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lem of transient intermediate species that 
normally are not rate-limited. 

~e te rmina t ion  of the structure of an en- 
zbme-bound lntermedlate on a path of sev- 
eral lntermedlates requlres a method of In- M u tag e n es i s and La u e Str u ctU res ~ L I C I ~ :  the ,omogeneous synchron~zed ac- 

of Enzyme Intermediates: cumulation of that particular species 
throughout the crystal, during which time 
diffract~on data may be collected. One suc- 

ISOC~ tra te Dehydrogenase. cessf~11 an initial, strategy synchronized has consisted turnover of triggering cycle in 

Jill M. Bolduc, David H. Dyer, William G. Scott, Paul Singer, 
the crbstal mlth a caged-type compound 
(usually a chem~cally mod~fled substrate 

Robert M. Sweet, Daniel E. Koshland Jr., Barry L. Stoddard* molecule that can be released bv flash pho- 

Site-directed mutagenesis and Laue diffraction data to 2.5A resolution were used to solve 
the structures of two sequential intermediates formed during the catalytic actions of 
isocitrate dehydrogenase. Both intermediates are distinct from the enzyme-substrate and 
enzyme-product complexes. Mutation of key catalytic residues changed the rate deter- 
mining steps so that protein and substrate intermediates within the overall reaction 
pathway could be visualized. 

Standard x-ray crystallography is usually is a synchrotron, prov~des an increased rate 
performed on inactivated enzymes or inhib- for data collection so that the structural 
ited enzyme complexes in order to prevent details of intermediate complexes can be 
the rapid reaction of substrate and time- visualized (1-5). Such Laue st~tdies demon- 
dependent averaging of electron density. strate the possibility of v~sualizing rate-lim- 
However, polychromatic Laue crystallogra- ited enzyme-substrate complexes with very 
phy, a technique whereby the x-ray source long lifetimes, but do not address the prob- 

tolysis). During the flrst round'of catalysis 
after photolysis, rate-l~mite~l ~ntermediates 
accumulate and then decay, provided that 
the rate of all steps between the initial 
absorption of photons and the formation of 
the rate-limited intermediate complex are 
suffic~ently fast. As an alternative strategy 
we now present the use of site-directed 
mutagenesis of key catalytic residues to cre- 
ate k ~ n e t ~ c  bottlenecks at specific catalytic 
steps in the overall reaction pathway that 
may then be ~ ~ s e d  to determine the structure 
of distinct intermediates. Such complexes 
represent steady-state species that accumu- 
late and persist in the crystal in vast excess 
of other catalytic st'ates dur~ng the course of 
slow turnover and data collection. 
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T h e  use of slow catalytic enzyme mu- 
tants to  elucidate the  structure of interme- 
diate states during time-resolved crystallo- 
graphic experiments has been suggested (6- 
8) and exuloited 19-1 1 ), hut such mutants , , 

have customarily been applied to nonpro- 
ductive, dead-end enzymatic complexes 
rather than intermediates o n  a n  active cat- 
alytic pathway. However, this technique 
makes it nossihle to visualize the  structure 
of transient intermediates that do  not nor- 
mally accumulate during turnover. If a mu- 
tant enzvme disnlavs the  same chemical 

L ,  

mechanis'm as the  wild-type catalyst, but 
with an  extreme rate limit at a single reac- 
tion step, then this complex may be exam- 
ined by means of fast diffraction techniques. 

T h e  enzyme chosen for this approach, 
isocitrate dehydrogenase ( IDH),  performs 
the  reaction shown in Eq. 1. T h e  enzyme 
follows a random binding mechanism and 
forms initial hinary substrate complexes 
(complexes 2 and 3 in  Eq. I )  that then 
proceed to  a n  ordered ternary Michaelis 
complex (step 4) .  Dehydrogenation of isoci- 
trate produces the  putative intermediate 
oxalosuccinate (OSA, step 5)  that then 
undergoes a n  elimination of its p carboxyl 
to generate a-ketoglutarate (step 6). T h e  
binary substrate complexes have been pre- 
viously visualized using monochromatic x- 
ray crystallography (1 2 ,  13). T h e  interme- 
diate oxalosuccinate has been vostulated 
(14) and supported hy isotopic experiments 
(15),  but isolation from a reaction starting 
with reactants or vroducts has not  materi- 
alized; it was presumed to be generated tran- 
siently and decomnose faster than it disso- 
ciated. Oxalosuccinate has been added to 
the  enzyme and shown to give isocitrate 
i the  reverse reaction) or a-ketoelutarate " 
( the  forward reaction) but at rates that are 
not  as fast as the  overall reaction 116). This . , 

difference is probably due to a slower rate of 
binding for the  intermediate species than 
for the  natural substrates of the  overall re- 
action. Amino acid mutagenesis together 
with x-ray data have provided support for 
the  amino acid residues TyrlbO and LysZ3%s 
key catalytic residues o n  the  reaction path- 
way (12,  16). Mutagenesis of these two 
residues decreased the  rate of dehydrogena- 
tion (k ,,, ,) and elimination (k ), respec- 
tively, alfowing the  visualization of com- 
plexes 4 and 5 in  Eq. 1. 
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Fred Hutchinson Cancer Research Center, Program in 
Structural Biology, Division of Basic Sciences, 11 24 Co- 
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'To whom corres~ondence should be addressed 

W e  therefore used the  two mutants (i)  
Y160F, in  which Tyrlbo was converted to 
Phe, and (ii) K230M, in  which LysZ3%~as 
converted to methionine, to accumulate 
specific intermediates in  the  crystal and 
create bottlenecks in  the  enzymatic reac- 
tion. T h e  evidence that the  mutants follow 
the  same chemical mechanism as the  wild- 
type enzyme is (i)  the  mutagen~zed proteins 
have the  same structure as wild-type en- 
zyme, (ii) they hind substrate a t  the  active 

site in a conformation and position identi- 
cal to wild-type enzyme, (iii) they exhihit 
the  same NADPf  -dependent process of de- 
hydrogenation as the wild-type enzyme, and 
(iv) although for each mutant a particular 
step in  the  reaction pathway is slowed by 
the  localized mutagenesis, their remaining 
individual catalytic steps proceed a t  rates 
comparable to  those of the  wild-type en- 
zvlne 116). 
' steady-state structure determination of 

rate-limited species for isocitrate dehydro- 
genase. Polychromatic x-ray d~ffraction 
data were collected first from several crys- 
tals of each mutant before continuous vre- 
sentation of saturating substrate with a flow 
cell and then at two specific times after 
accumulation of the  steadv-state comvlex 
while continuing to apply substrate. Data 
were collected a t  heamline X-26C at the  

Table 1. Diffraction data statistics. Steady-state Laue studies were performed on both site-directed 
mutants of the enzyme isocitrate dehydrogenase using multiple crystals of approximately the same 
dimensions (0.3 to 0.5 m q  on each si$e). The space group and unit cell dimensions in all cases were 
P4,2,2, with A = 6, 105 A; C = 150 A, The diffraction data were obtained with Fuji imaging plates at 
beamline X26-C (Brookhaven National Laboratories) and scanned with a BAS-2000 phosphor image 
plate reader; and subsequent refinement was done by means of X-PLOR (18). For both sets of experi- 
ments, 75 ms exposures before presentation of substrate (at t = 0 seconds) were followed by saturaton 
of the crystals with 500 mM substrates (isocitrate, Mg", NADP+ in 35 percent saturated ammonium 
sulfate, pH 7.0) with a fow cell. Identical exposures of the resulting steady-state enzyme complexes were 
then collected at 60 and 360 seconds. For each mutant, the same experiment was repeated with four 
crystals in arbitrary orientations, and the data collection at the same trne points, so that the R,,,,, (on 
intensities I) represents data from four separate crystals at that trne pont. The merged data from separate 
trne points for each mutant were used to calculate overall somorphous differences (R,,,) between time 
ponts, pror to calculation of difference maps. The overall isomorphous difference in structure factor 
amplitudes (F,) between data collected before and after substrate binding are 13 to 15 percent, or about 
30 percent on intensities. These differences decrease when data collected at 60 and 360 seconds are 
compared, an Indication that the crystals are fully saturated. The structure factor intensities were inte- 
grated and merged accordng to standard Laue processing packages (23), The program LAUEGEN 
produces and refnes an orentation matrx based on vector matching between the obvous harmonic 
overlaps on each Image. The reflections were then Integrated by means of the program INTLAUE. 
Harmonic overlaps (whch represent most of the low-resolution terms) were discarded. The data from the 
same time points of the experiment (but from dfferent crystals) were then merged, scaled, and norma- 
ized against wavelength (w~th the use of symmetry-related reflectons) with the program LAUENORM. 

Completeness (%)f 
Mutant Time Crys- * Redun- (1) (VS Rlso t = 5 

(s) tais Rme:ge dancyt 1 0 0 - 2 . 5 ~  4 - 2 . 5 ~  (a'g1 mlnutes)~ 

Crystal to crystal merging 
Y160F 0 4 0.082 17.3 67 83 19.4 0.126 
Y160F 60 4 0.084 17.3 66 82 22.3 0.045 
Y160F 360 4 0.093 17.3 65 84 21.5 , , . 
K230M 0 4 0.092 18.7 62 80 19.1 0.138 
K230M 60 4 0.089 18.7 62 82 16.6 0.037 
K230M 360 4 0.098 18.7 6 1 8 1 25.4 . , . 

AP0 Steady state APO Steady state 

Final refinement statistics (1 0 to 2.5 A resolution) 
Unique structure factors 17933 17943 17204 1731 6 
Rre,,nell 0.183 0.1 72 0.174 0.169 
rmsd bond d~stance (A) 0.01 7 0.01 9 0.019 0,018 
rmsd bond angles j") 3.58 3.79 3.49 3.66 
rmsd d~hedral angles (") 25.1 26.2 24.5 25.1 
rmsd impropers (") 2.5 2.2 2.3 1 .8 

'R,,,,, = 2, (1, (1) - 1, (1)) / 2, (I ( I ) ) ,  -+Redundancy = ratio of total measured reflect~ons to total unique reflectons in 
final data set; +Completeness = ratlo of measured unque reflect~ons to the number of predicted unique reflections; 
OR,,, = [(Z IF,, - F,, ) / Z (IF,, ) I ;  RrefIne = [Zj (F, ( I )  - F, ( 1 )  / Z, (F, ( I ) ] ,  The final refinement statistics for steady- 
state complexes are for t = 60 seconds. 
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Brookhaven National Synchrotron Light presentation of substrate and slow turnover 
Source (17) (Table 1). We used multiple in addition to multiple polychromatic x-ray 
crystals for each mutant (rather than col- exposures. In order to examine through dif- 
lecting several exposures from the same ference maps whether a true steady state 
crystal in different orientations before and would be formed by the first time point as 
after substrate binding) because these crys- indicated by spectroscopic diffusion studies, 
tals do not physically survive an extended we collected data at discrete time points 

2 I . .  

Fig. 1. Crystallographic structure of the rate-limited substrate-enzyme complexes for isocitrate dehydro- 
genase [(A) Y160F; and (B) K230Ml at 2.5 a resolution. These two difference maps indicate rate-limited 
complexes that correspond to species 4 and 5, respectively, in Eq. 1. Experimental difference maps of the 
active sites of both kinetic mutants were calculated with Fourier coefficients [Fo (60 seconds after 
substrate) - Fo (before substrate presentation)] a,,,. Phases were back-calculated for each map with the 
use of previously determined atomic coordinates for the apo form of each mutant. Difference maps were 
calculated (i) before initial refinement of the protein model against the measured data, and (ii) after initial 
refinement with the protein model only (as shown). Both sets of maps clearly indicate the presence of 
well-occupied, productive substrate complexes that accumulate as a result of the kinetic rate barriers at 
specific catalytic steps. The initial R factors for the protein model before refinement were approximately 
30 percent; the R factor after initial refinement with protein coordinates only (leading to the difference 
maps shown) were both approximately 22 percent. The refined thermal B factors for the substrate models 
average between 20 and 30 a2 and are in agreement with the surrounding protein side chains. These 
maps are contoured at 3 o; the features shown are the strongest ones over the entire enzyme molecule. 
All modeling and figure preparation was carried out on a Silicon Graphics XS-24 workstation with the 
software QUANTA (Molecular Simulations, Inc.). 

with multiple crystals so that we could ex- 
amine this question in addition to deter- 
mining the structure of the complexes. 

For calculating difference maps (Fig. 1) 
we used phases from protein coordinates 
before refinement and then again after an 
initial round of refinement against the Laue 
data with X-PLOR (18). No substrate or 
water molecules were included in either 
phase calculation. The strongest features of 
the maps were easily modeled by the rate- 
limited enzyme complexes. Although the 
data are less complete than typical mono- 
chromatic data sets (82 percent between 4 
A and 2.5 A resolution, but much less com- 
plete coverage at lower resolution), the dif- 
ference maps are of high quality because of 
high data redundancy (almost 20-fold for 
both data sets), low background, and high 
occupancy complexes. Recent studies ( 5 )  
indicate that high quality difference ma s 
are possible at similar resolution (2.2 & 
from even less complete polychromatic data 
recorded on x-ray film when processed ac- 
curately with the appropriate polychromatic 
data reduction software. Additional differ- 
ence maps calculated from differences be- 
tween the data collected 60 seconds in com- 
parison to 5 minutes after substrate binding 
are featureless, indicating formation of a true 
steady state. This result agrees with the low 
isomorphous differences between these time 
points (Table l) ,  and indicates complete 
binding and saturation consistent with the 
results of spectroscopic monitoring of diffu- 
sion in the crystal described below. 

Visualization of the rate-limited ter- 
nary Michaelis complex (Y160F). Kinetic 
ex~eriments (see below) show that Y160F 
exhibits a large reduction in the rate of 
hydride transfer from isocitrate and also 
show that there is no difference in apparent 
binding constants and on-rates, or in the 
rate of the decarboxylation step that directly 
follows the hydride transfer. A high percent- 
age of the enzyme active sites in the crystal 
accumulate this productive complex during 
continuous saturation of the crvstal with 
high concentrations of the substrates. The 
electron density from difference Fourier 
maps can be modeled by NADP+ and isoci- 
trate-Mg2+ by means of simple adjustments 
in torsion angles through the p~rophosphate 
backbone (Fig. 1A). The crystallographic 
electron densitv for the adenosvl a or ti on of , . 
the cofactor and for the bound isocitrate 
molecule agree with that for previously 
solved binary complexes of IDH (1 2, 13). 
The peak corresponding to the bound mag- 
nesium ion (the largest feature of the map at 
12-sigma contour levels) indicates bond 
lengths to isocitrate of 2.2 to 2.4 A. u 

Isocitrate is closely associated with the re 
face of the sp2 prochiral C4 carbon of the 
nicotinamide ring, as expected for an A- 
type dehydrogenase such as IDH (19). This 
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alignment allows hydride transfer from the 
C2 carbon of the substrate to C4 of the 
nicotinamide ring, with stereospecific in- 
corporation of a hydrogen at that position. 
The distance +om the hydride donor to 
acceptor is 3.0 A, and the angle through the 
planar nicotinamide ring to the substrate 
hvdride donor carbon is 110". This distance 
and the angle are consistent with other 
previously solved dehydrogenase ternary 
complexes, whqse bond distances range 
from 2.3 to 3.9 A and 101" to 147", respec- 
tively (20). Isocitrate moves by approxi- 
mately 0.5 A toward the nicotinamide ring 
as compared to the binary complex of isoci- 
trate and Mg2+. This motion appears to 
occur primarily as a rigid body, with the 
contacts between protein side chains and 
the carboxvlates of isocitrate being main- - 
tained in the ternary complex. A rotation of 
the bond between C4 and C5 of isocitrate 
of approximately 15' frees the y carboxyl of 
the substrate from a steric overlap with the 
nicotinamide ring and, at the same time, 
maintains a hydrogen-bond interaction 
with the y oxygen of Ser113. The close 
association of substrate, the nicotinamide 
nitrogen, and Ser113 is consistent with the 
kinetic effects of site-specific mutations at 
that position (21 ). 

The NADP+ cofactor is bound in an 
extended conformation with a distance of 
14 A between the centers of the adenosvl 
and nicotinamide rings. The phqspha;e 
backbone passes approximately 5 A from 
the bound metal, and leads into well-or- 
dered density for the ribose and nicotin- 
amide rings. The ribose ring displays a C4' 
endo pucker, which acts to allow proper 
orientation of the nicotinamide rine rela- - 
tive to the substrate molecule. The interac- 
tions of the nicotinamide group appear to 
be primarily to the bound substrate, through 
polar interactions between the y carboxyl 
of isocitrate and the nicotinamide ring ni- 
trogen and amide group. 

A vair of interactions between the co- 
factor and the enzyme appear to play a role 
in positioning the nicotinamide ring prop- 
erly and in activating its C4 carbon for 
electrophilic substitution, thereby lowering 
the transition state energy during dehydra- 
tion. These contacts represent the most 
significant protein dynamic movements 
when the Michaelis complex is f o ~ e d .  The 
side chain of Thr104 moves bv 2.5 A to form 
a hydrogen bond to the 2' h;droxyl oxygen 
of the nicotinamide ribose. The distance 
between oxygens in the complex is 2.7 A. 
This movement appears to stabilize the sug- 
ar in the configuration necessary to bring 
the nicotinamide C4 carbon within dis- 
tance for the hydride ttansfer. In additioa, 
Asn115 moves by 1.0 A to make a 2.9 A 
contact with the si face of the cofactor at 
the sp2 chiral C4 carbon. The interaction is 

directly on the opposite side of the nicotin- 
amide ring from the isocitrate molecule. 
The effect of the interaction between the 
asparagine amide nitrogen and the C4 hy- 
drogen might be to activate the site for 
electrophilic attack and hydride transfer. 
This would be in agreement with the low- 
ering of V,,, and Km for NADP+ cofactor 
by mutating the residue to Asp or Leu. 
Apart from the residue movements de- 
scribed above, the structure of the protein 
backbone is virtually identical to that of the 
free enzyme, withoa root-mean-square (rms) 
differ$nce of 0.2 A along the backbone, and 
0.5 A for all atoms, implying that these 
motions of well-ordered active site residues 
are significant, and that they do not repre- 
sent fluctuations produced by refinement. 

This structure is analogous to the previ- 
ously described ternary complex of enzyme, 

isocitrate, NADP+, and calcium (22), 
where Ca2+ was substituted for Mg2+ to 
produce a nonproductive enzyme complex. 
However there are substantial differences 
between the structure of that dead-end 
complex and the productive, slow mutant 
described now. Most important, the metal- 
substrate bond distances are much shorter 
for the productive complex, and the nico- 
tinamide ring and ribose ring are bound in a 
different conformation and with interac- 
tions to the enzyme active site side chains 
that facilitate hydride transfer and catalysis. 

Visualization of the subsequent oxalo- 
succinate complex (K230M). The lysine- 
to-methionine mutation at residue 230 
causes a severe decrease in the rate of en- 
zymatic decarboxylation of oxalosuccinate, 
but a much smaller reduction in the vreced- 
ing rate of hydride transfer, which, in turn, 

Fig. 2. Calculated difference maps for the mutant K230M at the site of the bound substrate- 
intermediate indicate the accumulation of oxalosuccinate in excess of either isocitrate or a-ketoglut- 
arate. Maps were generated with Fourier coefficients F, (K230M rate-limited complex) - F, (calculated 
using the coordinates of either isocitrate of a-ketoglutarate + CO, from a pair of test refinements 
against this data set with these compounds) in order to directly examine differences in electron density 
between the observed complex and the structure of the substrate or product of the reaction. A single 
overall 6 factor was refined for each substrate or product model. As shown in (A), difference maps 
calculated when isocitrate is used as the refinement model show a weak difference peak at the C2 
carbon and hydroxyl oxygen, corresponding to the spectrophotometrically observed hydride transfer 
and accumulation of reduced NADPH for this mutant. Difference maps against a-ketoglutarate (B) 
without a covalently bound CO, at the C3 carbon indicate a strong feature of positive density at that 
position, implying the presence of oxalosuccinate rather than the final a-ketoglutarate product of the 
rate-limited decarboxylation for this mutant. 
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results in the accumulation of an interme- 
diate cornplex of oxalosuccinate, Mg2+, and 
reduced cofactor (NADPH) in the crystal. 
Thus, a similar experiment to that per- 
formed for the Y160F mutant allows visual- 
lzation of an intermedlate in which oxalo- 
succinate is clearly discerned. 

The structure of the steady-state, rate- 
limited substrate cornplex in the K230M 
mutant (Fig. IB) differs from similar maps 
calculated for Y160F, indicating that the 
predominant rate-limited catalytic state for 
K230M 1s distinct from that observed for 
Y160F, in agreement as judged from rate 
studies and single-crystal microspectros- 
copy. Difference maps show strong density 
corresponding to bound substrate and mag- 
nesium, as well as density for the adenosyl 
ring and adjoining ribose sugar of the 
NADP(H) cofactor. The  crystallographic 
electron density for the adenosyl portion of 
the cofactor and for the bound oxalosucci- 
nate molecule agree with the positions ob- 
served in binary complex structures (12, 
13). However, the nicotina~nide ring and 
phosphate backbone of NADPH are disor- 
dered, a result that is similar to the bound 
structure of NADP' in the absence of sub- 
strate and metal. The absence of electron 
density for the nicotina~nide ring in the 
K210M structure is probably caused by the 
loss of strong attractive electrostatic forces 
between the substrate carboxylates and an 
uncharged NADPH, as compared to the 
complex of isocitrate and NADP+. 

In order to confirm the assignment of 
the observed rate-limited catalytic species 
in this experiment as oxalosuccinate, Fc,-F, 
difference Fourier maps were calculated for 
the bound complex after reflnelnent with 
the catalytic species which directly precede 
and follow oxalosuccinate on the reaction 
pathway (isocitrate and a-ketoglutarate + 
CO,, respectively), as shown in Fig. 2. 
These maps reveal (i) difference peaks at 
the C 2  carbon and hydroxyl oxygen relative 
to ~socitrate, consistent with the loss of a 
hydride and formation of an sp2 carboxyl 
group, and (ii) a covalently bound P car- 
boxyl at  the C 3  carbon relative to a-keto- 
glutarate, indicating that the rate-limited 
intermediate has not proceeded through the 
elimination reaction to yield a-ketoglut- 
arate and free CO,. This agrees with the 
kinetic profile of the K230M mutant as 
discussed below. 

Oxalosuccinate and mn2gnesium are shift- 
ed by approximately 0.5 A away from Ser"' 
and toward the conserved Asp311 anil 
Asp3", which bind the transition metal. 
The hydrogen bond between the y carbox- 
ylate of oxalosuccinate and the Ser 111 hy- 
droxyl is maintained, partly by a movernent 
of the serine2ide chain and backbone by just 
less than 1 A. The distance from the oxalo- 
succinate C2 carboxyl oxygen and the C 1  

c2rboxyl oxygen to the bound calciurn is 2.3 
A. In the resulting complex, the mutated 
s ~ d e  cham at residue 210 is still oriented to 
facilitate elimination of the p carboxjl, but 
with a distance of approxi~nately 4 A from 
the iunreactive terminal ~nethylene carbon of 
the methionine side chzin to the substrate, 
as opposed to the 2.6 A distance from the 
lysine amino group to the substrate carbonyls 
seen in the wild-type binary complex (12). 

The largest protein lnovenlent 111 the active 
slte is the return of Thrl" and Asn115 to 
their orlginal positions in the uncomplexed 
state. This rnovement corresponds to the 
release of the nicotinam~de ring and ribose 
from well-ordered bound positions after hy- 
dride transfer. 

Consistency with kinetic studies. For 
solving the structure of a rate-limited inter- 
mediate by means of Laue crystallography 

Table 2. Rate constants in souton were determned as descrbed (16, 20). Potassium oxalosuccinate 
(OSA) was prepared (24), and the concentrations of a-ketoglutarate and OSA were determned (75). The 
rates of dehydrogenation of socitrate (k,,,,,,) In the presence of NADP were measured by montoring the 
change in absorbance at 340 nm. The rate k,,,,, was measured as an initial klnetlc burst by stopped-flow 
spectroscopy; the rate forYl6OF k,,,,, is assumed to be equivalent to the overall forward rate, In that no 
burst is observed under these conditons. The reverse rate of reduction of oxalosuccinate (k,,,) were 
measured in a smiar fashion by measurng the disappearance of NADPH at 340 nm. The decarboxyatlon 
of oxalosuccnate (k,,,,,) was measured spectrophotometrically at 240 nm. The overall forward rate 
constant exceeds the measured rate of conversion of oxalosuccinate to a-ketogutarate (when oxao- 
succinate is used directly as a substrate in the assay) for wild-type enzyme and K230M because of a 
slower on-rate for the Intermediate than for the natural substrates of the overall reacton. Therefore, rate 
studies with oxalosuccnate provide a relative comparison of indivdual rate-barriers for separate enzyme 
species, but do not lndcate the absolute rate of this step when socitrate IS bound and converted to 
a-ketogutarate. Rate constants In the crystal were measured spectrophotometrically as described In Fg. 
3, by mounting ndvidua crystals in flow cells, applyng varyng substrate concentrations to the crystals, 
and monitoring the production of product In the effluent on a spectrophotometer with a dead-end 
continuous-flow cuvette (NSG Precson Cells). Overall ntal  steady-state kinetics may be measured in 
the crystal, but not individual rate constants. Cacuaton of the rate of product production from the 
enzyme crystal, compared to the number of molecules measured to populate the internal volume of the 
crystal demonstrate that the entre popuatlon is catayicay actve (Fg. 3). 

Enzyme species 

Kinetic 
constant Wild type Yl6OF K230M 

Soln. Crystal Soln. Crystal Son. Crystal 

D-isocitrate to a-ketoglutarate (overall forward) 
76.2 38.3 0.31 1 0.276 

0.01 1 2.8 0.0096 0.230 

D-isocitrate to oxalosuccinate 

Oxalosuccinate to D-isocitrate 
1.72 0.053 0.031 
2.81 0.562 6.135 
0.61 0.094 0.005 

Rate limits 

Oxalosuccinate- Isocitrate- 
NADPH NADP' 

Soln. Crystal Soln. Crystal 

Oxalosuccinate- 
NADPH 

Son. Crystal 

ti,, (ms) 9.1 9.3 2228 251 1 81 5 889 
Rate pariition > I 0  >10 > lo3  > lo3 > lo2  > lo2 
-The rate pari~tion IS an estmate of the ratlo of the lndvdual forward rates lead~ng lnto and out of the rate-mlted enzyme 
complex. For the wld-type and K230M enzymes, thls IS the ratlo of the lnlt~al burst knet~c rate over the steady-state rate: 
for Y160F t IS conser?iat~veIy est~mated as the wld-type steady-state rate (whlch should reflect the slowest poss~ble on 
rate for substrate b~ndng)  over the mutant's rate of dehydrogenaton of the Mchael~s complex. B o d  type ndcates 
effected ra te-m~t  for each site-drected mutant 
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and steady-state intermediate accumulation, 
it is necessarv to determine: (i) the overall ~, 

rate and biniling constants in the crystal 
cornpared to values in solution, (ii) whether 
turnover occurs throughout the interior vol- 
iune of the crystal or only at the enzyme 
molecules fo~und at its surface, (iii) whether 
a given enzyme species is truly rate-limited 
at a single specific reaction step, allowing 
the homogeneous accu~nulation and obser- 
vation of distinct intermediate states differ- 
ent from substrate and product, and (iv) the 
rate of diffusion and binding in the crystal. 
Our studies (Table 2 and Fig. 3) ,  show that 
crystals of the mutant enzyme species may 
be saturated through the continuous presen- 
tation of substrate with a flow cell, and that 
a specific intermediate accumulates for each 
that may be observed crystallographically as 
described above. The crystallographic data 
described are consistent with kinetic studies 
on the enzyme. 

The overall forward rate constants of the 
wild-type enzyme and both mutants has been 
measured in the crystal (Table 2). For both 
mutants, the maximum turnover rate was 
approximately 90 percent of maximal rate in 
solutlon, whereas the apparent binding con- 
stants were all about 20 times higher because 
of cornnetition with sulfate for binding. The - 
site-directed mutants both turn over at a rate 
leaa than 1 s-' and form saturated, steady- 
state substrate complexes in the crystallo- 
graphic flow cell. Calculations of the rate of 
production of product in these experiments, 
co~npared to the number of enzyme mole- 
cules in the crystals (determined by activity 

Fig. 3. Summary of rate 
studles In the crystal. - 
Based on the ndivldual $ 100 
rates shown in Table 2, g 
the calculated concen- 2 
tration of the rate-Ilmlted 5 50 
intermedate s~ec les  111 8 i 

measurements and total protein determina- 
tions from dissolved crvstals after kinetic 
measurements as describkd in Fig. 3) ,  dem- 
onstrate that the enzvme is binding substrate 
and turning over throughout the &dy of the 
crystal rather than only at the surface. 

The two catalytic steps after production 
of the initial ternary M~chaelis complex are 
each freely reversible and separable from one 
another, with oxalosuccinate proposed to act 
as a substrate for the reverse hydrogenation 
reaction and for the forward elimination re- 
action. Therefore we can measure the rates 
not only of the overall forward and reverse 
rate constants. but also the location and 
magnitude of a rate change in the overall 
pathway of a mutagenized enzyme species 
relative to the wild-type catalyst. These stud- 
ies indicate that the two site-directed mu- 
tants. Y160F and K230M. are amenable to 
steady-state Laue experiments. Each mutant 
displays an approximate wild-type rate con- 
stant for one half-reaction with oxalosucci- 
nate as substrate, but a substantial rate de- 
crease for the other half reaction, producing 
two different rate-limited intermediates. 

The K230M mutant effects the dehydro- 
genation step at a slightly slower rate and is 
extremely slow to catalyze the elimination of 
the B carboxvl. The ratio of the rate of 
forlnktion to the rate of degradation of oxa- 
losuccinate, which forms the partition driv- 
ine the accumulation of this intermediate is 

'7 

greater than lo', and the overall rate con- 
stant is 0.85 s-'. Converselv. the Yl6OF 
mutant displays a wild-type rat; of decarbox- 
ylation, but is slowed during the inltial hy- 

. . 
for elther mutant (ex- 
pressed as the percent- 

' I ; ["'/ 
/ S T  ------r -- 

age of total active sltes n 5 10 15 
the crystal) is greater than Time (seconds) 
95 percent at steady 

- B 

c 

2 0.3 
a 

-10 0 10 20 30 
Time (seconds) 

state. (A) and (C) represent the background concentrations of c 
the catalflic specles directly precedng and subsequent to the - 0.6 
rate-mited step, respectively. The time-dependence 1s based 
on measured rates of dlffuslon in the crystal. (6) The rate of 

0'5 

diffuson and formation of the steady-state rate-mited complex ; 0.4 

in the crystal was measured by slngle-crystal light absorbance 0.3 
spectroscopy, which is sensitive to the accumulation of reduced % 0,2 
NADPH in the crystal. This sgna is observable as the production 
of vsibe yellow color n the crystal produced by bound NADPH 3 O.l K230M 

/~ 

and is particularly intense for the enzyme mutant K230M, which 
is rate-imted after the reduction of NADP ' . Substrate diffusion -30 0 30 60 90 
and binding n the crystal was monitored with a CCD color video Time (seconds) 

camera (Javen). (C) Turnover rates and Michaelis binding constants were determined for both mutant 
enzyme species both in solution and In the crystal as descrbed in Table 1. Varying concentratlons of 
substrate (lsocitrate), and a constant saturating concentration (1 00 mM) of NADP+, and Mg++ artiflcal 
mother liquor (40 percent saturated ammonum sulfate at pH 7.5) were apped  to the crystal In a flow cell 
at a rate of 2 m/min. After saturation of the crystal, a reproducible linear rate of Increase in the absorbance 
of the effluent at 350 nm was measured for each mutant (26). 

dride transfer and formation of oxalosucci- 
nate by more than lo', with an overall rate 
constant of 0.311 s-l. In this case the rate- 
limited soecies is the initial ternarv Michae- 
lis complex, based on the slow rate of hy- 
dride transfer compared to the unchanged 
substrate binding constants and the on-rates. " 
Thus, both mutants are very slow, and are 
severely rate-limited at two sequential inter- 
mediates within the overall reaction. The 
structures and ligand interactions of each 
enzvme mutant, both uncom~lexed and 
b o u h  with isocitrate, are is'omorphous 
with the wild-type enzyme, indicating that 
the structural changes caused bv these mu- 
tations are largelyYlimited to ;he loss of 
specific chemical groups at these side 
chains (16). Each mutant appears to fol- 
low a catalytic mechanism unchanged 
from the wild-type enzyme, but slowed 
down at a single clearly identified reaction 
step resulting from the loss of a reactive 
group at the end of a side chain. 

The reduction of NADP+ to NADPH in 
the first reaction step provides a spectro- 
scopic marker that may be used for the 
determination of substrate diffusion rates 
leadine to accumulation of the rate-limited 

'7 

complex throughout the crystal. Single-crys- 
tal visible absorbance studies indicate that 
diffusion of sustained saturating concentra- 
tions of substrates throughout the crystal 
and the resulting formation of the steadv- - 
state complex takes approximately 10 to 15 
seconds (Fig. 3). Direct spectroscopic mea- 
surement of the accumulation of reduced 
NADPH in the crystal also confirms the 
a c c u m ~ ~ l a t i o ~ ~  of different, and distinctive 
catalytic species in the active sites of the two 
enzyme mutants. As predicted by the kinetic 
rate studies siunmarized in Table 2, crystals 
of K230M show a broad absorbance peak 
that indicates the accumulation of a rate- 
limited co~nplex containing reduced 
NADPH rather than NADP+. Crystals of 
the tyrosine mutant Y160F, however, do not 
exhibit as substantial a color change even 
though they turn over at a rate comparable 
to that of K230M because the rate-limiting 
step is the production of NADPH. 

Structural studies of catalvtic interme- 
diates by means of mutagenesis and Laue 
diffraction. Active site mutations together - 
with Laue crystallography were used to ob- 
serve two intermediates on the reaction 
pathway of isocitrate dehycirogenase. One 
of these intermediates is the long-postulat- 
ed (but never observed) oxalosuccinate in- 
termediate. the other is an intermediate 
that is formed just before hydride ion trans- 
fer. Both of the mutant enzvlnes studied are 
active and catalyze the overall reaction over 
109i1nes Inore effectively than under non- 
enzylnatic conditions. Nevertheless, the 
pathway is slowed at two key catalytic steps, 
thus allowing the accumulation of two 111- 
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termediates that otherwise never build up 
to an appreciable concentration. Because 
many wild-type enzyme catalysts have 
evolved to operate very efficiently, with 
turnover rates much faster than 1 sP1 and 
with few extreme energy barriers between 
sequential intermediates, such strategies are 
increasingly important for the application 
of time-resolved crystallography to the 
structure determination of important en- 
zyme intermediates. This is because typical 
strategies for dr~ving the synchronized ac- 
cumulation of a specific intermediate dur- 
ing a single turnover event, such as flash- 
photolysis of a caged substrate molecule, are 
dependent on a finite rate of substrate bind- 
ing and induced conformational changes 
after photolysis. That rate will often not be 
fast enough to synchronize accumulation of 
a specific intermediate throughout the crys- 
tal, particularly when there is no single 
predominant rate-limiting step. However, 
the techniques of site-directed lnutagenesis 
and kinetic analysis provide an alternative 
strategy that allows for the accumulation 
and isolation of various catalytic intermedi- 
ates for structure determination. 
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