
Regulation of an Enzyme by Phosphorylation 
- 

at the Active Site 

The isocitrate dehydrogenase of Escherichia coli is an 
example of a ubiquitous class of enzymes that are regulat- 
ed by covalent modification. In the three-dimensional 
strudure of the enzyme-substrate complex, isocitrate 
forms a hydrogen bond with Ser113, the site of regulatory 
phosphorylation. The structures of Asp113 and Glu113 
mutants. which mimic the inactivation of the enzvrne bv 
phospho'rylation, show minimal conformational LhangLs 
from wild type, as in the phosphorylated enzyme. Calcula- 
tions based on observed structures suggest that the 
change in electrostatic potential when a negative charge is 
introduced either by phosphorylation or site-directed 
mutagenesis is sufficient to inactivate the enzyme. Thus, 
direct interaction at a ligand binding site is an alternative 
mechanism to induced conformational changes f'rom an 
allosteric site in the regulation of protein activity by 
phosphorylation. 

P ROTEIN PHOSPHORYLATION IS OF CENTRAL IMPORTANCE IN 

metabolism, signal transduction, and many other cellular 
processes (1). Yet the three-dimensional structures of both 

the phosphorylated and dephosphorylated states are available for 
only two enzymes, glycogen phosphorylase (2) and isocitrate dehy- 
drogenase (IDH) [threo-D,-isocitrate : NAD(P) + oxidoreductase 
(decarboxylating); E.C. 1.1.1.421 (3, 4). Phosphorylation of glyco- 
gen phosphorylase enhances activity by means of long-range confor- 
mational changes (2). An understanding of the structural basis of a 
very different response in isocitrate dehydrogenase, complete inacti- 
vation by phosphorylation (5 ) ,  has been hindered by the lack of 
knowledge of the active site. In order to locate the active site in 
relation to the phosphorylation site, we determined the structure of 
a complex of dephosphorylated IDH with magnesium isocitrate. 

Inactivation by phosphorylation of Ser1I3 in IDH is mimicked 
when aspartate (6) or glutamate (7) is substituted at this site. In both 
cases, the binding of isocitrate is inhibited (7, 8).  To clarify the 
mechanism of inactivation, we determined the three-dimensional 
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structures of the S113D and S113E mutants and compared them 
with those of the phosphorylated and dephosphorylated enzymes. 

Structure determination. To obtain a crystalline complex of 
IDH with substrate and to determine unambiguously the metal 
binding site, IDH crystals (3) were soaked in solutions containing 
isocitrate and either Mg2+ or Mn2+. X-ray reflection data were 
collected to 2.5 A resolution (Table 1). The metal ion was located at 
the largest peak (11 a) in an [F,(Mn) - F,(Mg)]acalc Fourier 
difference map, with phases calculated from the refined structure of 
free IDH. [F,(Mn) - F,(free)]acalc and [F,(Mg) - F,(free)]acalc 
difference maps showed a large negative peak (-16 a) at the 
position of water-417 in the free enzyme, an indication that this 
water was displaced in the substrate-bound enzyme. Water-417 was 
removed and the Mg2+ ion was placed at the major peak in the 
[F,(Mn) - Fo(Mg)]acalc Fourier difference map. Before refine- 
ment, an R factor of 0.239 was calculated with respect to amplitudes 
for the Mg isocitrate complex. This structure was then refined (9)  to 
an R factor of 0.184. The 2R,3S-isocitrate, which is the biologically 
relevant isomer (lo), was placed in an [Fo(Mg) - Fc]acalc difference 
map (Fig. 1) with amplitudes and phases calculated from the refined 
Mg complex structure, and the structure was refined to a final R 
factor of 0.176. The S113D and S113E mutants were crystallized as 
for wild type (3), and data were collected in the absence of ligands. 
The aspartate and glutamate side chains were located in [F,(mutant) 
- F,(WT)]acalc difference maps (Fig. 1) with phases calculated 
from wild type, and the structures were refined to final R factors of 
0.163 at 2.8 A and 0.179 at 2.4 A, respectively. Crystals of the 
S113E mutant were soaked in the same solution of Mg2+ isocitrate 
that was used to obtain the wild-type enzyme-substrate complex. 
The S113E enzyme-substrate complex structure was built starting 
from structures for free S113E and the wild-type complex, adjusted 
with the aid of [Fo(S113E complex) - Fc(S113E free)]aCalc (Fig. 
1) and [F,(S113E complex) - Fc(WT complex)]acalc difference 
maps, and refined to an R factor of 0.168 at 2.5 A. 

Structure of the enzyme-substrate complex. Isocitrate binds in 
a pocket between the two major domains of IDH, in which both 
subunits of the dimer participate (Fig. 2). Hydrogen bonds (2.6 
A < d < 3.1 A) are formed between isocitrate and Ser1I3, Arg1I9, 

ArgIs3, TyrI6O, L ~ s ~ ~ ' '  [the prime sign ( I )  indicates the 
second subunit], and two bound water molecules. The Mg2+ is 
coordinated by isocitrate, Asp283', Asp3'', and two bound water 
molecules in a roughly octahedral manner. The coordination of 
Mg2+ to the a-carboxylate and the hydroxyl oxygen 0 7  of isocitrate 
positions the metal ion to play the key role in catalysis (11). 
Structural changes from the unliganded enzyme are local, the largest 
being movements of the side chains of Arg1I9 and by as much 
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as 2.1 in which the guanidino groups approach each other and the 
isocitrate molecule more d d y .  
Sttvcaucs of phoqhylahn site mutants. No atom of the 

active site residues 115, 119, 129, 153, 160, 230, 283, or 307 
moves more than 0.8 A between the S113D and S113E mutants 
and wild-type IDH (Fig. 3). The root-means-square shifts fix active 
site residues excluding SerH3 are 0.25 A and 0.21 4 respectively. 
The movements of TyrI6O and Wat4I7 observed in phosphorylated 
IDH (4) do not occur in S113D and S113E; TyrI6O and wat4I7 
occupy positions in the S113D and S113E stnunurs more similar 
to the dephosphorylated enzyme than the phosphorylated or sub  
strate-bound tbrms. In contrast to d t s  reported for the HPr 
protein (12), in which similar shifts in txwdmmional NMR 
specna indicated similar sauccural changes on phosphorylation or 
replacement ofserine by aspactate, structural changes on phospho- 
rylation of IDH are not mimicked by the S113D replacement. These 
structural changes thedore cannot be the cause of inactivation. 'Ihe 
hydroxyl oxygen o f ~ ~ r ' ~  in phosphorylated IDH is 0.5 A tiom the 
same atom in the substrate-bound structure, but 0.9 A away h m  
this atom in the S113D and k structures. The observation that the 
confbrmation of Tyr160 in the substrate-bound form is similar to 
that in the phosphorylated form is W e r  evidence that small 
confbnnational changes seen on phosphorylation (4) are inessential 
for regulation. 

The relative activities of uncharged and positively charged site- 
dirrcrrd mutants at position 113 (6-8) can be explained by the 
observation that the phosphorylatable serine fbnns a hydrogen bond 
with isocitrate. Threonine can still form a hydrogen bond, but must 
rotate because of steric hindrance of Cy by Va1116, and thus the 
hydroxyl is moved to a less favorable position. Alanine cannot fbrm 
a hydrogen bond, but may acconmdate a water molecule near the 
position occupied by Oy of serine in wild-type IDH. Cysteine, 
tyrosine, and lysine are likely to be sterically dvorab le  fbr 
isocitrate binding because ofthe size of these side chains. Models for 
S113C and S113K mutants, both of which have reduced but sizable 
activities, appear able to accommodate W m t e  binding solely by 
rotations of the side chain at residue 11 3. However, a tyrosine side 
chain at residue 113 cannot be acconmdated without both main 
chain and side chain adjustments. Stecic dis~ption of binding by 
tyrosine and lysine side chains, comparable in size to a serine 
phosphate, accounts for an additional reduction in &ty. The 
relatively small changes in the activity of the uncharged and 
positively charged mutant enzymes can be accounted fbr by the 1- 
of a hydrogen bond and dvorab le  steric interactions. This 
qgests that the large loss in activity that occurs on phosphoryl- 
ation must have a large electmsatic component. 

Despite the very low &ty of the S113E mutant tbr isocitrate at 
physiological pH and ionic strength (7, isocitrate binds to this 
mutant at the high ionic strength (6.9 M) and high isocitrate 
concentration (100 mM) used to obtain a crystalline complex. 
Isodtrate is sterically accommodated in the active site by movements 
of up to 1.6 A by both the Glu113 side chain and the y-carboxylate of 

Fig. 1. (A) Isocitrate in ckaron density (bluc) h n  a [Fo(Mg) - F.1- 
*a map at 2.5 A nsdudon with amplitudes and phascs calm- 
laad from a smuturc rrfinod afta induding Mg?+ but nut isocitratc. 
[Fo(Mn) - Fo(Mg)]h di&rcncc density is shown in red. Maps arc 
dlsplayed with FRODO (18), contoured a 5 u and superimposed on thc 
~smuturcofthcMg2+~tntccompkx.Gpsses*tethcmal  
ion and adjacent water molccuks. X-ray intensity data wcre colktcd fbr 
IDH crystals s o w  fbr at least 3 hours in solutions of 100 mM 2R, 3S- 
isocimc acid (monopomsium salt, Sigma), either 10 mM MgS04 or 10 mM 
MnCIz, 100 mM NaCl, 35 mM Na2HP0, 2 mM MT, and 0.02 pacent 
NaN3 in 50 perant saturated (NH&S04, at pH adjusted to 6.0 with 
comcotraated N W H .  Local scaling (19) was uscd fbr 1 map calculations. 
(B) At 2.8 A resolution [Fo(S113D) - Fo(wild type)]- di&ma map, 
contoured a 3.5 a and s u p a h p o d  on thc relined snucnur of thc S113D 
mutant. (C) At 2.5 A resolution, [Fo(S113E k) - Fo(wild type)]- 
d i & r m c c m a p ~ 0 n ~ a t 4 a a n d ~ ~ p e r i m ~ o n t h c r e l i n e d ~  
of the S113E mutant. (D) At 2.5 A resolution [Fo(S113E complex) - 
Fc(S113E k)]%, diflkncc map contoured at 23 u and superimposed 
on the d n c d  snucnur of thc S113E complex. Blue and red indicate positive 
and negative *a density, respcctivcly. 
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isocitrate (Fig. 3). The y-carboxylate becomes more mobile in the 
S 11 3E complex, with B factors increasing from 32 to 38 in the wild- 
type complex to 45 to 50. The 04 of isocitrate is within 3.0 A of 
Glu113 in the complex, but the geometry is not favorable for 
formation of a hydrogen bond by a protonated form of either 
isocitrate or G ~ u " ~ .  The unfavorable geometry for isocitrate binding 
in the active site of S113E may lead to a reduced affinity for the 
substrate even under conditions in which the role of electrostatic 
interactions is expected to be minimal. 

Electrostatic effect of phosphorylation on isocitrate binding. 
To determine whether a direct electrostatic interaction with the 

substrate could account for the effect of introducing a negative 
charge at position 1 13, we used numerical solution of the Poisson- 
Bolamann equation as developed by Honig and co-workers (13) to 
calculate the change in the electrostatic free-energy of binding of the 
magnesium (Mg2*) isocitrate complex produced by either phospho- 
rylation or replacement of serine by aspartate or glutamate (14). 
Magnesium and isocitrate bind to NADP+-dependent IDH as a 
complex (15). Calculations were based on the structure of the S 1 13E 
enzyme-substrate complex. Model structures of phosphorylated 
IDH and S113D com~lexed with isocitrate were also built on the 
basis of the structures of substrate-bound wild-type IDH, and of 
phosphorylated IDH and S113D in the absence of substrate. When 
the M ~ ~ +  isocitrate structure is superimposed on the phosphorylat- 
ed IDH and S113D structures to construct a model complex. . , 

distances from the y-carboxylate of isocitrate to the nearest phos- 
phate or carboxylate oxygen of residue 113 are less than 2.4 A. 
When rotations in main chain and side chain torsion angles for " 
residue 113 are allowed, in a manner similar to that seen in the 
crystal structure of the S113E complex, a complex with either the 
phosphorylated or S 11 3D enzymes-can be accommodated without 
unreasonablv close contacts. 

The calcuiated change in electrostatic free energy of binding of 

Fig. 2. (A) Mg2+ isocitrate bound in the active site of IDH. Hydrogens are 
shown for illustrative purposes where hydrogen bonds between enzyme and 
substrate are thought to occur. Dashed lines indicate likely hydrogen bonds 
or salt bridges. Residues of the second subunit are indicated by a prime. Fig. 3. (A) Structures of substrate-bound IDH (yellow), and unliganded 
Water molecules are not shown. (B) Space-filling model of the active site of IDH (blue), phosphorylated IDH (red), S113D (magenta), and S113E 
IDH, showing the same view as (A). For the enzyme, carbon is colored (cyan). (B) Structures of substrate-bound S113E (purple) and wild-type 
black, oxygen red, and nitrogen blue. Isocitrate is colored pink and Mg2' IDH (yellow), and unliganded S113E (cyan), showing the movements of 
yellow. the Glu'I3 side chain and the y-carboxylate of isocitrate. 



Table 1. Crystallographic statistics. ALL x-ray intensity data were collected with a Nicolet area detector and reduced with the XENGEN package (16). 
Structures were refined with WLOR minimization (9)  and manual rebuilding into (2F, - F,),,,,, electron density maps. Energy parameters were obtained 
from the CHARMM library (17) normally used with WLOR, except that van der Wads parameters were added for Mg2+ and improper angles for the two 
chiral centers of isocitrate were calculated from the small molecule structure (10). R,,,,, = CIF, - F,IEF,, where reflections with FIu(F) > 1.0 and d < 5.0 A 
were used in refinement and R factor calculation. The percentage of reflections with FIu(F) > 1.0 is shown for all measured reflections. R,,,,, = 211,-<I>l/ 
C<I>, summed over all observations from all crystals. Space group: P43212. Cell dimensions: n = b 105.1 A; c = 150.3 A. 

Unique reflections Total Reflections Abond Aangle Resolu- 

Possible Collected Obser- Flu(F) > 1.0 R merge R,,,,, rms rms tion 

(N) (Y vations (%) (A) ((ha (A) 

Mg complex 30274 29506 111257 78.6 0.144" 0.176 0.019 3.4" 2.5 
Mn complex 30274 13048 31102 88.9 0.094 2.5 
S113D free 21721 20711 89070 79.5 0.204" 0.163 0.016 3.3" 2.8 
SII3E free 34306 27716 67344 82.6 0.099 0.179 0.016 3.1" 2.4 
S113E complex 30274 26412 6225 1 83.8 0.093 0.168 0.016 3.1" 2.5 

*Data were collected for onlv one crystal each for the MnZ+ complex and both S113E suuctures; three crystals each were used for collection of the other two data sets. All cq~stals 
used for data collection weri at least 0.7 mm along the largest dimension, except for S113D crystals, which grew to no larger than 0.3 mm along the largest dimension. 

Mg2+ isocitrate to S113E is A(AGbind) = +21  kcalimol (Table 2). 
Calculations were repeated for alternative model-built structures to 
determine the dependence of A(AGbind) on structural changes. 
Models A. B. and C are based on maximal shifts of residue 113 or , , 

isocitrate which move negative charges as far apart as possible, 
rotating only the y-carboxylate of isocitrate and the main chain and 
side chain at residue 113. In alternative models for phosphorylated 
IDH and S113D, A(AGbind) is + 5  to +13 kcalimol. These calcula- 
tions, although dependent on the use of the linearized Poisson- 
Boltzmann equation and the assumption that the polarizability of 
the protein interior is homogeneousand isotropic, suggest that the 
change in electrostatic potential could account for the large observed 
decrease in affinity for isocitrate. 

Protonation of AspH3, Glu1I3, or phospho-Ser"3 could substan- 
tially affect conclusions based on calculations of A(AGbind) for the 
ionized forms of these side chains. Given the concentration of 
positive charge near residue 113 (ArgH9, ArgIz9 , Ar g 153 , a n d  
L~s '~") ,  it is unlikely that  AS^"^, GluH3, or phospho-Ser1'3 are 
predominantly uncharged at neutral pH, although phospho-~er"3 
might be predominantly singly ionized. If one negative charge is still 
present on phospho-Ser"3, A(AGbind) for isocitrate binding to the 
singly ionized species is one-half the value calculated for the doubly 
ionized serine phosphate in the linear Poisson-Boltzmann equation, 
if no assumption is made as to which phosphate oxygen is protonat- 
ed. The tribasic metal-isocitrate complex is the principal substrate of 
NADP+-dependent IDH (15). Protonated forms of isocitrate are 
believed to be kinetically unimportant under normal circumstances 
(151, but the metal-isocitrate complex has a pK, of 5.7 (15); thus it 
cannot be ruled out that a protonated form is the principal substrate 
of S113D, S113E, and phosphotylated IDH. The low level of 
activity remaining for the S 1 13D and S 1 13E enzymes (7) may be 
due to a small concentration of either singly protonated metal- 
isocitrate complex or protonated AspH3 or GluH3 (7). This might 
account in part for the apparent discrepancy between the observed 
and calculated values for the electrostatic contribution to A(ACblnd). 

In contrast to regulation of glycogen phosphorylase, in which 
phosphotylation far from the active site induces long-range confor- 
mational changes. I D H  demonstrates that phosphotylation can act 
directly at a substrate binding site without inducing large structural 
changes. In IDH, the phos~horylatable serine is also an active site 
residue, demonstrating that it is possible for a protein kinase to act 
at the active site of an enzvme. Electrostatic potential calculations 
based on the structure of tile enzvme-substrate complex and com- 
parison to results of site-directed mutagenesis lead to the conclusion 
that the loss of a hydrogen bond with isocitrate and a combination 
of electrostatic and steric interactions between the serine phosphate 

Table 2. Electrostatic potential change A@ at each fully charged atom in the 
Mg2+ isocitrate complex, and the change in electrostatic free energy of 
binding for Mg2+ isocitrate A(AGbind), between each model and the wild- 
type dephosphorylated enzyme. A(AGbind) = CqiAQi, summed over all full 
charges in the Mg2+ isocitrate complex. Atoms 0 1  and 0 2  belong to the a- 
carboxylate, 0 3  and 0 4  to the y-carboxylate and 0 5  and 0 6  to the @ -  
~arbox~rlate of isocitrate. "Crystal" refers to the calculation based on the 
crystallographic structure of the Mg2+ isocitrate complex with the S113E 
mutant. Model A is derived from the superposed structures of S113D and 
the wild-type Mg2+ isocitrate complex by rotating the y-carboxylate as far as 
possible from residue 113, into an eclipsed conformation. In model B, the 
Asp1I3 side chain is moved as far as reasonably possible from isocitrate by a 
combination of main-chain and side-chain rotations. Models C and D are 
based on the phosphorylated IDH structure. In model C, phospho-~er113 is 
moved as far as reasonably possible from isocitrate by a combination of main 
chain and side chain rotations. In model D, phospho-Ser"3 is moved by 
approximately one-half the distance in model C, sufficient to remove steric 
overlap between isocitrate and the phospho-Ser"3 side chain. 

A@ [kcaU(mol.e)] 
Atom 

Crystal A B C D 

*A(AGb,,d) = 21 + 1 kcaVm01 is obtained by averaging the calculated I q , A @ ,  = 22 
kcal/mol for A@, at the Glu1I3 side chain due to charges on M$' isocitrate and &A@, 
= 20 kcal/mole for A@, at M$' isocitrate due to charges on Glu113. As these two 
quantities are formally equal, the discrepancy is a measure of error in the finite- 
difference solution to the Poisson-Boltzmann equation. 

and isocitrate are responsible for inhibition of the enzyme. Numer- 
ous examples of proteins for which phosphorylation alters affinity 
for a ligand have been reported. Thus, regulatory covalent modifica- 
tion may act by two alternative mechanisms, modification at an 
allosteric site or direct interaction of a covalently modified amino 
acid with a ligand, whether a small molecule or a macromolecule. 
The extent of usage of these alternatives remains to be determined. 
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