
KCI, 2 mM dithiothreitol,  0.02% NaN3,  pH  6.2), concentrated 
using Centricon 50 molecular sieves, and frozen in liquid nitro- 
gen. SDS-PACE followed by staining with Coomassie blue  was 
used to determine  the purity of the  preparations.  Protein  con- 
centrations were determined using a molar extinction coefficient 
of 30,420 AA280nm/cm (Kagawa et a!., 1984). 

Kinetics assays 
The kinetic parameters of IMDH were determined in an assay 
buffer of 25  mM MOPS, 100 mM KCI, 1 mM dithiothreitol, 
pH 7.3 with KOH, at 21 "C  in the presence of 5 mM free MgZc. 
The  quantity of  MgC12 necessary was determined using esti- 
mates of the Mg'+-substrate and Mg2+-coenzyme dissociation 
constants determined by Dean and Koshland (1993). The dis- 
sociation constants of 2R,3S-isopropylmalate are sufficiently 
low that the  reductions in free Mg2+ concentrations are negli- 
gible even  when  enzymes are fully saturated. Consequently, the 
pKd for 2R,3S-isopropylmalate was not determined and the ex- 
periments conducted at 5 mM  MgCI,.  All dissociation con- 
stants  are presented in terms of total  substrate present (i.e., 
[Substrate] + [Mg'+.Substrate]). The rates of reaction were de- 
termined by monitoring the  production or consumption of 
NAD(P)H at 340 nm in a 1-cm light path using a Hewlett- 
Packard 8452A  single-beam diode array spectrophotometer with 
internal referencing at 540 nm. The concentration of NAD(P)H 
was determined using a molar extinction coefficient of 6,200 
AA340nm/~m. Ten-centimeter quartz cuvettes were required to 
determine Michaelis constants, which were submicromolar,  the 
enzyme concentrations never exceeding 10 pM. For initial rate 
studies, the concentration of one  substrate was varied at several 
fixed levels of the second substrate. 

Fluorimetry 

Fluorescence studies were conducted in the same assay buffer 
used for  the kinetic studies. Data were collected on  a SLM 8100 
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spectrofluorometer  equipped with two  MC200  monochrometers 
and a thermostatted cell holder. One-centimeter quartz cuvettes 
were used when the concentrations of  NAD or NADH were held 
constant. Four-millimeter quartz cuvettes were used to help  min- 
imize  inner filter effects when NADH was the  variable  ligand. 
In  both cases, slit widths were set at 4 mm. Excitation at 280 nm 
enabled  changes in peaks  at 340 nm, 420 nm,  and 450 nm  to be 
monitored  simultaneously.  The fixed Concentration of  enzyme 
used was typically around 150 nM, except where  the  dissocia- 
tion  constants were  below 1 pM  and where the fixed concentra- 
tions were  reduced to  around 10 nm. A  positive displacement 
pipette was used to  add  small  quantities of high concentra- 
tions  of  the varied ligand,  the  final  volume  at  the  end  of  each 
experiment never exceeding the  sample  volume (2 mL) by more 
than 5 % .  

Data analyses 

Unweighted  nonlinear  least-squares  Newton-Raphson regres- 
sions were used to  determine  the  fit of complete kinetics data 
sets to the following models. Following the  notation  of Cleland 
( 1  963): 

u = VAB/(K, ,Kb + K,B + KbA + A B )  

Sequential Bi (Random or steady-state  ordered), (1) 

where A and B are  the  substrate  concentrations, u is the veloc- 
ity, Vis  the  maximum velocity, K;, is the  apparent dissociation 
constant of the E.  A binary  complex ( E .  A ++ E + A ) ,  and K ,  
and Kb are  the  Michaelis  constants  for A and B from  the 
E. A .  B ternary  complex. For a rapid  equilibrium-ordered kinetic 
mechanism,  Equation 1 becomes: 

v = VAB/(KiUK,,  + K b A  + A B )  

Rapid  equilibrium  ordered Bi (2) 

The  equations  describing  the  effects of an  inhibitor I are: 

u = V A / ( K ( l  + Z/Kjs) + A )  

Linear  competitive  inhibition (3) 

u = V A / ( K  + A ( l  + IIK;,))  

Linear  uncompetitive  inhibition (4) 

u = V A / ( K ( l  + Z/K;&) + A(1 + [IK;;))  

Linear  noncompetitive  inhibition ( 5 )  

where K is the  apparent Michaelis constant of the  substrate 
whose concentration is varied,  and K ,  and K,, are  the  slope  and 
intercept  inhibition  constants  (Cleland, 1963). There is a com- 
plementary set of  equations  describing  the  effects  of  the  inhib- 
itor when the  concentration  of B is varied and  the  concentration 
of A is fixed. Finally,  logarithmic  transformations  of  the  data 
were  used for  fitting whenever K,’s were separated  from Km’s 
by factors exceeding 10. 

Unweighted nonlinear least-squares Newton-Raphson regres- 
sions were  used to  determine  the fit of individual  fluorescence 
data  sets  to  the  following  Michaelian model: 

where F is the  observed  fluorescence, F,,, and KiUpp are  the 
apparent  maximum fluorescence and  dissociation  constant at  a 
fixed concentration of substrate,  and A is the  concentration  of 
the varied substrate.  Two  corrections  for  Fwere necessary when 
NADH was the varied ligand.  First,  the fluorescence of NADH 
at 420 nrn was  determined  and  subtracted  from  that in the 
presence  of fixed ligand.  Second,  the  absorbance  of  NADH  at 
280 nm  generates  an  inner filter effect  that was corrected using 
the  calculation  of  Brand  and  Witholt (1967). 

Estimates of the dissociation and Michaelis constants were de- 
termined using  unweighted nonlinear  least-squares  Newton- 
Raphson regressions to  the  following models: 

Kiipp = K,‘/(Kf,  + B ) / ( K d +   B )  Random, A varied, (7) 

Ordered, A varied, ( 8 )  

K A ~ ~  = K,S(K,$LA + 1 Ordered, B varied.  (9) 

Although this approach avoids  fitting data  to complete  models, 
it eliminates  errors  due  to  different  concentrations of enzyme 
used from  experiment  to  experiment  and  complications  due  to 
inner filter effects  arising  from  the high concentrations of  co- 
factors necessary  in many  experiments.  Where  practical,  how- 
ever,  (after a correction  for  inner filter effects) was fitted 
to  an  equation  similar in form  to  Equation 6, thereby  provid- 
ing a check on  the  estimate of K i .  Again,  logarithmic  transfor- 
mations of the  data were  used for  fitting whenever K:’s were 
separated  from KL ’s by factors exceeding 10. 
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