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A novel natural product structurally related to pre- 
phenate and arogenate was isolated from a mutant of 
Neurospora  crassa. This D-&( l-carboxy-l-hydroxy- 
2,5-cyclohexadiene-l-yl)-lactic acid is herein given 
the trivial name of D-prephenyllactate. The new me- 
tabolite is even more acid labile than is prephenate and 
is quantitatively converted to phenyllactate at mildly 
acidic pH. The structure characterization of prephen- 
yllactate was performed using spectroscopic tech- 
niques (ultraviolet, 'H NMR, "C NMR, two-dimen- 
sional heteronuclear experiments and mass spectrom- 
etry). Circular  dichroism proved conclusively the R 
configuration of the asymmetric carbon at C-8 of pre- 
phenyllactate. Enzymatic utilization of prephenyllac- 
tate by cyclohexadienyl dehydratase and by cyclohex- 
adienyl dehydrogenase from Klebsiella pneurnoniae 
was demonstrated. 

In 1953 the first  natural product with a carboxycyclohex- 
adienyl moiety, prephenate (PPA, Fig. 1) was characterized 
(1). Its function as  a precursor in  the biosynthesis of phenyl- 
alanine  and tyrosine has been  known for some time (2). In 
1980 the structure of a second carboxycyclohexadienyl metab- 
olite named arogenate (AGN, Fig. 1) was determined (3),  and 
it has been shown to be a common but  not inevitable precursor 
of phenylalanine and/or tyrosine in microorganisms (4) and 
plants (5). Spiro-arogenate, an unusual spiro-y-lactam (SPIV, 
Fig. 1) possessing the same cyclohexadienyl moiety as arogen- 
ate was discovered in 1983 (6, 7). It seems to be a dead-end 
metabolite formed from L-arogenate (8). 

We have recently isolated prephenyllactate, another  car- 
boxycyclohexadienyl derivative (PPL, Fig. l), from culture 
supernatants of Neurospora  crassa. Like other members of 
the family of carboxycyclohexadienyl molecules, prephenyl- 
lactate is acid labile. Thus, acidic conditions which convert 
prephenate to phenylpyruvate, or which convert arogenate 
and spiroarogenate to phenylalanine, also convert prephen- 
yllactate to phenyllactate. The probable structure of prephen- 
yllactate deduced  from a combination of several chemical and 
biochemical techniques described herein was proven by analy- 
sis of NMR and mass spectral data.  The D-configuration ( R )  
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of the asymmetric carbon at C-8 was established by circular 
dichroism. Enzymological studies of the ability of prephenyl- 
lactate to mimic prephenate or L-arogenate as  substrate for 
aromatic-pathway enzymes are also presented. 

MATERIALS AND METHODS 

Instrumentation-UV absorption data were recorded on C a y  118 
and Perkin-Elmer 559A UV/VIS spectrophotometers. The Fab mass 
spectrum of the sample was obtained on a ZAB HS instrument under 
the following conditions: glycerol matrix, Xe atoms of 8 kV energy, 
and 1 mA beam current with an initial resolving power of 1,000. The 
NMR spectra were obtained in DzO on a Varian XL-300 spectrometer 
operating at  300  MHz for protons and 75.4 MHz for I3C or on a 
Bruker WH 400 operating at 400 MHz for protons. The samples (2- 
5 mg  of the potassium salt) were dissolved in DzO or MezSO, and  the 
spectra were recorded at  ambient  temperature (22 "C). The NMR 
conditions used with the Varian XL-300 were the following: (i) the 
carbon-13 spectrum was obtained with a  spectral window  of 16,500 
Hz, a pulse angle of 40" (7.6 ps) and 32 K data points. The regular 
decoupled carbon-13, the  DEPT  and  the two-dimensional heteronu- 
clear correlation experiments are  the result of three overnight runs 
of 15 h each, (ii) for the two-dimensional heteronuclear spectra, 128 
free induction decays were acquired at regular time increments to 
provide a 1 K X 512 matrix  after double Fourier transform process. 
Line broadening was applied along both domains, and (iii) the proton 
NMR spectra were acquired with a  spectral window  of 4,000 Hz, 32 
K data points, 96 transients  and a 45' pulse. The 'H NMR spectrum 
was obtained on the Bruker WH-400 with 3-s preirradiation of the 
water peak. The spectrum width is 4,500 Hz, the pulse width is -80", 
the number of transients is -360, and  the  data points  are 32 K. The 
circular dichroism measurements were carried out using a JASCO 
model  5-5006 spectropolarimeter. 

HPLC' anion exchange separations were accomplished on an All- 
tech SAX (4.6 X 250 mm) column using 15 mM sodium phosphate 
buffer, pH 7.0, as mobile phase. Reverse-phase separations were 
performed on an Alltech CIS column (4.6 X 250 mm) with 10 mM 
sodium phosphate, pH 6.9, with 0 or 5% (v/v) methanol as mobile 
phase. Altex model llOA metering pumps maintained flow rates of 1 
ml/min. Prephenyllactate was detected by its UV absorbance at 215 
nm on a Gilson Holochrom model HM spectrophotometer. Further 
HPLC  anion exchange purifications were performed using a What- 
man SAX analytical column (4.6 x 250 mm) or  a  Whatman SAX 
semipreparative column (9.4 X 500 mm) with 10 mM potassium 
phosphate buffer, pH 7.0, as mobile phase. Reverse-phase purifica- 
tions were also done on a  Waters CIS analytical column (3.9 X 300 
mm) with 10 mM sodium phosphate buffer, pH 7.0, as mobile phase 
or with a  Whatman ODs-3 semipreparative column (9.4 X 250 mm) 
with 2 mM potassium phosphate buffer, pH 7.0, as mobile phase. A 
Waters Delta Prep 3000 instrument was used for these HPLC puri- 
fications. 

The abbreviations used are: HPLC, high performance liquid chro- 
matography; PEP, phosphoenolpyruvate; EPPS, N-[2-hydroxyethyl] 
-piperazine-N'-3-propanesulfonic acid; DEPT, distortionless en- 
hancement by polarization transfer. 
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Biochemicals 
Sodium phosphoenolpyruvate (PEP),  EPPS,  PEP carboxylase, 

malate dehydrogenase, oxaloacetate, L-phenyllactic acid, nicotina- 
mide adenine dinucleotide (NAD)+ and NADH were obtained from 
Sigma. DE52  was purchased from Whatman.  Prephenate was isolated 
from the culture supernatants of a tyrosine auxotroph of Salmonella 
typhimurium as described by Dayan and Sprinson  (9). L-Arogenate 
was isolated from a  triple auxotroph of N. crassa as described previ- 
ously (3). 

Decarboxylation of Prephenyllactate and Prephenate 
A coupled enzymatic assay was  employed to detect CO, liberated 

upon aromatization of prephenyllactate and prephenate in aliquots 
of unheated  or  heated solutions: 

PEP + COP (HCOT) 
PEP carboxylase 

Me 9 oxaloacetate 

malate 
dehydrogenase oxaloacetate + NADH , malate + NAD+ 

Reaction mixtures containing the above enzymes, 50 mM EPPS 
buffer, pH 8.3,  3.6 mM MgCl,,  2.6 mM PEP,  and 0.6 mM NADH were 
placed in  cuvettes held at 28-30 "C while extraneous CO,  was con- 
sumed. Aliquots (10-30 pl) of heated (70 "C, pH 8.1-8.3,lO min) and 
unheated solutions containing 10 mM prephenyllactate in 200 mM 
NH4Br  or  5 mM prephenate in 50 mM NH4Br were transferred to  the 
cuvettes, and  the decrease in absorbance at 340 nm (due to oxidation 
of NADH) was monitored with time on a Gilford 260 UV/VIS 
spectrophotometer. A control containing only 50 mM NHIBr was also 
included. 

Microbiological  Aspects-The media, growth regimen, and protocol 
for accumulation of prephenyllactate in the triply blocked mutant of 
N. crassa (ATCC 36373)  were the same as described for the accumu- 
lation of L-arogenate (3). Klebsiella pneumoniae ATCC  25304  was 
obtained from American Type Culture Collection, Rockville,  MD. 
The growth conditions, preparation of crude extract, and DE52 
column chromatography were performed exactly as described previ- 
ously (10). For activity profiles of prephenate dehydratase and pre- 
phenate dehydrogenase, refer to Ref. 2. 

Isolation of Prephenyllactate-After 5-6 days of growth and accu- 
mulation, the mycelial mass was captured by filtration through 
cheesecloth, and  the pH of the  supernatant was adjusted to 10.7-11.0 
with NaOH. Precipitated hydroxide salts were  removed  by suction 
filtration through Whatman No. 1 filter paper. All other operations 
were performed at 4 "C. The  supernatant was loaded onto  a 4.5 X 
15.0  cm column of  Dowex 1-X8 (50-100 mesh; C1- form) at a flow 
rate of 5 ml/min. The column was washed with 300  ml of 0.1% N- 
ethylmorpholine, pH 8.5. Solutes were eluted by a linear gradient 
consisting of 1.5 liters of  0.05 M NH4Br  in 0.1% N-ethylmorpholine, 
pH 8.5, and 1.5 liters of 1.0 M NH4Br in 0.1% N-ethylmorpholine, 
pH 8.5, at a flow rate of  1.5 ml/min. Nine-ml fractions were collected. 
Prephenyllactate  eluted between fractions containing arogenate (110- 
135) and prephenate (160-195), overlapping somewhat with prephe- 
nate.  Fractions  containing prephenyllactate (and prephenate) were 
diluted to a  final volume of 4  liters with water, and  the  pH was 
adjusted to 8.5. This was then loaded onto  a Dowex 1 X 8 (100-200 
mesh, C1- form) anion-exchange column (3.0 X 18.0 cm) at a flow 
rate of 4 ml/min. The column was  washed with 200  ml  of 1 mM 
NH,OH, and  the solutes were eluted by a  linear gradient consisting 
of 600 ml  of 0.01 M NH,Br, pH 8.5, and 600  ml of 0.8 M NH4Br, pH 
8.5. Five-ml fractions were collected at a flow rate of 1 ml/min. 
Prephenyllactate eluted in about 10 fractions before prephenate. The 
prephenyllactate-containing fractions were combined and treated 
with 0.2 g of BaBr,, 2 volumes of chilled methanol, and 3 volumes of 
chilled I-propanol. The mixture was  allowed to  stand overnight. The 
precipitated barium prephenyllactate was recovered by centrifuga- 
tion, washed with methanol/l-propanol (2:3, v/v), and  then with 
ethyl  ether. The precipitate was dried under vacuum. Purity was 
calculated by using a molecular formula of Ba  prephenyllactate. 2H20 
(Mr = 380), a state of hydration analogous to  that used for the 
prephenate molecule (1). 

Purification of Prephenyllactate-The prephenyllactate was ini- 
tially purified by HPLC using a  Whatman ODs-3 MAG-9 semipre- 
parative column (9.4 X 250 mm) at a flow rate of 3 ml/min with 2 
mM potassium phosphate,  pH 7.0, as eluant. The UV detector was 
set  at 204 nm. The retention time of prephenyllactate was 2.2 min 

and of phenyllactate was 5.9 min. As prephenyllactate was collected, 
the pH was raised to 10 by the addition of 1 N KOH. The prephen- 
yllactate solution was lyophilized overnight. An aliquot of this pre- 
phenyllactate sample was examined on a Whatman analytical SAX 
(strong anion-exchange) column (4.6 X 250 mm) which  was eluted at 
1 ml/min with 10 mM potassium phosphate buffer, pH 7.0, with UV 
detection at 204 nm. Four minor impurities which were acid stable 
were present at retention  times of  6.7,  7.5,  10.6, and 15.5 min. The 
retention time of prephenyllactate was 8.6 min, and  the retention 
time of phenyllactate produced by hydrolysis was 4.4 min. Therefore, 
a second HPLC purification was carried out using a Whatman semi- 
preparative SAX column (9.4 X 500 mm) which  was eluted with 10 
mM potassium phosphate,  pH 7.0, with a flow rate of 4 ml/min and 
UV detection at 204 nm. The fractions collected were kept at  pH 10- 
11 by addition of 1 N KOH. The retention time for prephenyllactate 
was  16.0 min. The fractions collected were then lyophilized. The 
prephenyllactate sample obtained was  very pure judging from HPLC 
analysis, NMR data confirming this conclusion. An aliquot of the 
purified prephenyllactate sample was acidified and injected onto  a 
reverse-phase column (Waters 15-20  pm CIS, 3.9 X 300 mm, 1 ml/ 
min, 10 mM sodium phosphate, pH 7.0, X = 215). A single symmetrical 
peak having an identical retention time (14.0 min) as standard 
phenyllactate (Sigma) was  recovered. The yield of prephenyllactate 
in N. crmsa is of the same order of magnitude as the yield of L- 
arogenate. 

Enzyme Assays-Prephenyllactate dehydrogenase from  K. pneu- 
moniae  was assayed in the temperature controlled compartment of a 
spectrophotofluorometer by the method used for prephenate dehydro- 
genase except that prephenyllactate replaced prephenate as a  sub- 
strate (excitation X = 340 nm, emission X = 460 nm). The enzyme 
was  recovered after DE52 column chromatography of the crude ex- 
tracts (2, 10). The reaction mixture in a final volume of  200 pl 
contained 50 mM potassium phosphate buffer, pH 7.0, containing 1 
mM dithiothreitol, 0.5 mM NADf, 2 mM potassium-prephenyllactate 
(the barium salt was converted to  the potassium salt before use), and 
enzyme. The enzyme was incubated with the cofactor to exhaust  any 
background reduction of the cofactor. The substrate was then added, 
and  the continuous formation of NADH  was  followed spectrophoto- 
fluorometrically a t  37 "C. The formation of 4-hydroxyphenyllactate 
was confirmed by HPLC. The enzyme  was incubated with 50 mM 
potassium phosphate buffer, pH 7.0, containing 1 mM dithiothreitol, 
0.4 mM NAD+, and 2 mM prephenyllactate in  a final volume of  275 
pl at 34  "C for 60 min. The tubes were transferred to ice, and  the 
contents were injected into  a 20-pl  loop and swept onto  a CIS column 
(4.6 X 250 mm) that was equilibrated and eluted with 10 mM potas- 
sium phosphate buffer, pH 7.0, a t  a flow rate of 1 ml/min. The 
absorbance of the eluate was monitored at 219 nm. The appearance 
of 4-hydroxyphenyllactate was confirmed by the identification of a 
peak at a  retention time characteristic of authentic 4-hydroxyphen- 
yllactate. 

Prephenate dehydratase isozymes from K. pneumoniae were as- 
sayed with prephenyllactate as substrate by HPLC monitoring of 
phenyllactate appearance. The isozymes were  recovered after DE52 
column chromatography of crude extracts (2). The reaction mixture 
in  a final volume of  200 pl contained 50 mM potassium phosphate, 
pH 7.0, containing 1 mM dithiothreitol, 2 mM prephenyllactate, and 
enzyme. The reaction was carried out  at 34 "C for 60 min. Controls 
were included in which only enzyme  was incubated, only substrate 
was incubated, or the complete reaction mixture was injected without 
incubation. After incubation the tubes were transferred to ice, and 
the contents were injected into  a 20-pl loop and swept onto  a CIS 
column (4.6 X 250 mm), equilibrated, and eluted with 10 mM potas- 
sium phosphate, pH 7.0, a t  a flow rate of 1 ml/min. The absorbance 
of the eluate was monitored at 219 nm. The appearance of phenyllac- 
tate was confirmed by establishing the exact correlation of the incre- 
ment of peak area at  the phenyllactate position with the decreased 
peak area corresponding to prephenyllactate. The identity of the 
product as phenyllactate was also confirmed by comparison of the 
specific retention time with that of authentic phenyllactate. 

Detection and Quantitation of Prephenyllactate-Prephenyllactate 
was detected and quantitated by HPLC  after acid conversion to 
phenyllactate. The acidified samples (5-10 p1 HCl, 100 p1 of sample) 
were incubated at 37 "C for 15 min. They were then injected into  a 
2 0 4  sample loop and swept through a 4.6 X 250  mm CIS reversed- 
phase column (Alltech). The compound was eluted with a solvent 
system consisting of 95% 10 mM potassium phosphate buffer, pH 7.0, 
and 5% methanol  (v/v) using a flow rate of 1 ml/min. Phenyllactate 
was detected by measuring its absorbance at  215 nm (end absorption). 
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Prephenyllactate  concentrations were determined by comparing  the 
absorbance  (peak height or peak  area) of phenyllactate  (the acid- 
converted product) to  a standard curve relating  authentic  phenyllac- 
tate  concentration  to A215. 

Chemical Syntheses of L- and D-Phenyllactate-L- and D-phenyl- 
lactate were obtained from L- and D-phenylalanine,  respectively,  by 
a diazotization procedure  according to  Ref.  11. The L- and  the D- 
phenyllactate were identical  in all  spectroscopic properties  except  for 
the circular dichroism  measurements. The  Cotton effect of the  syn- 
thesized L-phenyllactate was positive and  identical  to  the L-phenyl- 
lactate  purchased  from Sigma. As expected, the  Cotton  effect of the 
synthesized D-phenyllactate was negative. The melting  point of syn- 
thesized L-phenyllactate was 122.5-123 "C  (literature 124-126 "C); 
the  melting  point of synthesized D-phenylactate was 122.5-123" C 
(literature 124-125" C),  and  the  melting  point of synthesized DL- 
phenyllactate was 96.5-97 "C  (literature  98 "C). 

RESULTS AND DISCUSSION 

Metabolic Imbalance Causing Prephenyllactate Accumula- 
tion-The mutant blocks present  in  N. crassa ATCC  36373 
create biochemical interruptions whereby abnormally high 
levels of prephenate accumulate under conditions of end 
product starvation  (to avoid early pathway regulation of me- 
tabolite flow). Fig. 1 illustrates the appearance of two new 
dead-end paths  that do not ordinarily function in wild type. 
In one case, prephenate is transaminated to initiate the aro- 
genate/spiroarogenate sequence. In the second case, now de- 
scribed in  this  paper,  the side chain of prephenate is reduced 
to produce prephenyllactate. 

Purification of Prephenyllactate-As  specified under "Ma- 
terials  and Methods," prephenyllactate was purified by several 
steps of reverse-phase and anion-exchange HPLC.  Purity of 
prephenyllactate was assessed by acidification of an aliquot, 
whereby the entire peak corresponding to prephenyllactate 
disappears with concomitant formation of a new peak corre- 
sponding to authentic  phenyllactate on reverse-phase HPLC. 

Stability of Prephenyllactate-Anion-exchange HPLC was 
used to follow the rates of thermally induced aromatization 
of prephenyllactate and  prephenate (Fig. 2). Prephenyllactate 
and  prephenate in approximately equal concentrations in 0.2 
M NH4Br were heated together at 70 "C, pH 7.5. Aliquots 
taken at time 0 (a), 5 min ( b ) ,  and 10 min (c) were injected 
onto an analytical SAX column. The retention  times of phen- 
yllactate and phenylpyruvate are very similar and overlap 
-4.8 min. Prephenyllactate  (Rt = 11.1 min) is  easily separated 
from prephenate  (Rt = 13.2 min). From the HPLC  chromat- 
ograms in Fig. 2, it is apparent that prephenyllactate is more 
thermally labile than is prephenate. 

The Structure of Prephenyllactate-Useful clues about the 
structure of the new metabolite present in accumulation su- 
pernatants of N. crassa were obtained from anion-exchange 
and reverse-phase HPLC, UV spectra, and enzymological 
detection of C02 evolved upon acidification and/or  heating of 
solutions containing purified prephenyllactate. Anion-ex- 
change HPLC  and reverse-phase HPLC showed that acidifi- 
cation yielded a peak eluting at  the same retention  time  as 
authentic phenyllactate. Following anion-exchange HPLC, 
the new metabolite was found to possess a  retention time in 
the range of compounds with -2 charge, whereas the acidifi- 
cation product was  in the range of -1 charged compounds. 
The UV spectra of prephenyllactate showed a large end  ab- 
sorption. After 15 min at 37 "C and  pH 2, the UV spectrum 
showed the typical B  band  pattern of an aromatic ring. The 
tertiary carboxylate group in the new metabolite (prephenyl- 
lactate) was indicated by using a coupled enzymatic assay 
involving phosphoenolpyruvate carboxylase and malate de- 
hydrogenase to detect COz and HCOT in solution as described 
under "Materials and Methods."  Values listed in Table  I (left 
column) are the differences in absorbance changes between 

reaction mixtures containing aliquots of heated and  unheated 
solutions. From these data the concentration changes of 
NADH, and  thus  the amount of COz  evolved, can be calcu- 
lated. Heating of  -10  mM prephenyllactate was found to 
produce four times as much COz as heating of 5 mM prephe- 
nate. Although the initial  concentrations of prephenyllactate 
and  prephenate were not equal, this result qualitatively con- 
firms that prephenyllactate is somewhat more thermally labile 
than is prephenate  (as was demonstrated above by HPLC). 
Evolution of COP from prephenyllactate, taken together with 
the identification of phenyllactate  as  its acid-catalyzed de- 
composition product, indicated the structure depicted for 
prephenyllactate in Fig. 1. 

13C NMR  Analysis of Prephenyllactate, DEPT,  and Two- 
dimensional Heteronuclear Experiments-The 13C NMR spec- 
tra of prephenyllactate, a DEPT experiment and  a two- 
dimensional heteronuclear shift correlation experiment en- 
ables assignment of the signals observed. These 13C shifts, 
along with the chemical shifts of arogenate (3),  are given in 
Table I1 which  shows that  the chemical shifts of the two 
compounds are very similar. They differ significantly only in 
the shift of carbon C-8, which in the case of L-arogenate is 
influenced by an  X-NHZ group (6 = 54.8 ppm) while in the 
prephenyllactate, this group is replaced by an -OH (6 = 71.8 
ppm). The 13C NMR analysis was taken in D20 with the 
potassium salt of prephenyllactate. Under these conditions, 
the compound seems to form aggregates which broaden some- 
what the C-3/C-5 signals. This aggregate formation is also 
consistent with the proton NMR spectrum as will  be discussed 
in the next section. The two-dimensional heteronuclear shift 
correlation experiment confirmed unambigously that  the sig- 
nals observed at 134.4,  132.2,  128.5, and 127.9 ppm represent 
carbons that  are uniquely correlated with the vinylic protons 
(Fig. 3). In addition, it shows the correlation between C-41 
H-4  and C-8/H-8. The two-dimensional heteronuclear exper- 
iment  has allowed a more precise correlation of the C-3/C-5 
(134.2,  134.4 ppm) signals with the downfield part of the 
complex  vinylic proton signals at 5.87-5.90 ppm (for H-5),  as 
well as with half of the proton signal at 5.82 ppm (for H-3) 
(almost an Az pattern)  (the assignment for H-3  and H-5 
protons  can be interchanged). Similarly, the C-2/C-6 signals 
(128.5,  127.9 ppm)  are correlated with the high  field  vinylic 
protons at 5.74 ppm (for H-6)  and with the A2 signal observed 
at 5.82 ppm (for the  H-2  proton)  (The assignment for the 
H-2  and  H-6  protons presented here can be interchanged). 

'H NMR  Analysis of Prephenyllactate-The 'H NMR spec- 
trum obtained at 300 MHz for the potassium salt of prephen- 
yllactate in D20 is shown in Fig.  4a, along with a decoupled 
experiment(b). The multiplets observed for H-7 and  H-8 
represent an ABX pattern very similar to those observed in 
the case of L-arogenate and of spiroarogenate (3, 6, 7). This 
ABX spin system is characteristic of a CH, group with no- 
nequivalent protons coupled to a neighboring CH group at C- 
8 (the analysis is presented in  Table 111). The vicinal coupling 
constants show similar behavior as observed for the L-arogen- 
ate;  the lowest  field H-7 proton  (H-7a, 1.937 ppm) is charac- 
terized by a small vicinal coupling (2.9 Hz in prephenyllactate 
and 3.0-3.5 Hz in arogenate), while the higher field H-7 proton 
(H-7b, 1.814 ppm) is characterized by a larger coupling (8.8 
Hz in prephenyllactate and 8.5 Hz in arogenate). These sim- 
ilar coupling values indicate similar conformation. The H-4 
signal, practically overlapping with the strong DzO  gave rise 
to a broad complex multiplet. This  proton is coupled to  H-5 
and  H-3 (vicinal coupling) and  to H-2/H-6 (long range cou- 
pling). Upon decoupling of this signal, the H-2/H-6  and  H-3/ 
H-5 vinylic protons simplify as shown in Fig. 46. The signals 
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FIG. 1. Conversion to  aromatic 
compounds of cyclohexadienyl me- 
tabolites produced in a triple  mutant 
of N. crassa deficient in enzymes (2, 
6) and  anthranilate  synthase. The 
abbreviations are: chorismate (CHA ), 
prephenate (PPA) ,  L-arogenate (AGN),  
spiroarogenate ( S P N ) ,  prephenyllac- 
tate (PPL),  4-hydroxyphenylpyruvate 
(HPP) ,  phenylpyruvate ( P P Y ) ,  L-phen- 
ylalanine (PHE) ,  L-tyrosine ( T Y R ) ,  and 
phenyllactate ( P I A ) .  Enzymes shown 
are: 1, chorismate mutase; 2, prephenate 
dehydratase; 3, phenylpyruvate amino- 
transferase; 4, prephenate  aminotrans- 
ferase; 5, a postulated arogenate “spi- 
rase”; 6, prephenate dehydrogenase; 7, 
4-hydroxyphenylpyruvate aminotrans- 
ferase; 8, arogenate dehydratase; 9, aro- 
genate dehydrogenase; and 10, a  postu- 
lated D-prephenyllactate dehydrogenase. 
For brevity, cofactors and cosubstrates 
are  not shown for dehydrogenase and 
aminotransferase reactions. The dotted 
arrows show the acid-catalyzed conver- 
sions obtained in  vitro. 

OH 

a) 70°C 
t = 0 min. 

b) 70°C 
t = 5 rnin 

PPY 

FA 
PPA 

c) 70°C 
t = 10 min. 

4.8 11.1 13.2 4.8 11.1 13.2 4.8 11.1 13.2 

R (minutes) 

FIG. 2. Comparison of the  thermal  stabilities of prephenate 
and prephenyllactate. The mixture of prephenate and prephenyl- 
lactate was incubated at 70 “C, pH 7.0, for zero min ( a ) ,  5 min ( b ) ,  
and 10 min (c) followed by HPLC separation of the reaction compo- 
nents on  a SAX analytical column (4.6 X 250 mm; 15 mM sodium 
phosphate buffer at pH 7.0; elution 1 ml/min, UV detector at 214 
nm). 

observed for the olefinic protons  appear to be much more 
complex than in the case of L-arogenate. The presence of an 
asymmetric carbon at C-8 render the two olefinic groups (H- 
2/H-3 and H-5/H-6) nonequivalent as observed in the case of 
L-arogenate. The H-2 and H-3 protons (or H-5/H-6), char- 
acterized by similar chemical shift, form an Az spin system (6 
= 5.82 ppm) coupled to  the H-4 proton  and to  the H-5/H-6 
protons. On the other  hand, the H-5 and H-6 olefinic protons 
(or H-2/H-3) appear at two different chemical shift positions 
(6 = 5.90 ppm and 6 = 5.737 ppm, respectively). These coupled 

?3 

OH . OH I 

I IH+ 

I 

4 

OH * 

R z  = -CH2-C-C02H 
R 

TABLE I 
Carbon  dioxide  produced by heating  solutions 

of prephenyllactate or prephenate 
Approximately 10 mM prephenyllactate in 200 mM NH4Br,  pH 8.3, 

and 5 mM prephenate  in 50 mM NH4Br, pH 8.1, were heated at  70 “C 
for 10 min and  then assayed as described under  “Materials and 
Methods.” 

Sample A A A , , O ”  CO, 
mM 

Prephenyllactate (-10 mM) +0.57 1.14 
Prephenate (5 mM) +0.14 0.28 
NHIBr (50 mM) -0.04 - 

NaHC03 +0.77 (unheated) 1.54 
h A 3 4 0  = Maro (heated) - h A s 4 0  (unheated).  A value of 0.1 corre- 

sponds to 0.02 mM NADH. 

TABLE I1 
13C NMR chemical shifts observed 

for  prephenyllactate  and  L-arogenate 
The multiplicity indicated in parentheses comes  from a DEPT 

experiment. 
Carbon no. 

c-9  
c-10 
c-3  
c - 5  
c -2  
C-6 
c-4 
C-8 
c-1 
c-7  

Prephenyllactate 

182.8/182.0 ( S )  
182.0/182.8 ( S )  
134.4/134.2 (D) 
134.2/134.4 (D)  
128.5/127.9 (D) 
127.9/128.5 (D) 

62.7 (D) 
71.8 (D) 
51.5 ( S )  
45.4 (T) 

L-Arogenate 

182.3/183.7 
183.7/182.3 
132.5/131.9 
131.9/132.5 
129.6/129.0 
129.6/129.9 

62.1 
54.8 
51.1 
45.0 

protons  are  both coupled to H-4 and  to H-2/H-3 protons  and 
give rise to a very  complex coupling pattern. Upon decoupling 
the H-4 proton, the olefinic region for H-5 and H-6 simplify 
somewhat into two AB patterns of different ratio (3:1), further 
coupled to protons H-2 and H-6 (Fig. 4c). The presence of 
two AB patterns of different ratios for only one olefinic group 
led us to postulate the presence of aggregates in the DzO 
solution. To confirm the presence of aggregates, the sample 
was run  in  another solvent. In dimethyl sulfoxide the olefinic 
region sharpened up into  the expected four-multiplet  pattern 
for the H-2,  H-6, H-3, and H-5 protons (Fig. 4 4 .  At  400 MHz 
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FIG. 3. Two-dimensional heteronuclear shift correlation 
spectra of prephenyllactate-vinylic expansion. The C-3/C-5 
signals are correlated with H-3/H-5 protons while the C-2/C-6 signals 
are correlated with the H-2/H-6 protons. (The H-5/H-3 signals can 
be interchanged as well as  the signals observed for H-2/H-6.) 

d) 1 

PREPUENVLLACTATE(PPL1 
&I 

H7 

FIG. 4. NMR analysis of prephenyllactate. a, 300 MHz 'H 
NMR spectrum of potassium salt of prephenyllactate in D20. b, 
olefinic region with H-4 decoupling. c, expanded olefinic region, with 
H-4 decoupling showing the presence of a two AB pattern for the H- 
5 and H-6 protons. d, 400 MHz 'H NMR spectrum of potassium salt 
of prephenyllactate in the MepSO-&-olefinic  region. 

we observed  two doublets for H-2 and H-6 (6.02 and 5.93 
ppm) at low field and  further upfield, two overlapping and 
broader doublets (5.52 and 5.51 ppm), for protons H-3 and H- 
5. It,  thus, seems that  the more  complex nature of the olefinic 
pattern observed in DzO solution is indeed due to aggregate 

TABLE 111 
' H  NMR assignments of Dreohenvllactate 

Proton 
no. 6 Multiplicity J 

ppm Hz 
H-7A  1.937 dd 
H-7B 1.814 dd 
H-8 3.647 dd J,A.~ = 2.9 J 7 ~ . 8  = 8.8 
H-4 4.426 
H-6 

m 
5.737 dd 

H-6 ddt 

J ~ A - B  = 2.9 J ~ A - ~ B  = -14.3 
5 7 ~ 4  = 8.8 J ~ A - ~ B  = -14.3 

Minor 

Major 

52.3 = 10.4 5 2 . 4  = 5.1 

52 .3  = 10.4 J2.4 = 3.8 
5 2 . 5  = 52 .6  = 1.2 

H-2 5.82 
H-3 5.82 
H-5 5.87 dd 5 2 . 3  = 10.4 53.4 = 1.5 

m 

Minor 

Major 
H-5 5.90 dq 5 2 . 3  = 10.3 

53.4 = 53,s = 1.5 
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FIG. 5. Ultraviolet and circular dichroism results proving 
the configuration of prephenyllactate at C-8 to be R. Ultravi- 
olet and circular dichroism spectra were done on prephenyllactate at 
pH 9.0 (-----), on the acid-converted product of prephenyllactate 
(- - -), on D-phenyllactate synthetic (-). The top part shows the 
UV spectra of these samples whereas the bottom part shows the 
negative Cotton effects obtained from the respective compounds. 

formation that modifies slightly the shift of one of the olefinic 
groups. The presence of aggregates was also observed in the 
13C NMR spectrum as  a broadening of signals due to C-3 and 
(2-5. 

Mass Spectrum of Prephenyllactate-The Fab mass spec- 
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FIG. 6. Identification by HPLC of 4-hydroxyphenyllactate (HPL) ( a  and b) and phenyllactate (PLA) 
(c and d )  as reaction products in  the  prephenyllactate  dehydrogenase  and  prephenyllactate  dehydratase 
reactions,  respectively, from K. pneumoniae. The enzyme  activities  were  assayed,  and the  reaction  compo- 
nents were separated on a CI8 column as  described  under  “Materials  and  Methods.” a, control  reaction  mixture for 
prephenyllactate  dehydrogenase in which only enzyme was  incubated  and the  substrates added later  (identical to  
data  obtained  from  other  controls  where only substrates were incubated  and  the  enzyme  was  included just before 
injection, or where  both the  substrates  and enzyme were mixed at zero  time just before injection). b, complete 
reaction  mixture  showing  the  appearence of two new peaks which eluted at the same  retention  time  as  authentic 
samples of HPL and NADH. c, control  reaction  mixture for prephenyllactate  dehydratase  showing the presence of 
background  phenyllactate  in the prephenyllactate  substrate  preparations. d, the formation of phenyllactate in the 
complete  reaction  mixture  as  evidenced by the  increase  in  the peak height  corresponding  to  phenyllactate (the 
basal level represents  initial  levels  present in the  original  prephenyllactate  preparation)  as well as by the 
corresponding  decrease in the peak  height  corresponding  to  prephenyllactate.  The  phenyllactate  peak was identified 
by comparing its  retention  time  with that of an  authentic  sample of phenyllactate. 

trum was taken of the dipotassium salt of prephenyllactate. 
As expected, few fragmentation peaks were observed. The M 
+ H+ ion (m/z 305)  was manually peak matched (resolution: 
4000) against the m/z  277 ion of the glycerol matrix  and was 
found to have an exact mass of 304.98291 (calculated for 
CloHl10sKz:304.98298). The close fit between the observed M 
+ 1 peak, and  the calculated value ensures the validity of the 
structure assigned to prephenyllactate. 

Circular Dichroism of Prephenyllactate-Prephenyllactate 
has  three asymmetric carbons at C-1, C-4, and C-8. Prephen- 
yllactate is probably derived enzymatically from prephenate, 
and therefore the C-4 OH and C-1 COOH substituents  are 
undoubtedly cis. In order to prove the configuration at C-8, 
we ran  the circular dichroism of a buffered solution (pH 9.0) 
of prephenyllactate, of its acid-converted product (phenyllac- 
tate)  as well as of the buffered solutions of L-phenyllactate 
(Sigma), L-phenyllactate (synthetic), and D-phenyllactate 
(synthetic). The circular dichroism of the acid-converted 
product of prephenyllactate showed a negative Cotton effect 
identical to  the negative Cotton effect of D-phenyllactate (Fig. 
5). The configuration at C-8 of prephenyllactate is therefore 
R and is opposite to the S configuration obtained for C-8 in 
arogenate and spiroarogenate. 

Enzymatic Basis for Prephenyllactate Formation-It seems 

likely that  the formation of prephenyllactate from prephenate 
occurs via catalysis by a stereospecific D-lactate dehydrogen- 
ase of broad substrate specificity. If so, it may  be a membrane- 
bound pyridine nucleotide-independent type since we did not 
find a soluble NAD(P)H-dependent species in Neurospora 
extracts. Lactobacillus  confusus possesses a NADH-dependent 
D-laCtate dehydrogenase that is almost as efficient in the 
stereospecific reduction of phenylpyruvate (K,  = 3.0  mM) as 
in the reduction of pyruvate ( K ,  = 0.68 mM) according to 
Hummell et al. (12). It seems very  likely that  this enzyme 
would also function well with prephenate  as  substrate. 

Enzymatic Conversions of Prephenyllactate-Since pre- 
phenyllactate structurally resembles prephenate  and arogen- 
ate, we considered the possibility that prephenyllactate might 
be utilized as  substrate by enzymes that use prephenate  and/ 
or arogenate. Prephenate dehydratase and arogenate dehydra- 
tase convert prephenate  and L-arogenate to phenylpyruvate 
and L-phenylalanine, respectively; prephenate dehydrogenase 
and arogenate dehydrogenase convert prephenate  and L-aro- 
genate to 4-hydroxyphenylpyruvate and tyrosine, respec- 
tively. In some microorganisms these enzyme activities ex- 
hibit  substrate ambiguity and  can utilize either compound as 
substrate. In such cases the enzymes are denoted as cyclo- 
hexadienyl dehydratases or as cyclohexadienyl dehydrogen- 
ases (13). 
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The  enzymatic conversions of prephenyllactate were shown 
utilizing  enzyme activities  isolated  from K. pneumoniae. K. 
pneumoniae possesses  a specific prephenate  dehydratase  (part 
of the  bifunctional  P-protein), a  second monofunctional cy- 
clohexadienyl dehydratase,  and a  cyclohexadienyl  dehydro- 
genase (part of the  bifunctional  T-protein) (2, 10). The cy- 
clohexadienyl  dehydrogenase from K. pneumoniae utilized 
prephenyllactate  as  substrate  with NAD' as cofactor,  leading 
to  the  formation of 4-hydroxyphenyl lactate.  The  product of 
the dehydrogenase reaction was  identified as 4-hydroxyl- 
phenyl  lactate by HPLC (Fig. 6b).  The  prephenate  dehydra- 
tase  component of the  bifunctional  P-protein  did  not utilize 
prephenyllactate. However, the cyclohexadienyl dehydratase 
utilized prephenyllactate,  converting  it  to  phenyllactate.  The 
formation of phenyllactate was confirmed by the increase in 
the peak height of phenyllactate  (already  present  as  an  im- 
purity  in  prephenyllactate  substrate  preparation) identified 
by HPLC following enzymic  catalysis (Fig. 6d). 

D-Prephenylhctate as a Natural Product-Similar to  spi- 
roarogenate, prephenyllactate  has  no known function as a 
normal metabolite. In N. crmsa  it is formed under  aberrant 
conditions where abnormally high levels of prephenate  are 
accumulated  behind  mutant blocks (6).  The relatively  large 
amounts of prephenyllactate  formed  indicate  the  latent  cata- 
lytic potential of an  unknown enzyme. In  addition,  intracel- 
lular redox conditions  during  accumulation  must  be  appro- 
priate  to drive reduction of prephenate strongly. Since  pre- 
phenyllactate is able to mimic prephenate  and/or L-arogenate 

as  substrate  in some  cases, the basic structure of prephenyl- 
lactate  has  potential  in  applications for  development of mi- 
crobial antimetabolites or herbicides. 
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