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Secondary Tritium Isotope Effects as Probes of the Enzymic and 
Nonenzymic Conversion of Chorismate to Prephenatet 
Lia Addadi,t Eileen K. Jaffe,g and Jeremy R. Knowles* 

ABSTRACT: To obtain information about the degree of concert 
of both the nonenzymic and the enzyme-catalyzed rear- 
rangement of chorismate to prephenate, we have determined 
the secondary tritium isotope effects at  the bond-making 
position (C-9) and the bond-breaking position (C-5) of 
chorismate. The isotope effects were determined by the 
competitive method, using either [5-3H,7-14C]chorismate or 
[9-3H,7-14C]chorismate as the substrate. In the nonenzymic 
reaction (pH 7.5, 60 "C), kH/kT is 1.149 f 0.012 for bond 
breaking (C-9) and 0.992 & 0.012 for bond making ((2-5). 
This indicates an asymmetric transition state in which the new 
bond is hardly, if at all, formed, while the bond between C-5 
and oxygen is substantially broken. In the enzymic reaction 

x e  enzyme chorismate mutase catalyzes the conversion of 
chorismate (I) to prephenate (11) at  the branch point of the 
metabolic pathway for the biosynthesis of the aromatic amino 

OH 6H 

I II 
acids tyrosine, phenylalanine, and tryptophan. The reaction, 
which is formally a Claisen rearrangement, is particularly 
interesting, being one of a very small group of possible peri- 
cyclic processes in intermediary metabolism. The 3,3-sig- 
matropic rearrangement also proceeds thermally, and it has 
been calculated (Andrews et al., 1973) that the uncatalyzed 
reaction is accelerated by a factor of more than lo6 both by 
the chorismate mutase from Streptomyces aureofaciens 
(Gorisch, 1978) and by the bifunctional enzyme chorismate 
mutase-prephenate dehydrogenase from Aerobacter aerogenes 
(Andrews et al., 1973). From the known activation parameters 
for the uncatalyzed reaction, it is clear that the enzyme is more 
than just an entropy trap (Westheimer, 1962) since the value 
of ASs for the uncatalyzed process is equivalent to a factor 
of only lo3 in the reaction rate (Andrews et al., 1973). It has 
been proposed, however, that the rate enhancement may derive 
from (i) enzymic stabilization of the less stable ring confor- 
mation of chorismate in which the carboxyvinyloxy group is 
axial (Edwards & Jackman, 1965) [this has been calculated 
to be 7 kcal/mol less stable than the equatorial conformer 
(Andrews et al., 1973)] and (ii) the removal of the remaining 
rotational degrees of freedom of the axial conformer in the 
enzyme-substrate complex (Andrews et al., 1973). Other 
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(pH 7.5,30 "C), the values of kH/kT in both positions are unity 
within experimental error. It is most likely that the isotope 
effects are suppressed in the enzymic process and that the 
rate-limiting transition state occurs before the rearrangement 
itself. The kinetically significant transition state presumably 
involves either the binding step of the small equilibrium pro- 
portion of the axial conformer of the substrate or an isom- 
erization of enzyme-bound chorismate from the more stable 
conformer in which the carboxyvinyloxy group is equatorial 
to that in which this group is axial. Rearrangement would 
then proceed relatively rapidly from the higher energy axial 
conformer. 

factors, such as are known to affect the rates of pericyclic 
reactions (Evans & Golob, 1975; Gajewski, 1980; Burrows & 
Carpenter, 1982), cannot, however, be excluded. Some effort 
has been made to define the geometry of the transition state 
for the enzyme-catalyzed transformation by using substrate 
analogues designed to mimic the transition state (Andrews et 
al., 1977; Gorisch, 1978), but no direct evidence is yet available 
either on the stereochemistry of the rearrangement or on the 
symmetry of the transition state in terms of bond making and 
bond breaking. 

As part of an investigation of the mechanism of the chor- 
ismate mutase reaction, we have asked the question of the 
extent to which the reaction is concerted. For an uncatalyzed 
pericyclic reaction, there are three approaches to the problem 
of whether the process is concerted or stepwise. First, the 
stereochemical course of the reaction may be inconsistent with 
the predictions of the rules of orbital symmetry for concerted 
processes (Woodward & Hoffmann, 1970). This criterion 
cannot be used profitably for chorismate mutase: enzymic 
reactions are universally stereospecific, and both the possible 
stereospecific paths of the rearrangement of chorismate to 
prephenate (via a chair or a boat transition state) are "allowed" 
transformations. Second, the observed activation energy may 
be compared with that calculated for a stepwise reaction via 
a biradical intermediate, and a low experimental value may 
suggest some degree of concert. This approach is obviously 
unhelpful for a catalyzed reaction. Third, the degree of bond 
formation and cleavage at the transition state may be probed 
for the reaction centers undergoing a change in hybridization 
by studying the secondary hydrogen isotope effects at these 
centers. This is, in principle at  least, applicable to an en- 
zyme-catalyzed process. In the present case, C-9 of chorismate 
has two attached hydrogens and in the course of the rear- 
rangement changes its hybridization from sp2 to sp3. Deu- 
terium or tritium substitution at  C-9 should therefore accel- 
erate the rearrangement if the new bond is partially formed 
at the transition state. Conversely, C-5 has one attached 
hydrogen and in the course of the rearrangement changes its 
hybridization from sp3 to sp2. 5-Deuterio- or 5-tritio-labeled 
chorismate should therefore rearrange more slowly than the 
unlabeled molecule if the bond between C-5 and oxygen is 
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purchased from Sigma. Ribulose- 1,5-bisphosphate carboxylase 
from Rhodospirillum rubrum was purified to homogeneity 
by Dr. J. Sue following the method of Kornberg & Lascelles 
(1 960). Crystalline triosephosphate isomerase (chicken 
muscle) was prepared by Dr. J. Belasco according to h t m a n  
et al. (1972) and McVittie et al. (1972). 5-Enolpyruvoyl- 
shikimate-3-phosphate synthetase was partially purified from 
K. pneumoniae 62-1 by Dr. C. E. Grimshaw and S. G. Sogo 
and had a specific activity of 1.5 units/mg. Cell extract from 
E. coli 83-24 (Davis 1951) was prepared following the method 
of Floss et al. (1972). 

For the conversion of 5-enolpyruvoylshikimate 3-phosphate 
to chorismate, a cell extract from K. pneumoniae 62-1 was 
prepared as follows. Cells were grown as for the production 
of unlabeled chorismic acid and washed with 25 mM tris- 
(hydroxymethy1)aminomethane hydrochloride (Tris-HC1) 
buffer, pH 8.0, containing ethylenediaminetetraacetic acid 
(EDTA) (1 mM) and dithioerythritol (1 mM). The washed 
cells were resuspended in the same buffer (1 g wet weight/4 
mL of buffer) and broken in French press at 20 000 psi. Cell 
debris was removed by centrifugation (30 min, 37000g) and 
the supernatant was dialyzed overnight against 2 L of the 
above buffer. The protein concentration was 20 mg/mL. The 
extract was flash frozen in liquid N2 and stored at  -70 "C, 
under which conditions the activity was maintained for 3-4 
months. 

For the conversion of shikimate to chorismate, K.  pneu- 
moniae 62-1 ( 5  g, grown and washed as described above) was 
suspended in 0.5 M sucrose solution (1 5 mL), containing 50 
mM Tris-HC1 buffer, pH 8.0, dithioerythritol (1 mM), and 
p-toluenesulfonyl fluoride (0.1 mM). A solution of lysozyme 
(17 mg) in 0.1 M EDTA (1.7 mL), pH 8.0, was added, and 
the suspension was gently agitated at 0 OC for 30 min. The 
resulting spheroplasts were collected by centrifugation (20 min, 
ZOOOg), washed with 25 mM Tris-HC1 buffer, pH 8.0, con- 
taining EDTA (1 mM) and dithioerythritol (1 mM), and then 
broken with vigorous stirring ( 5  min) in the same buffer (20 
mL). The lysate was centrifuged (40 min, 37000g), and the 
supernatant was stored at  -70 OC. 

Chorismate mutase-prephenate dehydrogenase was isolated 
from E. coli JFM 30. This'strain contains a plasmid that 
encodes the enzyme, and at  least 8% of the total extractable 
protein is the mutase-dehydrogenase. The enzyme was par- 
tially purified as follows (Sampathkumar & Morrison, 1982a). 
Nucleic acid was precipitated from the cell lysate by treatment 
with MnC12, and manganese ion was removed from the su- 
pernatant by treatment with Chelex 100. The material was 
fractionated by ammonium sulfate precipitation (40-53% 
saturated) and then subjected to ion-exchange chromatography 
on DEAE-cellulose in 100 mM N-ethylmorpholine hydro- 
chloride buffer, pH 7.0, containing EDTA (1 mM), dithio- 
erythritol (1 mM), sodium citrate (1 mM), and glycerol (10% 
v/v), eluting with a linear gradient of KCl (0-0.5 M). The 
specific activity of the enzyme sample was 16 units/mg. The 
enzyme was stored in 0.1 M N-ethylmorpholine hydrochloride 
buffer, pH 7.0, containing EDTA (1 mM), dithioerythritol 
(1 mM), sodium citrate (1 mM), and glycerol (10% v/v) at  
-70 OC. The enzyme was stable under these conditions for 
several months without any loss of activity. 

Enzyme Assays. Chorismate mutase was assayed at 30 OC 
in reaction mixtures containing 50 mM N-ethylmorpholine- 
4morpholineethanesulfonate buffer, pH 7.5, containing EDTA 
(1 mM), dithioerythritol, (1 mM), bovine serum albumin (0.1 
mg/mL), and chorismate (0.4 mM) in a total volume of 3 mL. 
Chorismate consumption was followed spectrophotometrically 

partially broken at  the transition state. (We shall defer, for 
the moment, consideration of the question of allylic delocal- 
ization.) Both bond-forming and bond-cleaving processes can 
therefore in principle be probed, the magnitude of the effect 
on the reaction rate providing a measure of the extent to which 
the carbon center has changed its hybridization at  the tran- 
sition state. 

For enzyme-catalyzed reactions, however, attempts to ob- 
serve kinetic isotope effects may be vitiated because (for 
primary effects) the transition state(s) involving the isotope 
may be kinetically insignificant, or (for secondary effects) the 
rate-limiting transition state may occur before the step@) in 
which atom rehybridization takes place (Northrop, 1975). In 
such cases, one learns about the relative kinetic significance 
of different steps in the overall catalyzed reaction. A com- 
parison of the magnitudes of the isotope effects in the enzymic 
and nonenzymic reactions therefore provides information about 
the mechanism of catalysis. 

We report here the secondary tritium isotope effects de- 
termined by the competitive method with 14C-labeled material, 
for the rearrangement both of [5-3H]chori~mate and of [9- 
3H]chorismate, in the uncatalyzed thermal reaction and in the 
rearrangement catalyzed by chorismate mutase-prephenate 
dehydrogenase from Escherichia coli. 
Experimental Procedures 
Materials 

NaH14C03 (52 mCi/mmol), ~- [3-~H]glucose  (12.3 Ci/ 
mmol), and 3H20  (5 Ci/mL) were purchased from Amersham 
(Chicago, IL). DEAE-cellulose (DE-52) was obtained from 
Whatman (Clifton, NJ), AG1-8X (Cl- form, 200-400 mesh) 
and Chelex 100 (Na' form, 200-400 mesh) were from Bio- 
Rad (Richmond, CA), silica gel preparative thin-layer chro- 
matography plates (0.5 mm, 20 cm X 20 cm) were from E. 
Merck (Darmstadt, Germany), cellulose plates (0.16 mm, 20 
cm X 20 cm) were from Eastman Kodak (Rochester, NY), 
and ribulose 1,5-bisphosphate, shikimic acid, phenyllactic acid, 
and phosphoenolpyruvate were from Sigma (St. Louis, MO). 

Shikimate 3-phosphate was prepared by Dr. C. E. Grimshaw 
from fermentation of Aerobacter aerogenes A- 170-40 
(Knowles & Sprinson, 1970), a mutant deficient in 5-enol- 
pyruvoylshikimate-3-phosphate synthetase. Unlabeled 5-en- 
olpyruvoylshikimate 3-phosphate was prepared by the method 
reported earlier (Grimshaw et al., 1982). Unlabeled chorismic 
acid was isolated from the fermentation of Klebsiella pneu- 
moniae 62- 1 (formerly Aerobacter aerogenes 62-1; Gibson & 
Gibson, 1964) by modification of the method of Gibson (1968). 
Following ether extraction of the pooled column eluates, the 
chorismic acid solution was treated with animal charcoal and 
then filtered, after partial evaporation of the solvent under 
reduced pressure. Two recrystallizations (see below) from 
ether-methylene chloride-hexane ( 1 : 1 :2, by volume) gave 
crystalline chorismic acid (700 mg from 2 L of culture). The 
material was characterized by IH N M R  (Edwards & Jack- 
man, 1965), by thin-layer chromatography [silica gel GHLF 
plates from Analtech (Newark, DE) eluted with toluene-acetic 
acid (1 2:7 v/v); Rf 0.31, and by enzymic assay using choris- 
mate mutase (see below). Chorismic acid was stored as a dry 
solid at  -20 "C and was subjected to charcoal treatment and 
recrystallization before every isotope effect experiment. 

Phosphoglycerate kinase (rabbit muscle), glyceraldehyde- 
phosphate dehydrogenase (rabbit muscle), glycerophosphate 
dehydrogenase (rabbit muscle), enolase (yeast), phospho- 
glycerate mutase (rabbit muscle), hexokinase (yeast), trans- 
aldolase (yeast), pyruvate kinase (rabbit muscle), lysozyme 
(hen egg white), and glucose-dphosphate dehydrogenase were 



at its A,,, (275 nm. t = 2630 M cin ) Divided cuvettes 
were used to bdlance the protein absorbance dt 275 nni One 
unit of enzyme dctivitj is defined as the dmount ot e n q m e  
that will convert 1 pmol of chorismdte to prephenate in 1 min 
The same conditions were used to dssaj the chorismdte content 
of solutions. using I) 3 unit of enr\rrie in ,i totdl volurne of 3 
mL 

Ribulosebisphosphate carboxylase dctivi t >  was determined 
by the method of Rdcker (19621 One unit of enzyme is 
defined as the amount that w i l l  ionvert 1 fiitiol of ribulose 
1,5-bisphosphate to 2 clmol 01 l-phosphoplvcelcite i n  I i r i in 'it 
30 "1 

S-I-,nolpyruvoylshikimate-3-phosphdte \> nthetase dctirity 
and 5-enolpyruvoylshikiniate 3-phosphdte were 
described b> Grimshau et dl 

Glucose &phosphate wds determined by spectrometric 
measurement of h ADPH using giucose-h-phosphdte de- 
hydrogenase in solutions of 0 I M triethanolamine bicarbonate 
buffer, pH 7 h. containing MgCI- I 7 mM) and nC 41>P' 1 0  I 
mg/n i l  ) 

Erythrose 4-phosphate was determined bv the transaldolase 
assd\i \>f Rdcker I 1974) 

S j n f h e J i ~  o/ Labeled Substrates i i l )  ['-''( ]<horrrmc 
.4crd Ribulose- 1,5-bisphosphate carbox 
was dialyzed overnight against 2 I of cdrbondte-free I00 m M  
triethanolamine hydrochloride bulfei pH h iontaining 
MgC 1 r 2 O  m M ) ,  EDTA ( 4  m M  1 and dithioervthrizol I I 
m M )  Ihe recovered activity was I i unit,/rn1 l o  the 
eniyrne ( 1  unit) in the dbove buffer ( 3 in1 ) uere added fresh 
ribulose 1,s-bisphosphate (30 p m o l ~  &rid hatl'%. 0 ( i in( I 

19 prnol) rhis solution was kept for 3 h dt 3 0  'C under drgon 
and then dcidified w i t h  2 h HCi ( 0  -, in1 i The rwdun l  'C 0 
was collected in dn V 2  meain  in  I h I\i'iOH \ t ie r  the IJH 
of the reaction solution was adjustea L U  t 4 t t i t  producr. 3 
phosphu[ I-'4C]glycerdte, was purified u\i chroniatogrdph~ on 
a column 1 7  mLi of 4G1-8X equilibr'ited uiih 0 i h  mbt fiCI 
and eluted with a gradient (70 mL f ' 0  nil ot I f  16 100 mM 
HC1 The phosphoglycerate eluted dt 60 nib 
isolated I:) 9h't .wtd 41th ,I \ p x i t ? L  r'id-iu 
mC 11 mrno, 

3 -Pho~pho-u-~l - '~Cjg lycera t t "  w c i b  convzrted iri s i tu  IO 

phosphoenolpyruvate and coupled to shikinidte phosphdtz 111 

dn incubation comprising 20 m h l  trietndnoldmiric h j  dro- 
chloride buffer, pH 7 7 ( 4  mL)\  coiitdining MpSO, ( h  mV) 
ED?)\ L mkl).  shikirndte $-phosphate ( 5  m V j  A j - b i i  

phosphoglycerate (10 pM), 3-phosphuu-i I -  JC']glqwratt: < I 25 
niM. 24 6 mCi/mniol). enolabe (0 S unirj .  phosphoglhcerdte 
mutdse i 5 units). and S-enolpjruvoclsh!kini~te .-phosphart 
synthetdse (0 6 uni t  I The produLiiori 01 '-cndp\iru\ o j  1- 
shikimate 3-phosphate uas monitored di .!40 n:ii dnd leveled 
off after 15 Inin A i  this point, thc redLtiorl wds sropped b! 
boiling the volution for 2 m i n .  drid The cooled w l i i t i o n  k+a' 
dpphed to d column ( mL) of 1>E/kk2-ce/lulose equilibrated 
uith 20 ml.i hHH,HCOI and eluted \kith d iinedi prn~iznt (50  
mL t- 3 0  mL) ol 20-400 m M  I\rti4HCOi Phphoeno i -  
pyruvdre eluted at 215 rnM, shikimdtr i phosphatt qlj 3 2 5  
mM. and the product, ? - [ 7 -  'c j~noipqruvoylshikimdlr I 
phosphate I 80% yield. 24 2 ~nCi/rnol 1, nt 3 I I i n M  2 H,H( 0, 

.;-i ' 'i lEriolpvruvoylahikimdte 3 phosph'ite b v d ~  Loinerted 
to r7-"C lchorisniate by ddaption of the inethod 01 tloreli ei 
ai. (1967) The reaction mixture w m p r i d  100 I T ~ M  Iris-t ic1 
buffer, pH 8 0 (3 mL), containing ED1 4 ( U  3 inM 1,  dithio- 
erythritol ( i ( J  mM), kF I0 mXlj hlgh0, ( 1 0  rnhl 1 2 2Dli 
(10 p m o i ) ,  f 41) i ? prnolf ,  5-1 lenalpyrw ovish ik imdre  
3-phosphntr t i imol nppropridtcl-- 1 1 ~ ~ t i I d  t i  riqldbrled 

1982)  

material), and a cell-free extract or spheroplast lysate ( 1  mL) 
from k. pneumoniae 62-1 The mixture wds kept dt 37 O C  

in the absence of 0, for 7 5  min. the optimal incubation tinit" 
being determined for each batch of cell extract from the time 
at uhich the yield of chorismate was maximal The reaction 
uns stopped b) dcidification, the precipitated protein t + d \  

removcd after IS niin bq Leritrifugdtiun a1 (1 'C and t h t  
resulting supernatant was extracted into ether I 5 x b m L  1 J I  
3 *C .More than 70% of the 'C uas extracted into ethei Itie 
pooled etheral solution was evapordted tu dbout 1 1111 . 2nd 
unlabeled chorisinic dcid (30-70 mg) wds ndded The mlution 
vIas fiitered through Celite and animal charcoal, arid the s o  
iution wds further reduced b j  evapoiatioil t o  i n l i -  I tit  
dddition of Lold methylene chloride (e- in1 I LdUsed the 
chorismic acid to crystaliiLe When necessn~.  a zmdli qudnt~ti 
i<(t 1 nig) of seed crystal\ of unlabeled chorlsinic ~ c i d  wd:, 
added After nucledtion, cold hexane ( -- 2 1 n L )  \LdS d d c d  
\Iowlv, and the bolution w a s  then left d t  A J  "( 1 nc yield 
oi ~rjstdll ine chorismic ncid was 50-60'4 Sd\ed on ;-enoi- 
pjruvojlshikimdte 3-phosphate rhis reir~stallirdtion pro- 
cedure uds used in al] experiments inw)h ing  ihorisrnii dcid 
(8) J Y - ' H ] C  horitrrric a i d  ads synthesized ns  tollnus I he 

reaction mixture ( I  mL) comprised 100 mLI  potassium s u i  
Lindte buftei pi{ (1 2.. iontaming K F  (50 rtiLI) KIHPO, i 
in VI. bc)L tni: strurri dlburnin I 0 I nig, n ~ L  ). plio5phoenul 
pLrub,ite i 5 uriiol), ihikimdte 3-pho\phdtt 5 LLIW)~ t 'H20 { I 
< I ) ,  dnd ,-enolpjruvojlshikiriidte- i-phobphnte 54 nthetase I 
U n i t )  I h e  solution wds incubated a t  30 "i( f o i  h 11. ,nd the 
reaction ~ c d 5  terminated b j  heating to "i fon ! 0 rmn 'I hc 
tritidted water uas removed bq repeated hull!  to bulb ~ j i s t ~ l -  

lalion, dnd the product, ~ - [ c ) - ' H ] e i i o i ~ ~ ~ r u ~ o \ i ~ h i h i n ? d t u  2 

phosphate ( X O V  yield, 13 3 ~ L C  i:piiiolj ~ t i i i  p u r i f d  a \  de- 
bctibed abocc This material w d 5  c ' u n ~ c i t c ~ i  i n i t  I iJ- 'J i / -  
chorism,ite ns described above for thc l.ibeled ni'iteri'i 

v+d> prepared b) incubating u-[3-3H]g1uco>e ( 0  04  in(_ I ,  3) 
pinol) in 100 rnM triethjldnimoniurn bicdrbonatc buffer, pH 
- 6 (4  mi  ), containing KCl (0 1 \ IgS04 I O  mMj.  ATP 
i prnul), piiosphoenolpyr~vdte (10 pniolj. pyruvitr: kiridbe I" 

unit\) drid hexokin p r o d u ~ *  
n i s  purified c)r i  olurnn (-30 nil I oi I)I:4\t-~elluiosc 
eyuiiibrdted with 5 nib1 triethyldmmoriiurn bibd?'bi)iidte, pt 1 
_I I?, dnd eluted uith il linear grddieni I 200  r,il -t I'OO m l  
crt 5-200 inM triethjlamrnoniuni bicdrbondti ( 3  'H IGlucosc 
h-phoaphdtc eluted n i  h 5  m'vf buffer i9O'r ziekj. 10 n i (  I 

dation t u  [ l- 'Il]erjthruse 4-phosphate dcLuIding tu h e  ~ I I J -  

iwiure  o? Sieben et dl (1966) The prouuct mixtti te,  t t i c ,  

ethjldnmoniuni bicarbonate, pl i  7 b i r r i t )  -ontdmrip 
MgSi), [ q  rnLI) dnd \ A D P t  (4 pniolr. 'in& residua! 
piucaw tl-phosphate uds uxidized b j  t h c  dditioii ,>t glii 
<use-b-phosphate dehydrogenase (0 5 unit 1 n7id incub~tti~~n ii 

1,) "( unti l  the 1340nm ~ d 5  ionstant  The rriixturc, \td'i  i i i L i i  

,ipplied tu d column (20 mL)  ot DEAb-ielluiose eyuiiibrdrecl 
with 5 niM triethjlammonium bicdrbondtc 1.71-i I' h .ind elurer: 
with a linear grddierit (200 mL f 200 nil , i 2'0 m M  I ol :he 
\dine buffer t~[I-'H]L.rythrose 4-phosphdic eluted 'it 1 I c' 
!nM buffer and was  isoldted in 66'7 )ieM +tored /*I 
rrwiii temperdture to ininimm dimeriLdtioii ( Blxkniurc ci .I 
1Y7hi 

i i i  40 mM potassium phosphdte buffer. pH 
t'iiiiing MgSOJ (4  mlM). (-oCI2 (20 p M ) .  \AI) '  rh piri 
C7hosphoenolp\ruvate I 2 0  pnnl). ,Ins nged C C ~ !  ex:r,tk I 1 

( c )  [s-  C-horiJnlrr Acid 1)-[.3- '11 IGlucobe b-phosphdte 

( i  uni t )  for ,? h .t { I '  "I, 

,?mol),  dnd 10 pmol w d s  subjected tu  !e&! ;tAr u < I  

c\hiF)c)Tdtion 01 the d ~ e t ~ ~  dCid. ~ 2 5  di\solvd 11) I ii0 irlX1 11. 

I: 

u-11 -'H]Erqthrose 4-phosphate (0 3 pinol) uds incubated 
b ( 7  mi  ), con- 



C H O R I S M A T E  T O  P R E P H E N A T E  R E A C T I O N  

5 mg of protein) from E.  coli 83-24. After 1 h at  37 "C, 
NADPH (1 5 pmol) and a further portion of cell extract (0.5 
mL) was added, and the incubation was monitored at 340 nm 
for NADPH consumption (Floss et al., 1972). The product, 
[ 5-3H] shikimate, was purified on cellulose preparative thin- 
layer plates, eluting with 7:3 v/v 2-propanol:30% N H 4 0 H .  
Shikimate has an Rfof 0.35 in this system. The product was 
extracted from the plate into 50 mM triethylammonium bi- 
carbonate buffer in 20% yield. Repeated cocrystallization of 
a sample with unlabeled shikimic acid showed no loss of ra- 
dioactivity and confirmed the identity of the product. 

[S'HIShikimate ( -5  pmol) was incubated in 100 mM 
Tris-HC1 buffer, pH 8.0 (5 mL), containing EDTA (0.4 mM), 
dithioerythritol (10 mM), MgS04 (10 mM), KCl (50 mM), 
NADH (10 pmol), FAD' (5 pmol), ATP (2.5 pmol), phos- 
phoenolpyruvate (17.5 pmol), pyruvate kinase (2 units), and 
spheroplast lysate (1 mL) from K. pneumoniae 62-1 at 37 OC 
in the absence of O2 for 50-75 min (the optimum time being 
determined as described above). The product, [5-3H]choris- 
mate, was isolated and purified as described above for [7- 
14C]chorismate. 

To check that the 3H label was in the 5-position in this 
chorismate sample, a portion of [7-14C, 5-3H]chorismate (20 
mg; - 1 pCi/mmol of 'H; 3H:'4C ratio of 10.4) was dissolved 
in dry pyridine (200 pL), and acetic anhydride (200 pL) was 
added (Ife et al., 1976). After 20 min at  room temperature 
in the absence of 02, the acetic acid was removed under 
vacuum with added toluene, water (500 pL) was added, and 
the product was extracted into ether. The product, 3-[(1'- 
carboxyvinyl)oxy] benzoic acid, was purified by preparative 
thin-layer chromatography on silica gel [eluting with 1:6 (v/v) 
methano1:methylene chloride, Rf0.4] and had a 'H:14C ratio 
of 0.7. At least 93% of the 3H label in the [5-'H]chorismate 
was therefore in the 5-position. 

Met hods 
Ultraviolet measurements were made on a Perkin-Elmer 554 

spectrophotometer with an adjustable temperature control. 
Scintillation counting was performed on a Beckman LS 233 
instrument. Scintillation cocktails were made up with scin- 
tillation-grade toluene (Fisher, Rochester, NY), Biosolve 
(Beckman, Fullerton, CA), and Liquifluor (New England 
Nuclear, Boston, MA) (85:10:5, by volume). Counting ef- 
ficiencies were determined as a function of the "external 
standard ratio": calibration curves were periodically checked 
by using standard [3H]- and [I4C] hexadecane samples 
quenched with varying amounts of acetone. Typical counting 
efficiencies were 0.39 (channel 1) and <0.001 (channel 2) for 
3H, and 0.2 (channel 1) and 0.62 (channel 2) for I4C. 
Counting efficiencies were constant from sample to sample. 
Samples, typically containing (1-3) X lo4 dpm of 3H, were 
dissolved in water (200 pL) and scintillation cocktail (12 mL) 
and were counted for 3 X 10 min each; dpm values were 
calculated for 3H and for 14C from the average of the counts 
for the three counting cycles. Three separate samples were 
taken from each crystallization, and the mean of the 3H:'4C 
ratio was calculated. A weighted mean of the 'H:14C ratios 
was then calculated for the different recrystallizations, provided 
that the average value for a given recrystallization fell within 
the standard error of the mean value for all recrystallizations. 

Kinetic Isotope Effect Measurements. For each experiment, 
samples of doubly labeled [5-3H, 7-14C]- or [9-3H, 7-14C]- 
chorismate were prepared. The latter was produced by mixing 
the singly labeled 5-enolpyruvoylshikimate 3-phosphate pre- 
cursors and converting these together, by using the spheroplast 
lysate from K. pneumoniae 62-1, into chorismate. The former 
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was made by mixing [5-'H]shikirnate with 5-[7-14C]enol- 
pyruvoylshikimate 3-phosphate and converting these together 
(with the same enzyme extract) into chorismate. The ratio 
of 3H:14C was routinely between 5 and 7. The doubly labeled 
chorismic acid was diluted with unlabeled material (-70 mg) 
and recrystallized as described above, 3 X -0.2 mg of crystals 
(containing - lo4 cpm of 'H) being removed (after filtration 
and air-drying) for scintillation counting. The bulk was im- 
mediately recrystallized. Four recrystallizations (each in 
7 5 4 0 %  recovered yield) were normally performed, leaving 
-30 mg for the rearrangement reaction. 

For the chorismate mutase catalyzed reaction, the crys- 
talline chorismic acid was dissolved in 50 mM N-ethyl- 
morpholine-morpholineethansulfonate buffer, pH 7.5, con-, 
taining EDTA (1 mM), dithioerythritol (1 mM), and bovine 
serum albumin (0.1 mg/mL) at 30 OC to make a 4 mM 
chorismate solution. An appropriate amount of enzyme (-3 
units) was then added to effect - 50% conversion in 15 min. 
A portion of the incubation was monitored spectrophoto- 
metrically at 275 nm and frequently exchanged with the bulk 
reaction mixture. The measured A€ is 2340 M-' cm-'. At the 
appropriate extent of reaction, the mixture was cooled rapidly 
to 3 "C, and NaBH4 (10 mg in 1 mL of water) was added with 
stirring to reduce the prephenate. After 15 min, the solution 
was acidified to pH 1 with 2 N HC1 and left for 20 min at 
30 "C to convert the reduced prephenate to phenyllactic acid. 
Chorismic acid and phenyllactic acid were then extracted into 
ether, and 10 mg of each of the unlabeled compounds was 
added. The two acids were separated and purified on prep- 
arative thin-layer plates of silica gel, eluting with tolueneacetic 
acid (12:7 v/v; chorismic acid R, 0.30, phenyllactic acid R, 
0.50). Small amounts of p-hydroxybenzoic acid (R, 0.61) 
could also be detected. The silica samples containing chorismic 
acid and phenyllactic acid were each washed with hexane, and 
the compounds were then extracted from the silica into ether, 
and 30 mg of unlabeled material was added. Chorismic acid 
was recrystallized as described above, and phenyllactic acid 
was recrystallized from ether-hexane at  -20 OC. Each ma- 
terial was recrystallized at least 3 times, the 3H:14C ratio being 
measured after each crystallization. The variation of values 
from different runs of the same experiment is probably due 
to spontaneous decomposition of chorismate to fluorescent 
impurities which, even in tiny amounts, can influence the 
accuracy of the counting. Indeed, the scatter among samples 
from a given experiment consistently increased as the time 
between sample preparation and counting increased. For this 
reason, the time between sample isolation and counting was 
kept as short as possible. The extent of the reaction was 
obtained from the value of A275nm at the time of quench and 
was confirmed by enzymic assay of the remaining chorismate 
after the borohydride reduction. 

For the nonenzymic reaction, crystalline chorismic acid was 
incubated at 60 OC in the same buffer as that used in the 
enzyme-catalyzed reaction. The progress of the reaction was 
followed at 275 nm. Under these conditions, the t l lz  of 
chorismate is -35 min. The extent of reaction was determined 
both by spectroscopic measurements (apparent A€ 1860 M-' 
crn-': side reactions interfere in this case) and by using the 
rate constant determined by Andrews et al. (1973) of 26.5 X 

s-I. The workup procedure was as described above. In 
the thermal reaction, the ratio of prephenate to p-hydroxy- 
benzoate is -4. 

Results 
Isotopically labeled samples of chorismate [9-3H (l), S 3 H  

(2), and 7-I4C (S)] were synthesized enzymatically by using 
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the enzymes of the shikimic acid pathway. The routes followed 
are shown in Scheme I .  The tritium label was introduced into 
the 9-position of 5-enolpyruvoylshikimate 3-phosphate (4) by 
allowing it to equilibrate with shikimate 3-phosphate ( 5 )  and 
phosphoenolpyruvate (6 )  in the presence of P,, 5-enol- 
pyruvoylshikimate-3-phosphate synthetase, and tritiated water. 
It is known that incorporation of tritium occurs under these 
conditions a t  both vinylic positions in equal amounts (Ife et 
al., 1976; Levin & Sprinson, 1964; Grimshaw et al., 1982). 
For the synthesis of [5-3H]chorismate (2), [3-3H]glucose (7) 
was converted to [ l-3H]erythrose 4-phosphate (8), which was 
then transformed by an extract of E. coli 83-24 into [5-3H]- 
shikimate (9). This labeled shikimate was then converted into 
[ 5-3H]chorismate by a spheroplast lysate from K. pneumoniae 
62-1. The position of the label was confirmed by chemical 
conversion of [5-3H, 7-'4C]chorismate into 3-[( 1'-[i4C]- 
carboxyvinyl)oxy] benzoic acid (10) by the selective removal 
of the C-5 hydrogen in the aromatization of chorismate me- 
diated by acetic anhydride-pyridine (Ife et al., 1976). The 
3H:i4C ratio fell from 10.4 in the chorismate to 0.7 in the 
benzoate derivative, showing that at least 93% of the 3H label 
was attached to C-5 in chorismate. Finally, [7-14C]chorismate 
was made from phospho[ l-'4C]enolpyruvate (12) [obtained 
in situ from 3-phospho-~-[ l-'4C]glycerate (13)] and shikimate 
3-phosphate (1 1) in the presence of phosphoglycerate mutase, 
enolase, and 5-enolpyruvoylshikimate-3-phosphate synthetase. 
The product, 5- [7-14C]enolpyruvoylshikimate 3-phosphate, was 
then converted to [7-14C]chorismate (3) by using the lysate 
from K. pneumoniae 62- 1. 

Samples of doubly labeled chorismate were synthesized from 
the appropriate precursors on the day of the experiment and 
were crystallized to a constant 3H:14C ratio. When the pro- 
cedure described under Methods was used, the formation of 
oils and of amorphous precipitates (a frequent occurrence if 
published methods are employed) was eliminated. Four re- 
crystallizations. each in 75-80% vield, were performed in t 

day. The 3H:i4C ratio was stable after the second recrys- 
tallization. Purified, doubly labeled chorismate was then 
partially converted to prephenate, either at 30 "C in the 
presence of chorismate mutase or at 60 "C by a thermal 
reaction. The enzymic reaction was stopped (at about 50% 
conversion) after - 15 min, during which time the spontaneous 
breakdown of chorismate is less than 1.5%. After immediate 
reduction of the prephenate product with borohydride, the 
reduced prephenate was converted to phenyllactate in acid at 
30 "C. Under the same conditions, less than 0.5% of the 
chorismic acid decomposed. With this procedure, no detectable 
exchange of the hydrogens CY to the carbonyl group of pre- 
phenate occurs during the enzymic reaction or during workup. 
In the course of the thermal reaction (-30 min, 60 "C). 
however, some 15% loss of 3H from the product of the rear- 
rangement of [9-3H]chorismate was observed, due to the 
partial aromatization of prephenate to phenylpyruvate and the 
rapid enolization of the latter. The kinetic isotope effect for 
the uncatalyzed rearrangement of [9-3H]chorismate a t  60 "C 
was therefore evaluated only from the 3H:*4C ratio of the 
remaining chorismate. 

The remaining chorismic acid and the product phenyllactic 
acid were extracted into ether from acidic solution, and, after 
chromatographic separation, each was diluted with unlabeled 
material and subjected to repeated recrystallization to a 
constant 3H:14C ratio. Results from a representative reaction 
are presented in Table I .  The secondary kinetic isotope effects 
were evaluated from the following relationships (Ropp, 1960). 
For the recovered starting material 

k H / k T  = in ( 1  -A/[]. r'(1 -f)] 

and for product 
kH/kT = In (1 - f ) / ln  (1  - rf) 

where k H / k T  is the isotope effect,fis the fractional extent of 
reaction, r = (3H:14C in p r ~ d u c t ) / ( ~ H : ' ~ C  in substrate at start). 
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rangement of chorismate at  60 OC, kH/kT is 1.149 f 0.012 
for the bond-breaking site and 0.992 f 0.012 for the bond- 
making site. Estimation of the equilibrium isotope effects at 
60 OC [from the deuterium fractionation factors at  25 OC 
(Hartshorn & Shiner, 1972) and by using the Swain-Schaad 
relationship (Swain et al., 1958)] gives KH/KT = 1.36 and 
0.8 13 for the bond-breaking and bond-making sites, respec- 
tively. These results suggest that C-0 bond is about 40% 
broken at  the transition state, while the new C-C bond is not 
detectably formed. The extent of bond cleavage is consistent 
with a somewhat later transition state for the reaction of 
chorismate compared with that of allyl vinyl ether: the 
chorismate reaction is expected to be less exergonic due to the 
loss of conjugation of the ring double bonds in chorismate 
(Andrews & Haddon, 1979). Further, we should expect 
greater delocalization from the ring ?r electrons of any putative 
intermediate deriving from heterolytic or homolytic cleavage 
of the chorismate C-0 bond. Our results do not signal any 
detectable formation of the new C - C  bond, though it is not 
possible to state that the rearrangement of chorismate is a 
stepwise process. What is clear is that at  the transition state, 
the incipient C-C bond is hardly, if at  all, formed, while the 
C-0 bond is substantially broken. 

Chorismate Mutase Catalyzed Rearrangement. For the 
enzymic reaction, we find (Table 11) that the secondary tritium 
isotope effects are both unity within experimental uncertainty. 
These results can be interpreted in two ways. First, we might 
conclude that the isotope effects are expressed but are unde- 
tectably small. A secondary tritium isotope effect determined 
by the competitive method necessarily evaluates the effect of 
Vm,,/Km (Simon & Palm, 1966) and therefore senses any 
change in the nature of the carbon-hydrogen bond that has 
occurred between the starting material (free chorismate) and 
the transition state of the rate-limiting step. The equilibrium 
isotope effects at  30 "C for the two positions in chorismate 
are estimated to be 1.43 and 0.775 for the bond-breaking and 
bond-making sites, respectively. [These values are derived 
from the data reported by Hartshorn & Shiner (1972) and 
are gratifyingly close to estimates of 1.48 and 0.78 based upon 
the experimental results collected by Cleland (1 980).] Since 
an isotope effect of 1.15 is observed for the bond-breaking 
position in the nonenzymic reaction, the transition state would 
have to be improbably "early" to account for the observed 
enzymic values of 1 .O. That is, if the isotope effects are fully 
expressed, we should have to postulate a transition state for 
the rearrangement so early that virtually no bond making or 
breaking had yet occurred. This is unlikely. 

The second explanation is that the isotope effects are sup- 
pressed because the rate-limiting transition state precedes the 
isotopically sensitive step. As discussed below, this would not 
only account for the observed isotope effects of 1 .O but would 

Table I: Values of the 3H:14C Ratio in the Uncatalyzed Thermal 
Rearrangement of [ 5-3H,7-14C] Chorismatea 

crystal- weighted 
compound lization 3H:14C mean 

chorismic acid 1 5.681 f 0.077 5.749 f 0.010 
before reaction 2 5.755 f 0.018 

3 5.750 f 0.014 
4 5.737 f 0.021 

remainin after 2 6.166 f 0.014 
3 6.150 f 0.037 

chorismic acid 1 6.119f 0.025 6.164 f 0.013 

reaction E 
phenyllactic acid 1 5.183 t 0.028 5.205 f 0.017 

product 2 5.219 f 0.022 
3 5.172 f 0.051 

a pH 7.5,60 "C. Extent of reaction, 42.8%. 

and r' = (3H:14C in recovered ~ubs t ra te ) / (~H: '~C in substrate 
at  start). 

The isotope effects were measured by comparing the specific 
radioactivity ratio in the starting material both with that of 
the recovered substrate and with that of the reaction product 
(however, see Table 11, footnote b) .  These two independent 
determinations were always in good agreement. 

In Table 11, we report the secondary tritium kinetic isotope 
effects for the enzymic and nonenzymic rearrangement of 
[9-3H]- and [5-3H]chorismate. The errors given for r and  J 
are statistical errors which reflect the reproducibility of the 
measurements. 

Discussion 
Nonenzymic Thermal Rearrangement. Secondary deuter- 

ium isotope effects have been determined for a number of 
Claisen and Cope rearrangements, and the values obtained 
have been used to define both the earliness (or lateness) of the 
transition state and the degree of concert of the process 
(Gajewski, 1980; Humski et al., 1970; McMichael & Korver, 
1979; Gajewski & Conrad, 1979). For both the archetypal 
aliphatic and aromatic Claisen rearrangements (involving allyl 
vinyl ether and allyl phenyl ether, respectively), the deceler- 
ating effect of deuteriums at  the C-O bond-breaking position 
was larger than the accelerating effect of deuteriums at  the 
C-C bond-making position. Thus, in the rearrangement of 
3-oxa- 1,5-hexadiene (allyl vinyl ether) at  160 OC, Gajewski 

Comparison with the estimated equilibrium isotope effects of 
1.27 and 1.16, respectively, indicates an early transition state 
(Gajewski & Conrad, 1979) and suggests (if we assume a 
linear relationship between isotope effect and bond order) that 
the C-0 bond is about one-third broken while the new bond 
is about one-sixth formed. 

The results in Table I1 show that in the uncatalyzed rear- 

& Conrad (1979) found kH/kCD = 1.092 and kGD/kH = 1.025. 

Table 11: Tritium Kinetic Isotope Effects on the Nonenzymic and Enzymic Rearrangement of [ S3H,7-14C]- and [9-'H,7-"'C]Chorismatea 

rearrangement of 3H label r' r reaction (%) k ~ l k ~  
position extent of 

1.106 f 0.004 0.909 f 0.002 50.1 1.149 f 0.012 
5 1.072 f 0.003 0.905 f 0.003 42.8 
9 1.003 f 0.003 b 48.3 0.992 f 0.012 
9 0.989 + 0.004 b 43.7 

enzymic 5 0.987 f 0.003 0.984 f 0.004 39 1.003 f 0.020 
5 1.010 f 0.004 0.983 f 0.005 25 
5 0.984 f 0.002 1.014 f 0.003 68.9 
9 1.005 f 0.005 0.988 * 0.003 46.5 1.012 f 0.004 

nonenzymic 5 

r' and r are as defined under Results. Under the conditions of the thermal reaction, the tritium label is not stably bound in the product 
due to enolization. In this case, therefore, the isotope effect is obtained only from the specific radioactivity of the recovered substrate. 



also be consistent with a mechanistic pathway in which 
chorismate binds to the enzyme, and the enzyme-chorismate 
complex then suffers a slow (isotopically insensitive) confor- 
mational change that brings the carboxyvinyl group axial. this 
step being followed by the sigmatropic rearrangement in a 
relatively rapid step. This explanation is more probable. and 
we explore several ways of confirming i t  

As has been successfully practiced by Cleland (Cook Cyr 
Cleland, I981 ), it is often possible to slow down the "catalytic- 
step of an enzyme-catalyzed reaction (1.e.. that step in which 
substrate covalency changes occur) b> running the reaction 
at a nonoptimal pH. This technique can cause the transition 
state of the catalytic step to become rate limiting, allowing 
the full expression of both primary and secondary kinetic 
isotope effects, The obvious requirement is that P i a y  should 
fall as one moves away from the pH optimum for the reaction. 
Unfortunately, this approach is not helpful for the chorismate 
mutase reaction. since the enzyme is too unstable at the low 
pFI extreme (below pH 6).  and at high pH, the observed 
decrease :n  C.,,,/Km is due to a rise i n  Kr,, rather than to a 
fall in P'T,3x (P .  Sampathkumar, private communication). I n  
a second approach, we explored the possibility that coupling 
the choa-isniare mutase and the prephenate dehydrogenase 
activity of the enzyme by the inclusion of NAD" ( a  known 
activator of the mutase; Sampathkumar & .Morrison, 1982b) 
would accelerate the putative isotopically insensitive step and 
allow expression of the isotope effects. Hoaever. t.he mutase 
reactiov IS only speeded up about 5-fold by the addition of' 
NAIY', which would not be enough fully t o  unmask R kinel- 
ically insignificant transition state. Indeed, i i  has been pointed 
out (Northrop. 1975) that a rate difference of at least 100-fold 
is needed in order TO see full expression ijf :I suppressed isotopc 
effect 

In an attempt to confirm the observed effects of isotopic 
substitution. we considered the possibility of running the re- 
action uphill from prephenate to chorismate. the rate-limiting 
transitior, step would then,follow the isotopically sensitive one, 
and the ful l  secondary isotope effect (equal to the equilibrium 
effect, which would thereby be determined experimentally) 
would be measured. In principle. the mutase reaction could 
be run in the direction prephenate to chorismate b) coupling 
with anthranilate synthetase (the enzyme that convert5 
chorismate to anthranilate). This approach would be feasible 
if the cirorisinatu: .G prephenate equilibriurn does not Irt: too 
far toward prephenate. The overall equilibrium constant t o r  
the mutase reaction has never been determined. and sonic 
preliminary experiments were performed to examine this. 
After long incubations of [7-j4Clchorismate with the mutast:. 
chorismate and prephenate were separated by repeated iori- 
exchange chromatography, and a prephenate:chorismatc ratio 
of hO(! w:; r,btained. (Until the equilibrium has been .ip 
proached rrorii lbe prephenate side. tiowever, ihis iiiusi be 
taken d!, ;i lower limit for the equilibrium constan:.) An 
equilibrium as unfavorable as this makes any investigation of 
the back-reaction a difficult probleni i n  the absence oi' e,\- 
tremely efficient coupling enzyme systems. :ind this approach 
needs t u r t h c r  i'valuatiun 

In surnmary, it appears that competitive experiments of' the 
kind reported here cannot yield direct information about the 
nature ~ o i  1 he transition state in the mutase-catalyzed reaction. 
What n e  can conclude, however. on the basis of' the known 
kinetic: parameters C J ~ '  the enzyme and of' the absence of 
measurable secondary isotope effects, is that the catalysis m:i) 
proceed in one of two ways. First, the enzyme may have a 
r i@ hinding i i t r  t h a t  selectively binds the conformer 'of 

chorismate that has the carboxyvinyloxy group axial, which 
IS required for the reaction to occur by elementary application 
of the minimal motion postulate On the basis thdt both 
subunits of the enzkme dimer of 88000 daltons dre inde 
pendently active. A,,, 15 approximately 2 5  \ I .  the apparent k,, 
I \  60  p M  ( i n  the presence of bovine serum albumin), dnd 
nLd,, A,, I!, dbout 4 X 10' M ' < (Sampathkumdr. 197151 The 
real k,, (tor the axial conformer) would be much less lhdn 60 
pM becduse oj the IOM concentration of free dxidl conformer 
I f  we dssume ttidt the "on"' rate is limited onl> by diffusion. 
.ind ha5 'I rdie Loiistant ot 10' bl 5 (Hainmcs & Schlmmel, 
1970), then u e  cdn esiimdte that the equilibrium populdtion 
of 'ixial chorisnidte 13 I in 2 X IO- .  uhich correspond5 to a h X ;  

ialcuiated by Andreus et  al (1973) for the free-energy dit- 
lerence Detueen dxldi and equatorial conformers of chorismatl: 
The measured dcielerdtion of 10h-fold ai th  respeit 1 0  the 
uncdtalpied reaction would then be dchieled by the enzyme 
through the selectibe binding of the nxidl ionformer dnd t h t  
partial freezing of the rotation in the cdrboxqtinyioxt group 

The second possible mechanistic pathady for the eniymc 
iiicohes thc binding of chorismate in its preferred equdtoriai 
.ontormdtion uith d rdte conztdnt of I O '  M , folioued b i  

I conforindtiondi 1~01rieri7ati0ri ot the enzyme zubstrdu 
amplex that puts the cdrbox)vin>loxy group axial, &his Lorn 
plex then rearranging 10 enzyme-prephendte The obserbed 
A,, i ) f  2 5  I \+auld then represent either the ~onformiitron~l 
Lh,inge or thc redrrmgemeni I f  must be rernembered thdr 
w rearrdngernenL could ne rnte limiting for  C I , :ht* .sotopic 

Ltfect ~nedsurenieiit~ M C  h ~ \ e  made b) the competitive method 
relate t o  L , , , ,  k,, I t  would, of course. be interesting to clc 
termine the secondaq isotope effects on I.,,,, by using spe- 
cifkaily deuterated substrdtes in noncompetitile experiment5 
The problems of precision dnd dccuracy f o r  wch experiment\ 
i n d i  hl)\*evrr prove meru  helminp 
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Enzymic Detection of Uracil in a Cloned and Sequenced 
Deoxyribonucleic Acid Segment+ 
Randi B. Weiss, Katsuyoshi Mineura, Earl E. Henderson, Nahum J. Duker,* and Jon Kimball deRiel 

ABSTRACT: Uracil can occur in DNA either as a result of 
utilization of dUTP by DNA polymerases or from in situ 
deamination of cytosine. The latter results in transition mu- 
tations following the next round of replication. We describe 
a technique for the detection of uracil in DNA by a modifi- 
cation of the Maxam-Gilbert sequencing procedure. Reaction 
of end-labeled DNA with uracil-DNA glycosylase followed 
by 1 M piperidine results in scission products corresponding 
to locations of uracils. These are detected by autoradiography 
following electrophoresis through a sequencing gel. Com- 
parison of these scission products with the DNA sequences 

u r a c i l ,  while not a normal component of DNA, may arise 
either as a result of utilization of dUTP in place of dTTP by 
DNA polymerases or from in situ deamination of cystosine 
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elucidates the mechanism of origin of the DNA uracils. The 
technique was tested with a cloned human DNA sequence 
grown in a dut-,ung- strain of Escherichia coli, which incor- 
porates uracil in place of thymine in its DNA, and by chemical 
deamination of cytosines in that sequence. The technique was 
expanded by use of alkaline and enzymic probes to investigate 
possible accumulation of uracil, base losses, and other mod- 
ifications in human liver and brain DNA. No damaged DNA 
moieties were detected. This method is applicable to the study 
of any recoverable reiterated sequence by any enzyme prep- 
aration that can recognize modifications in DNA. 

(Lindahl, 1979). Replicative polymerases have the same K, 
for dUTP as for dTTP and will utilize dUTP if it is available 
(Schlomai & Kornberg, 1978; Dube et al., 1979). Deami- 
nation of cytosine in DNA may occur either spontaneously 
(Lindahl & Nyberg, 1974) or by reaction with environmental 
agents such as sodium bisulfite or nitrous acid (Lindahl, 1979). 
If uracil derived from cytosine is not removed, transition 
mutations (G-C - A-T) will be observed following the next 
round of replication (Drake & Baltz, 1976). 

Two mechanisms normally exclude uracil from DNA. 
Deoxyuridine-5’-triphosphate nucleotidohydrolase (dUTPase) 
hydrolyzes dUTP to dUMP, making dUTP unavailable as a 
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