
The pseudowords wm matched to the d words in 
probability of occumna of each individual kncr. 
The kttcr strings consisted of colwwlams. The filse- 
font chancnrs wm composed of contiguous curved 
and dght- l ine  scgmcnts designed m be at once 
d i s s i i  from any of the alphabetical symbols, but 
cquivalcnt in the content of primitive visual f c a ~ r c ~ .  
Each character was gcncratad on a 7 by 5 pixel grid. 
AU four stimulus sets war matched in avcragc 
numba of pi& illuminated; vertical, horizontal, 
and oblique conmufs; and approximately matched 
in curvature, c o r n ,  and line scgmcnt intascctions. 
These stimuli were p m t e d  once pcr second with 
an on-time of 150 ms. 

14. The area of kft, medial tanpod cortex activated by 
visually p-ted words and pscudowords was 
composed of scvcral identifiable foci of blood flow 
change. The scnmtactic atlas coordinates of thee 

foci wac bvcd on our system of anatomical localiza- 
tion with PET. The coordinates (2, x, y) wac  for 
d words: (+2, +29, -53), (+2, +21, -63), and 
(+6, +21, -41) for pseudowords: (+4, +23, -65) 
and (-47, +4, +19). 

15. For a recent rcvicw of priming and human memory 
systans see E. T h g  and D. L. !3hactm, Science 
247,301 (1990). 

16. M. I. Posna, J. Sandson, M. Dhawan, G. L. 
Shulman, J .  Cogn. N W ~ .  1,50 (1989). 

17. Supported by NIH (NS 06833, NS 25233, HZ 
13851) and the Md)onnell caner for Studies of 
Higher Brain Function of Washington University. 
Wc thank M. Posncr for his comments and H. 
Messma for manuscript preparation. 
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Electrostatic and Steric Contributions to Regulation 
at the Active Site of Isocitrate Dehydrogenase 

The isochate dehydqmase ofEscherichia coli is regulated by covalent m&cation at 
the active site rather than, as expected, at an allostaic site. As a means of evaluating the 
mechanism of regulation, the kinetics of the substrate, 2R,3S-isochate, and a 
substrate analog, 2R-malate, were compared for the native, phosphorylated, and 
mutant enzymes. Phosphorylation dccl.eases activity by more than a factor of 1@ for 
the true substrate, but causes minor changes in the activity of the substrate analog. The 
kinetic d t s  indicate that eleurostatic revulsion and steric hindrance between the 
phosphoryl moiety and the y carboxyl grot& of 2R,3S-isocitnte are the major causes 
of the inactivation, with a lesser contribution tiom the loss of a hydrogen bond. 

C OVALENT REGULATION, PARTICU- isocitrate, a compound (2R-malate) retain- 
larly by phosphorylation, is ubiqui- ing the reactive groups of 2R,3S-isocitrate, 
tous in biological systems (1). The but lacking the y carboxyl that interacts with 

discovery of covalent modification at the the phosphoryl moiety, might bind and 
active site (2) raises questions concerning serve as a substrate for the phosphorylated 
the mechanism of regulation. Phosphoryl- enzyme (Fig. 1). 
ation of a Ser113 completely inactivates the Indeed 2R-malate, which has the same 
isocitrate dehydrogenase (IDH) of ficherich- 
ia coli (3-5) by preventing isocitrate binding 
(6) and without signifi&t  conformation^ 
changes (7). Substitution fbr Ser'13 by as- 
partate and glutamate also inactivates IDH, 
whereas substitutions by other amino acids 
do not (5, 6). It was postulated that electro- 
static factors may play a dominant role in 
inactivation (9, and calculations suggest 
that such a repulsion could explain the find- 
ings (2). 

Given the uncertainties in the electrostatic 
calculations on complex surfaces (8), inde- 
pendent corroborative evidence is required 
for assessing the relative contributions of 
various hctors. To do this, the kinetic prop 
erties of a substrate, 2R,3S-isocitrate, and a 
substrate analog, 2R-malate, were compared 
with the use of native, phosphorylated, and 
mutant enzymes. Since catalysis occurs at 
the a and p carboxyl groups of 2R,3S- 

3 vmrmt of Molrmlv and Cdl Biology, University of 
fornia, Bakdey, CA 94720. 

Arg 119, 

chirality as 2R,3S-isocitrate, is a substrate 
for IDH, whereas 2s-malate is not. As 
expected, the Michaelis constant (K,) of the 
substrate analog is larger, and the maximum 
velocity is smaller than for the natural sub- 
strate isocitrate (Table 1). However, 2R- 
malate is also a substrate for the phosphory- 
lated enzyme, whereas 2R,3S-isocitrate is 
not. In fact, phosphorylation has little effect 
on the Michaelis constant for 2R-malate 
(Table 1). Whereas substitutions with dif- 
ferent amino acids for Ser1l3 have dramatic 
effects on the kinetic constants for 2R,3S- 
isocitrate, the effects on the kinetic constants 
for 2R-malate are much smaller. Thus, direct 
interactions between the y carboxyl group - 
of isocitrate and the side -chain of residue 
113 are primarily responsible for the regula- 
tion of IDH activity (Fig. 1). 

The effects of phosphorylation can now 
be addressed quantitatively. Approximately, 
twofold changes in the isocitrate Michaelis 
constant and maximum activity can be at- 
mbuted to the loss of the hydrogen bond 
with the y carboxyl group of isocitrate as 
determined by the replacement of Ser113 
with danine (Vm/Vma.s, = 0.08; Km-~lsI 
Km.* = 1.8 (5). The aystallographic struc- 
tures show that overlaps between the Van 
der Waals radii of the side chains of gluta- 
mate, aspartate, phosphoserine, tyrosine, 
and lysine at site 113, and the y carboxyl 
group of isocitrate are possible (2). The 
tyrosine and lysine residues, which have 
large overlaps, cause decreases in VIK, by 
factors of 8.5 x ld and 3.5 x Id, respec- 
tively (Table 1). The positively charged ami- 
no group of lysine may have an activating 
effect, but this is probably small because the 
amino group is so far removed fiom the y 

Fig. 1. 2R-malate (shaded Arg 129 

spheres) and 2R,3S-isoci- 
trate (shaded and dashed 
spheres) in the active site of 
IDH. The y carboxyl group L I 

of 2R,3S-hcitrate (dashed 
spheres) hydrogen bonds to 
Ser"', which is also the site 
of phosphorylation. The a, 
B, and carboxyl groups of 
2R,3S-isociaate hydrogn 
bond to three Arg 19, 

and ArglS3. The a 
carboxyl group and a hy- - .  
droxyl group are &elated to -. 
a magnesium ion associated .---. a , 
with Aspm3 and Asp307 and ; .:a. 

the B carboxyl group$dro- 
gen bonds to Tyrl and H I HO 
Lys2". During catalysis, the 
loss of a proton from the a 
hydroxyl group and the 
transfer of the hydrogen ser 1 1 3  

tyr I ~ U  

from the a carbon to nice 
tinamide adenine dinucleotide phosphate (NADP) d t s  in dehydrogenation. The loss of the p 
carboxyl group as C02 is followed by protonation of the p carbon to form a-ketoglutarate. 

Lys 230 
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carboxyl group of 2R,3S-isodtrate. Fig. 2. The demonstration that 2R-malate is an Residue at Site 11 3 

Replacements with aspartate and glum- alternate substrate for D H  by means of native 

mate, which are smaller but carry single ~ ~ l ~ a c r ~ l h d e  gel el-~horcsis (11) of ? 
fied mutant enzymes. The gel was 7.5 percent P 

negative charges, cause changes in V'Km acrylamide with 2.5 percent bis and 0.1 M tris m x 
n ' Z " L ' '  factors of 7 X ld and 2 x I@, respectively base with boric acid to pH 7.8. The running E w 3 2 

(Table 1). The glutamate side &ain is one buffer was 0.05 M tris base with boric acid to H 
1 

CH2 group longer than &at of aspartate, 7-8. &pm*at+ 0-2 * of protein in 5 d o f  Protein stain 
10 percent glycerol with 0.002 percent bromo- 

but yields a slighrl~ more active enzyme' p h o l  blue were on lane and iJ Coomasie blue 
P m a b l ~ ,  the extra CH2 of the ed to elcmopholaja at 20 V I a  at about 0.03 A - - - - - @ 
dutarnate increases the distance between the for 45 min at 4°C. Coomassic blue was used as a " 
two repulsive groups. This suggests that P I D ~ ~  (25 percent ~ S O P ~ P ~ ~ O A  10 Percent 

steric hindrance is less important.than the acetic acid, 0.05 percent Coomassic blue fbr 1 
hour and d&ed with 10 percent acetic acid). 

electrostatic effects for these substitutions. ne gels were washed in tris-Hc1 p~ 7.6, for 1 
Because the phosphoserine is as bullor as hour. and then stained for cnzvrnc activity (0.1 M 

A 

tyrosine and carries two negative &&, a tris-HCI, pH 7.6, with 0.25 & ni&li~m 
factor of 10' fa steric hindrance and a $ ~ ~ . O z d ~ ~ \ e n ~ M ~ - & ~ ~  ---- 
factor of ld for electrostatic c&m may 2R,3S-uodbpte or 20 mM Mga2 mM 
give a net factor of104 x lo5 = lo9. This is 2R-rnalae (14, until blue b d s  a p w  as a 
consistent with the complete inactivation of result of the precipitation ofnitmtemmlium blue 
the enzyme that is observed. Thus, both and phenazine ~ ~ ~ e t h d t e  when reduced the 

steric and electrostatic effects make impor- NADPH active deh*v 
tant conaibutions to inactivation by &- 

Actlvlty stains 

2R Malate 

m 2R,3S lsocitrate 

phorylation. 
Native polyaaylarnide gel electrophoresis 

of the mutant enzymes provides a test to 
eliminate the possibility that 2R-malate is a 
substrate for a contaminating dehydrogen- 
ase. The mobilities of the mutant enzymes 
are altered when the neutral SerU3 is re- 
placed by amino acid residues with charged 
side chains. Yet the bands on gels stained for 
2R-malate dehydrogenase activity follow 
those of the protein stain precisely (Fig. 2). 
Any contaminating enzyme that happened 
to have the same mobility as the native wild- 
type enzyme would have failed this test. 

Geh stained for IDH activity support 
these conclusions and reveal an interesting 
feature of phosphorylated enzyme. Phos- 
phorylated IDH is prepared directly h m  
the active native enzyme, which is a dimer 
(4-6). The mobilities of the bands stained 
for 2R-malate dehydrogenase activity and 
Coomassie blue protein stain coincide. 
However, when stained for IDH activity 

with 2R,3S-kocitrate, the band appears re- 
tarded and comigrates with those of the 
glutamate and aspartate mutants (carrying 
two extra negative charges per dimer, as 
opposed to four). This suggests that the 
IDH activity can be ascribed to a hetero- 
dimer with only one phosphorylated sub- 
unit. Moreover, the Michaelis constant to- 
ward kcitrate (Table 1, footnote) is similar 
to that of native enzyme. The absence of 
IDH activity stain at the position occupied 
by the Illy phosphorylated dimer indicates 
it is completely inactive, as predicted fiom 
the kinetic results. The previously described 
activities (5) of the aspartate and blutamate 
mutant enzymes were compromised by the 
presence of small amounts of the wild-type 
enzyme. Here, the aspartate and glutamate 
mutant enzymes were harvested h m  a 
strain carrying a deletion eliminating all of 
the chromosomal IDH gene (strain JLK1). 
The residual IDH activities of these mutant 

enzymes were not caused by contamination 
because their relative electrophoretic mobil- 
ities, as indicated by staining for IDH activi- 
ty, are identical with those of the protein 
stain (Fig. 2). 

The kinetic evidence reported here con- 
firms that phosphorylation of a serine imme- 
diately adjacent to the active site of IDH 
regulates activity by direct interactions with 
the substrate at the active site. A major 
factor is the electrostatic repulsion between 
the negatively charged ph;osphoryl group 
and the negatively charged y carboxyl group 
of kcitrate. Steric hindrance between these 
groups also plays a role. Both factors may be 
important in other enzymes. For example, 
tyrosine kinase pp34, which plays a central 
role in the cell cyde, contains the Gly-X-Gly- 
X-X-Gly of a typical ATP biding domain 
and is inactivated by phosphorylation of a 
tyrosine at the third X site (9). Other kinases 
may be regulated by similar mechanisms. It 

Tabb 1. Kinetic parameters of mutant enzymes toward 2R,3S-isodnan and 25 mM MOPS, 100 mM NaCI, 2mM DTT, 2.5 mM NADP, pH 7.3 at 
2R-malate. Sitedirected mutanm were introduced into plasmid pTK513 (4) 2S°C. Thc range in concentration of 2R,3S-kocitrate was from 2 to 200 
by the uridine-labeled template method (13) and screened by did- mM in the presence of 5 mM MgC12, and the range for 2R-date was fiom 
sequencing (14). The enzymes w a  puritied by the method of Gamak and 3 mM to 100 mM in the presence of 50 mM MgCl2. Each sandvd error is 
Reeves (15) with minor mod%cations (4,5). Initial rates were determined in no more than 10 percent of its respective &te. 

Observed parameters Paramenrs normalized to Ser"' 

Residue at 2R,3S-Isocitrate 2R-Malate 2R,3S-Wmte 2R-Malate 

site 113 
Km V- Km v,, Km v,, Km v~ 

( W m m g )  ( W )  (WminT?) ($1 Vmus~r &sc, Vm.x~er ~ m s c r  
- 

Ser 77600 5.2 7.3 6700 1 1 1 1 
PhospheScr * * 0.1 11500 0.014 1.7 
Glu 85 950 2.0 9700 0.0011 183 0.27 1.4 
ASP 45 2300 11.0 16200 0.0006 444 1.5 2.4 
LYS 2500 600 0.5 22200 0.0320 115 0.07 3.3 
T Y ~  730 420 2.7 48400 0.0094 81 0.37 7.2 

*Dinxt mezsurrmem of the phosphoryhtd ~ g a y a  V-of 110 ~ 1 n i n m g a n d a K ~ o f 7 . 1  ~.~~K~value,unlil;cthoacofdvASP~ndGlurnuanr,iEbsm 
h a t  of the wild type and suggaa that this resr ual activity is c a d  by approximately 0.1 percent drphosphotylatcd enzyme in the prcparadon. 
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is also possible that an enzyme could be 
activated when phosphorylated at an active 
site, if the substrate contains a positively 
charged group. Thus, covalent modification 
at the active site provides an alternative 
mechanism to the allosteric mechanism 
demonstrated for phosphorylase (10). 

Site-directed mutagenesis provides a 
means to analyze the mechanisms by which 
the phosphorylation of serine residues regu- 
lates protein function. Substitution with as- 
partate or glutamate should reveal the mag- 
nitude of the electrostatic effects, while sub- 
stitution with bulky residues, such as tyro- 
sine, should analyze the steric effects. The 
approach becomes particularly p o w e h l  if a 
combination of substrate analogs and muta- 
genized protein is used to evaluate the quan- 
titative contribution of each factor. 

REFERENCES AND NOTES 

1. E. Krebs, in The Enzymes, P. D. Boyer and E. G. 
Krebs, Eds. (Academic Press, New York, ed. 3, 
1986), vol. 17, pp. 3-18; A. M. Edelman, D. K. 
Blumenthal, E. G. Krebs, A N N U .  Rev. Biothem. 56, 
567 (1987). 

2. J. H.  Hurley, A. M. Dean, J. L. Stohl, D. E. 
Koshland, Jr., R.  M. Stroud, Science 249, 1012 

(1990). 
3. D. C. LaPorte and D. E. Koshland, Jr., Nature 305, 

286 (1983). 
4. A. C. Borthwick, W. H. Holms, H .  G. Nimmo, Bur. 

I .  Blothem. 141. 393 11984). 
5. 6 .  E. ~horsness' and D. E. 'Koshland, Jr., J. Biol. 

Chem. 262, 10422 (1987). 
6. A. M. Dean, H.  I. Lee, D. E. Koshland, Jr., ibid. 

264, 20482 (1989). 
7. J .  H.  Hurlev, A. M. Dean, P. E. Thorsness, D. E. 

Koshland, ~ r . ,  R. M. Stroud, ibid. 265, 3599 
(1990). 

8. R. A. Albetty and G. G. Hammes, J .  Phys. Chetn. 
62, 154 (1957); G. G. Hammes and R. A. Alberty, 
ibid 63, 274 (1958); I .  Klapper, R. Hagstrom, R.  
Fine, K. Sharp, B. Honig, Proteins 1, 47 (1986); M. 
K. Gilson, K. A. Sharp, B. Honig, J .  Comp. Chem. 
9, 327 (1988). 

9. K. L. Gould and P. Nurse, Nature 342, 39 (1989). 
10. E. J. Goldsmith, S. R. Sprang, R. Hamlin, N:H. 

Xuong, R. J.  Fletterick, Science 245, 528 (1989); D. 
Barford and L. N. Johnson, Nature 340, 609 
(1989). 

11. A. M. Dean, D. E. Dykhuizen, D. L. Hartl, Mol. 
Bzol. Evol. 5, 469 (1988). 

12. H .  C. Reeves, Biothim. Biophyi. Acta 258, 27 
(1972). 

13. T. A. Kunkel, Proc Natl Acad. Sti. U . S .  A .  82, 488 
(1985). 

14. F. Sanger, S. Nicklen, A. R. Coulsen, ibid. 74, 5463 
119771 

15. M. ~ a r n a k  and H.  C. Reeves, J .  Biol. Chem. 254, 
7915 (1979). 

16. We thank M. E. Lee for help in the purification and 
initial characterization of s;veral e&mes, and the 
Markep Charitable Trust and NSF for financial 
support 

10 April 1990; accepted 12 July 1990 

Presence of a Potent Transcription Activating 
Sequence in the p53 Protein 

The p53 gene is frequently mutated in a wide variety of human cancers. However, the 
role of the wild-type p53 gene in growth control is not known. Hybrid proteins that 
contain the DNA binding domain of yeast GAL4 and portions of p53 have been used 
to show that the p53 protein contains a transcription-activating sequence that 
functions in both yeast and mammalian cells. The NH2-terminal 73 residues of p53 
activated transcription in mammalian cells as efficiently as the herpes virus protein 
VP16, which contains one of the strongest known activation domains. Combined with 
previous data that showed p53 is localized to the nucleus and can bind to DNA, these 
results support the idea that one function of p53 is to activate the transcription of 
genes that suppress cell proliferation. 

T H E  CELLULAR PROTEIN ~ 5 3  IS IN- 

volved in normal cell growth control 
and in transformation. It was orig- 

inally identified as a protein that forms a 
stable complex with the SV40 large tumor 
antigen and the adenovirus E l b  protein (1). 
In many transformed cells, p53 is found 
with a much increased half-life and in corre- 
spondingly elevated concentrations (2). Al- 
though introduction of p53 into primary 

cells was shown to result in immortalization 
and (in cooperation with an activated uas) to 
result in transformation (3), experiments 
have shown that these p53 genes contained 
mutations (4). The wild-type p53 gene is 
incapable of transforming cells and can in- 
hibit transformation by mutant p53 genes 
and other oncogenes (5). In addition, mu- 
tant versions of the p53 gene are found in a 
large variety of human tumors, and the 
encoded proteins may inactivate the wild- 

Department of Microbiology, School of Medicine, State type P~~ protein inactive 'ligo- 
University of New York at Stony Brook, Stony Brook, meric complexes (6). Thus wild-type p53 is 
NY 11794. classified as a tumor suppressor gene or 
*To whom correspondence should be addressed. recessive oncogene, whose inactivation can 

lead to the transformation process (5, 6). 
The biochemical mechanisms by which 

p53 acts in cell proliferation are as yet 
unknown. The protein is mainly localized to 
the nucleus and at least some fraction of the 
protein appears to be associated with chro- 
matin or the nuclear matrix (7). The p53 
protein is multiply phosphorylated ( 8 )  and 
is capable of binding to double-stranded and 
single-stranded DNA (9). In cotransfection 
assays with a reporter gene containing the 
long terminal repeat (LTR) promoter of an 
intracisternal A particle, p53 was able to 
increase the activity of the reporter gene 
(10). However, these experiments did not 
provide evidence that p53 specifically affect- 
ed transcription, nor did they show whether 
the observed enhancement was a direct or 
indirect effect of the transfected p53. Al- 
though p53 may function as an activator of 
transcription, a direct test of this function 
cannot be performed in the absence of 
knowledge of its target genes. We now show 
that p53 has an activating domain by con- 
structing hybrid proteins between portions 
of p53 and a heterologous DNA binding 
domain, in this case the DNA binding do- 
main from the yeast protein GAL4. 

For assaying transcriptional activation in 
yeast, we used strain GGY1:: 171 ( I f ) ,  
which is deleted for GAL4 and contains an 
integrated GALI-lac2 under the regulation 
of the GAL4 protein (Fig. 1A). The source 
of p53 sequences was the plasmid pR4-2 
(12), which contains a cDNA copy of a 
mutant p53 mRNA from the human A431 
cell line. The mutation is His instead of Arg 
at residue 273, which has also been observed 
in breast and colon tumors (6) .  We con- 
structed five plasmids (13) encoding GAL4- 
p53 hybrids that could be expressed in yeast 
(Fig. lB), using as a parental vector the 
plasmid pMA424 (14). Vector pMA424 
contains the yeast ADHl promoter fused to 
a fragment of the GAL4 gene encoding the 
NH2-terminal domain (amino acids 1 to 
147) of GAL4. This region of GAL4 (desig- 
nated is capable of localizing to the 
nucleus and binding to specific sequences 
upstream of the GAL1-lacZ gene, but will 
not itself activate transcription (15). Thus P- 
galactosidase activity is a measure of the 
activating function of the sequences fused to 
the DNA binding domain. In addition, 
pMA424 carries sequences for selection in 
yeast and for replication in high copy. As 
controls, we used the GAL4 DNA binding 
domain alone and the entire GAL4 protein. 

The wild-type GAL4 protein activated sig- 
nificant transcription of the GAL 1 -1acZ gene, 
and hybrids containing the first 137 amino 
acids, 346 amino acids, or all (393 amino 
acids) of the p53 protein activated to vary- 
ing degrees, ranging from approximately 
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