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Abstract. Chalcone (CHS) and stilbene (STS) syn- 
thases are related plant-specific polyketide synthases 
that are key enzymes in the biosynthesis of flavonoids 
and of stilbene phytoalexins, respectively. A phyloge- 
netic tree constructed from 34 CHS and four STS se- 
quences revealed that the STS formed no separate clus- 
ter but grouped with CHS from the same or related 
plants. This suggested that STS evolved from CHS sev- 
eral times independently. We attempted to simulate this 
by site-directed mutagenesis of an interfamily CHS/STS 
hybrid, which contained 107 amino acids of a CHS 
from Sinapis alba (N-terminal) and 287 amino acids of 
a STS from Arachis hypogaea. The hybrid had no en- 
zyme activity. Three amino acid exchanges in the CHS 
part (Gln-100 to Glu, Val-103 to Met, Val-105 to Arg) 
were sufficient to obtain low STS activity, and one ad- 
ditional exchange (Gly-23 to Thr) resulted in 20-25% 
of the parent STS activity. A kinetic analysis indicated 
(1) that the hybrids had the same K m for the substrate 
4-coumaroyl-CoA but a lower Vma x than the parent 
STS, and (2) that they had a different substrate prefer- 
ence than the parent STS and CHS. Most of the other 
mutations and their combinations led to enzymatically 
inactive protein aggregates, suggesting that the subunit 
folding and/or the dimerization was disturbed. We pro- 
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The data are discussed on the level of the presently available CHS and 
STS sequences although many were published after beginning the ex- 
periments several years ago. The new information changed the CHS 
consensus in some details but otherwise confirmed the deductions on 
the potential significance of amino acid differences between CHS and 
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pose that STS evolved from CHS by a limited number 
of amino acid exchanges, and that the advantage gained 
by this enzyme function favored the selection of plants 
with improved STS activity. 
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Introduction 

Chalcone synthases (CHS) are plant-specific enzymes 
that synthesize naringenin chalcone, the precursor for a 
large number of flavonoids, including the anthocyanins 
responsible for red colors in many flowers. The reaction 
is complex. It involves the step-wise condensation of 
three two-carbon units to 4-coumaroyl-CoA and final- 
ly the formation of a new aromatic ring system from a 
postulated tetraketide intermediate (Fig. 1). Stilbene 
synthases (STS) occur in a limited number of widely un- 
related higher plants. They synthesize the backbone of 
the stilbene phytoalexins which have antifungal prop- 
erties and contribute to the plant defenses against 
pathogens. (See Schr6der et al. 1993 for recent review.) 
The enzyme reaction appears to be identical with that 
of CHS up to the tetraketide intermediate, but the ring 
closure involves different atoms, and a different spatial 
arrangement of the intermediate is necessary to obtain 
a stilbene backbone as final product. The typical STS 
reaction also includes a decarboxylation which is not 
performed by CHS (Fig. 1). 

The similarities of the reactions are reflected by sim- 
ilarities in structure and protein sequences. Both are 
homodimers of identical subunits with 388-400 amino 
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Fig. 1, Reactions of CHS- and STS-type enzymes. The postulated 
protein-bound intermediates are in brackets. The preferred starter 
substrate with the CHS from S. alba and the STS from A. hypogaea 
is 4-coumaroyl-CoA. Cinnamoyl-CoA (phenolic -OH replaced by 
-H) and dihydrocinnamoyl-CoA (aliphatic double bond in cinnamoyl- 
CoA reduced) are also accepted in vitro. 

acids (AA), and both share in the same position a strict- 
ly conserved, essential cysteine, which represents the ac- 
tive site of the condensing reactions (Cys-169) (Lanz et 
al. 1991). The known CHS sequences share >60% iden- 
tical positions, and the same results are obtained from 
comparisons of different STS to each other. The same 
values are also found for overall comparisons between 
CHS and STS, and only a detailed inspection reveals 
small differences. These are identified by deviations of 
STS from the CHS consensus or by consistent differ- 
ences in charged/uncharged AA in the same position 
(Schr6der and Schr6der 1990). They are not confined to 
certain regions of the proteins, but are distributed 
throughout the sequence, and their significance with 
respect to the functional differences of CHS and STS is 
unknown. CHS and STS have no significant similarities 
to other eukaryotic condensing enzymes, and therefore 
represent an independent development. 

The work described here analyzes the relationship be- 
tween CHS and STS. A phylogenetic tree shows that the 
STSs do not form a separate cluster, but group with CHS 
from the same or related plants. This suggests that STS 
developed several times from CHS, and we describe ex- 
periments to test the hypothesis that a relatively small 
number of AA exchanges are sufficient to adapt CHS se- 
quences to STS function. 

Materials and Methods 

Phylogenetic Tree. A total of 34 CHS and four STS AA sequences 
were analyzed. The alignment was performed with CLUSTAL V 
(Higgins et al. 1992) and was manually improved by visual inspec- 
tion, leading to a total length of 436 positions. Phylogenetic analysis 
was done with the program package PHYLIP 3.5c (unpublished; see 
Felsenstein 1989 for version 3.2); 403 positions of the alignment 
were used for the calculation. The estimation was carried out by 
Felsenstein's protein parsimony method, which does not count syn- 
onymous changes. Bootstrap resampling (Felsenstein 1985; Wu 1986) 
of the original data was used as a pseudo-empirical test of the relia- 
bility of the tree topology. The consensus tree was constructed by use 
of the majority~rule and strict consensus algorithm implanted in 
PHYLIP. 

Sources for CHS sequences: Medicago sativa (Junghans et al. 
1993); Pisum sativum (Ichinose et al. 1992); Pueraria lobata (Naka- 
j ima et al. 1991); Phaseolus vulgaris (Ryder et al. 1987); Glycine max 
(Akada et al. 1990); Pinus sylvestris (Fliegmann et al. 1992); Lyco- 
persicon esculentum (O'Neill et al. 1990); Petunia hybrida (Reif et 
al. 1985; Koes et al. 1989); Antirrhinum majus (Sommer and Saedler 
1986); Magnolia liliiflora, Ranunculus acer, and Zea mays (Niesbach- 
K16sgen et al. 1987; Franken et al. 1991); Hordeum vulgare (Rohde 
et al. 1991); Sinapis alba (Ehmann and Schiller 1988); Arabidopsis 
thaliana (Feinbaum and Ausubel 1988); Matthiola incana (Epping et 
al. 1990); Petroselinum hortense (Reimold et al. 1983). Sources for 
STS sequences: Arachis hypogaea (Schr6der et al. 1988; Lanz et al. 
1990); Pinus sylvestris (Fliegmann et al. 1992), and unpublished; Vi- 
tis vat. optima. (Melchior and Kindl 1990). The outgroup was FABH 
from E. coli (Tsay et al. 1992). 

CHS and STS Clones and Site-Directed Mutagenesis. The origi- 
nal constructs for expression of the CHS from Sinapis aIba (CHS3) 
and the STS from Araehis hypogaea (RS3) in the vector pTZ19R have 
been described (Lanz et al. 1991). They express the proteins under 
control of  a bacterial promoter. 

The mutagenesis was performed with single-stranded DNA pro- 
duced with helper phage M13K07 in E. coli strain RZ1032 (Knnkel 
1985). Often several different oligonucleotides were used simultane- 
ously to obtain several combinations of mutants from one round of 
mutagenesis. The mutations were verified by DNA sequence analy- 
sis with the dideoxynucleotide chain termination technique, and the 
expression of correct size subunits was confirmed by immunoblots 
(Lanz et al. 1991). 

Recloning in Expression Vector pQE-6. The mutagenesis and the 
initial tests for STS activity were performed with the PTZ19R clones. 
The fragments were recloned into expression vector pQE-6 (Crowe 
and Henco 1992) for detailed quantifications and the kinetic analy- 
sis. The optimal in-frame insertion required the modification of the 
vector polylinker (Fig. 2). First, the BamHI site was removed by 
digestion with BamHI, treatment with S 1 nuclease, and religation. Sec- 
ond, the vector was restricted with HindIII, and a BamHI/NotI-adap- 
tot was inserted after fill-in of the HindIII site with the Klenow-frag- 
ment of DNA polymerase. The changes were confirmed by sequence 
analysis. For insertion of the cDNAs, the modified vector was pre- 
pared by restriction with SaII, fill-in of the protruding ends, and sub- 
sequent digestion with BamHI. The cDNAs were then inserted as 
EeoRI (blunt)/BamHI fragments isolated from the pTZ19R constructs. 
The final plasmids retained the optimal promotor/translation-start 
configuration of the vector. The polypeptides contained at the N-ter- 
minal five additional amino acids from the vector. Previous results 
have shown that such changes at the N-terminal have no significant 
effect on enzyme activity (Lanz et al. 1991). The STS from A. hy- 
pogaea was recloned into pQE-6 after introduction of a NcoI site in- 
to the start ATG by site-directed mutagenesis. 
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[ ' "  vector , . . i . . .  cDNA . . . . . . . . .  [ . . . . . . . . . .  vector . . . . .  

Fig. 2. Strategy for recloning of the hybrids for expression in E. 
coli vector pQE-6. The modifications in the vector polylinker were 
necessary for in-flame insertion of the protein-coding regions. The 
polypeptides were translational fusions with five vector-encoded 
amino acids at the N-terminal. Pi>, vector promotor. N, NcoI; B, 
BamHI; S, SalI; H, HindIII; No, NotI. 

Extracts, Enzyme Assays, and Quantification. These were per- 
formed as described recently (Schanz et al. 1992), with the modifi- 
cation that the lysozyme concentration during lysis of the E. coli 
cells was raised to 2 mg/ml. The assay conditions were the same with 
all proteins and starter CoA-esters. The products were analyzed by 
thin-layer chromatography (TLC) with 20% acetic acid as solvent. Un- 
der these conditions the STS and CHS products were clearly distin- 
guished by their Rf values. The radioactive products were routinely 
quantified with a TLC analyzer. The identity of the products had been 
previously established by HPLC chromatography and gas chro- 
matography-mass spectrometry (Lanz et al. 1991). 

The enzyme activities were not based on total protein in the ex- 
tracts because these contained an additional protein (lysozyme) and 
because the rate of protein expression varied among the mutants. 
Each enzyme extract (soluble proteins after a centrifugation of 15 rain 
at 15,000g) was analyzed by immunoblots, and the enzyme activity 
was based on the quantity of the immuno-decorated protein (Lanz et 
al. 1991). The proteins were visualized with an antiserum recogniz- 
ing only the C-terminal half of the STS from A. hypogaea (Lanz et 
al. 1991). This ensured that the immuno-staining reflected the amount 
of hybrid protein regardless of the position and number of mutations 
in the CHS part of the hybrids. 

Miscellaneous Techniques. Other molecular biology techniques 
were carried out according to published procedures (Samhrook et al. 
1989). 

Results  

The phylogenet ic  tree (Fig. 3) showed the separat ion of  
the CHS proteins  into some subfamil ies  which were 
largely  in agreement  with the systematic  families,  and 
the stable grouping within the subfamil ies  was reflect-  
ed by good boots t rap values.  The in ter -subfami ly  rela-  
t ionships were not quite clear, nor was the branching or- 

der  of  some sequences near the outgroup. Neverthe-  
less, it was obvious that the STS proteins did not form 
a cluster  of  their  own and that they grouped with the 
CHS from the same or related plants rather than with 
each other. This suggested that there was no ancestral  
STS gene and that the STS (present  in only a rather 
small  number  of  higher  plants) deve loped  from CHS 
several times independently. I f  this hypothesis is correct, 
one would expect  that a l imited number  of  A A  changes 
would  be sufficient  to convert  a CHS into a protein 
with STS activity, and the experiments  descr ibed below 
tested that possibi l i ty .  

In view of  the complexi ty  of  the CHS and STS re- 
act ions (Fig. 1), and in the absence of  three-d imen-  
sional protein structures, it was not advisable  to attempt 
the convers ion of  a comple te  CHS into a protein with 
STS function. We therefore s impl i f ied  the p rob lem by 
using a CHS/STS hybr id  that contained 107 A A s  from 
the N-terminal  of  a CHS and 287 AAs  from a STS (Fig. 
4). This choice was based on two considerations:  (1) the 
CHS part encompassed the entire first exon (AAs 1-65), 
and this was of  interest, because that exon is strictly con- 
served in CHS and STS genes, and (2) the STS con- 
t a ined  a c onve n i e n t  r e s t r i c t i on  si te f ac i l i t a t i ng  the 
cloning procedures.  The apparent  s impli f icat ion of  the 
p rob lem was compensa ted  for by using CHS and STS 
from two different  famil ies  (S. alba: Brassicaceae;  A. 

hypogaea: Fabaceae)  because  this appeared a r igorous 
test of  the hypothesis .  The two enzymes share an over- 
all identi ty of  72.2%, and another 11.3% are considered 
s imilar  according to standard criteria. The hybr id  C1 
(Fig. 4) had no detectable  STS or CHS activity.  It was 
the starting point  for s i te-directed mutagenesis  experi-  
ments in the CHS part  to obtain STS activity.  

Figure  5A summarizes  a compar ison of  the CHS (S. 
alba) and the STS (A. hypogaea) in the region pert inent  
to the experiments .  The sequences shared 62.6% iden- 
ti ty and 13.1% similar i ty  in these parts of  the proteins,  
and 24.3% (26 AAs)  were different. The STS contained 
eight  posi t ions deviat ing from the CHS consensus from 
34 CHS, and these were considered targets for the mu- 
tagenesis  because  the chances appeared high that they 
were of  funct ional  significance.  Six of  the exchanges 
could be interpreted as conservat ive  replacements ,  but 
the other two were not l ikely to belong to that catego- 
ry (CHS Pro-42 vs STS Ala;  CHS Gln-100 vs STS 
Glu). The latter was of  par t icular  interest  because  the 
posi t ions 104 deviated from the CHS consensus as well, 
and the STS Arg-105 appeared of  potential  s ignif icance 
because  all CHS contained either Val  or a non-charged 
A A  in that position. The CHS Val-103 (Met in STS) was 
included in the exper iments  because  it was part  of  the 
CHS consensus  until  very  recent ly  (Junghans et al. 
1993). The regions around A A  42 and AAs  100-105 al- 
so revealed differences in the secondary structure pre- 
dict ions (Fig. 5A). 

The mutagenesis experiments are summarized in Fig. 
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I I CHS11Pisum sativum 
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CHS1 Pueraria lobata 
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941 CHSG Petunia hybrida 34 

I 67 CHS1LycoperMcon esculentum 
301 I CHSA Petunia hybrida 

I CHSJ Petunia hybrida 
CHS1Matthiota incana 
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I 99[----- CHS1 Sinapis atba 

66 31 I CHS3 Sinapis alba 
[.~ L_____ CHS1 Magnolia liti iflora 
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100 j ,i CHS1Hordeum vulgare 
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L--~__~PM~I CHSl Petroselinum hortense 
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- - [ ] v i t i s  vinifera 
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- -  FABH EschericMa coli (outgl/ 'OUp) 

Fig. 3. Consensus phylogenetic tree of chalcone and stilbene syn- 
thase proteins. The FABH sequence of E. coli served as outgroup. 
Numbers at the forks indicate how o~en the group to the right ap- 
peared among 100 bootstrap replicates. An average of 5.4 equal par- 
simonious ~ees was found within the bootstrapped data sets. The 

l Pinaceae 

Fabaceae 

Scrophulariaceae 

Solanaceae 

Brassicaceae 

Magnoliaceae 

] Poaceae 

Asteraceae 
Apiaceae 
Ranunculaceae 
Vitaceae 
Solanaceae 

number of required changes ranged from 1,530 to 1,714 with an av- 
erage of 1,600. The systematic families are shown to the right. CHS 
= chalcone synthase, STS = stilbene synthase (framed); letters and 
numbers identify the individual proteins. 

5B. The exchange of CHS Pro~42 to the Ala of STS had 
no effect at all--i.e.,  the protein was completely inac- 
tive (Cla). The same result was obtained with the sin- 
gle exchange of the strictly conserved CHS Gln-100 in- 
to the Glu of STS (Clas). Mutations of the two amino 
acids 103 and 105 toward STS (Clb), also in combina- 
tion with the Pro-42-to-Ala exchange (Clc), were un- 
successful as well. The simultaneous mutation of the 
AA 100, 103, and 105 (Clr), however, led to an STS ac- 
tivity corresponding to a few percent of that observed 
with the parent STS. An additional Pro-42-to-Ala ex- 
change (Clg) did not result in a drastic improvement of 
the activity. The results showed that changes of three 
AAs were sufficient to obtain STS activity. The Gln- 
100-to-Glu conversion appeared to be essential, and 
this conclusion was supported by four other mutants 

with several additional exchanges but lacking this par- 
ticular mutation; all were enzymatically inactive (data 
not shown). 

The next experiments attempted to improve the STS 
activity by additional mutations of AA that might have 
effects on either function or structure of the hybrid pro- 
teins, and this series included the complete exchange of 
the 11 N-terminal AAs against a sequence which leads 
to a fully functional enzyme when present in STS (Lanz 
et al. 1991). In view of the large number of possibili- 
ties it was not possible to investigate all combinations. 
The 14 different mutants tested, however, revealed no 
large increases of activity, and many had lower activi- 
ties than Cl r  or none at all (Fig. 5B, Claw to rClao). 

The inactive hybrid rClao  carried all mutations per- 
formed so far. One additional exchange (CHS Gly-23 
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E K B 
1 F 1 

[ > STS A. hypoqaea 

xxxxxxxxxxxxxxxxxxxxxx> CHS S. alba 

introduction of a KpnI site 

E K B 
II i ij 

xxxxxxxxxxxxxxxxxxxxxx> CHS (mutated) 

E K B 
II i I 
[XXXXXXX ............... > CHS/STS hybrid (Cl) 

Fig. 4. Construction of a protein hybrid between CHS from S. alba 
and STS from A. hypogaea. The STS sequence contains a KpnI site 
at the AA position 107/108. This restriction site was introduced in- 
to the CHS by site-directed mutagenesis at the corresponding posi- 
tion, and the EcoRI/KpnI fragment in STS was then replaced by the 
fragment from CHS (CHS/STS hybrid C1). E, EcoRI; K, KpnI, B, 
BamHI. ~ ,  CHS; , STS. 

to STS Thr) restored at least some STS activity (rClap), 
suggesting that this particular AA might be important. 
The subsequent experiments investigated whether this 
exchange would lead to higher enzyme activities in 
combination with previously tested mutations. In the se- 
ries rClaq to Clau (Fig. 5B), the highest activity was 
obtained with Clau (about 25% of the unchanged STS). 
This hybrid contained only four exchanges in the CHS 
part: the Gly-23-to-Thr modification and the three AAs 
identified before as important for STS activity (positions 
100, 103, 105; Clr). Control experiments showed that 
mutants containing only the Gly-23-to-Thr exchange 
(Clav), or three exchanges, but not the Gln-100-to-Glu 
modification (C 1 an), were completely inactive. The re- 
sults demonstrated that four AA changes in a CHS se- 
quence of 107 AAs were sufficient to obtain quite high 
STS activities. None of the mutants had CHS activity 
(formation of chalcone instead of stilbene). To investi- 
gate the effect of the four mutations on CHS activity, 
the mutated CHS part was retransferred from Clau to 
the CHS from S, aIba. The replacement led to an almost 
complete loss of CHS activity (-<0.6% of the parent 
CHS), and STS activity was not detectable. The results 
indicated that these four AAs are important for CHS ac- 
tivity but that they were not sufficient to convert the 
complete CHS protein into a functional STS. 

The measurements described so far were performed 
with the proteins expressed from vector pTZ19R. This 
was adequate for the screening of the mutants, but a 
more detailed characterization required recloning in an 
expression vector. This was performed with the STS it- 
self and representative mutants, and the results are sum- 
marized in Table 1. They confirmed the data obtained 
with the pTZl9R vector system, except for mutant 
C 1 ao, which under the improved expression conditions 

revealed higher activities than before. This hybrid con- 
tained the Pro-42-to-Ala exchange in addition to the 
four important mutations identified with Clau. Its ac- 
tivity was still slightly lower than that of Clan, con- 
firming the previous conclusion that the Pro-42 ab- 
solutely conserved in CHS was not a critical determinant 
in the conversion of CHS to STS activity. 

Table 1 also summarizes data which are of interest 
for the interpretation of the mutants. The enzyme mea- 
surements were performed with the supernatants of a 
15,000g centrifugation, but the presence and percentage 
of immunoreactive proteins in the pellet was routinely 
tested as well. With unmodified STS, about 60% were 
in the soluble fraction, and the remaining 40% in the 
pellet were enzymatically inactive. This was expected, 
because a certain percentage of foreign proteins ex- 
pressed in E. coli is usually found in inclusion bodies 
(Marston 1986), and insolubility has been used as a di- 
agnostic tool for misfolded protein aggregates (Mitra- 
ki and King 1992). Interestingly, the hybrids with en- 
zyme activity had a distribution similar to that of STS, 
while the inactive proteins were mostly found in the in- 
soluble fraction (Table 1; the exception Clan will be 
discussed below). The correlation between protein sol- 
ubility and activity was also observed with other hy- 
brids, and sizing chromatography (gel filtration) con- 
firmed that the insoluble proteins were aggregates and 
not the expected dimers (data not shown). The hybrid 
Clan was an interesting exception, because the per- 
centage of the protein in the soluble fraction was quite 
high in the absence of detectable enzyme activity. C 1 an 
lacked the Gln-100-to-Glu mutation of the very active 
Clau hybrid, and this confirmed the important role of 
that AA for enzyme activity. 

The CHS/STS hybrids Clao and Clan had STS ac- 
tivity, but it was lower than that of the original STS. It 
was therefore of interest whether this reflected differ- 
ences in substrate affinity (Kin), rate of reaction (Vmax), 
or both. The kinetic analysis with 4-coumaroyl-CoA as 
starter CoA-ester showed that the KmS were very simi- 
lar and that a lower Vma x was responsible for the low- 
er activities of the mutants (Fig. 6). 

The A. hypogaea STS and the S. alba CHS prefer 4- 
coumaroyl-CoA as starter substrate, corresponding to 
the stilbene or naringenin chalcone derivatives found in 
these plants. Like all tested STS and CHS, these proteins 
also accept related CoA-esters in vitro--for example, 
cinnamoyl-CoA and dihydrocinnamoyl-CoA (Flieg- 
mann et al. 1992; SchrOder and Schr6der 1992; Schanz 
et al. 1992). A. hypogaea does not contain the products 
of these STS reactions (pinosylvin and dihydropino- 
sylvin, or their derivatives), but they do occur in other 
plants--e.g,, in pines (Gorham 1989; Kindl 1985). The 
hybrids represented new enzyme creations, and we 
therefore tested whether they possessed the same sub- 
strate preferences as the parent enzymes. Table 2 shows 
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Fig. 5. A The N-terminal 107 AAs of the CHS from S. alba, CHS 
consensus (CHSco, from 34 CHS), alignment with the STS from A. 
hypogaea, and secondary structure predictions. Double dots, identi- 
ty; dots, similarity. + and - in CHSco: AAs which contain a posi- 
tive or negative charge in all CHS. Exclamation marks: deviations in 
STS from the CHS consensus. Symbols for predicted conformations: 
X, helical; - ,  extended; > ,  turn; *, coil (program GARNIER, 
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PCGENE software package). B CHS sequence of the CHS/STS hy- 
brid C1 (printed fully) and of the mutants (only the exchanged AA; 
dots indicate no AA change). The activities are given in % of the STS 
from A. hypogaea; - ,  not detectable. On top of C1, summary of all 
exchanged AA. Underlined in the mutants: changes from the CHS 
consensus. (MKG) indicates that the first three AAs in these hybrid 
proteins originated from translational fusions with vector-encoded AA. 

that this was not the case, because the CHS/STS hybrids 
preferred dihydrocinnamoyl-CoA against 4-coumaroyl- 
CoA. 

Discussion 

The phylogenetic tree shows that the CHS proteins 
grouped into subfamilies which largely corresponded to 
the systematic families. Many species were represent- 
ed by only one sequence, and this was most likely the 
reason for the uncertainty in the branching order of 
some proteins near the outgroup. Interestingly, often the 
members of CHS families did not form a species-spe- 
cific cluster but instead formed subgroups with CHS 
from other plants (Petunia hybrida, Medicago sativa, 
Pisum sativum, Lycopersicon esculentum). This could 
indicate a specialization of enzyme properties within the 
CHS families, but heterologous expression and inves- 

tigations of the enzyme properties have not been per- 
formed. CHSB from Petunia hybrida represented an 
extreme example, because it was positioned next to the 
outgroup and quite apart from the other Petunia CHS 
(Fig. 3). It had been noted before that the sequence of 
CHSB was unusual, and specialized enzyme properties 
or a gene in the process of being inactivated were of- 
fered as possible explanations (Koes et al. 1989). 

Most importantly, the tree showed that the STS did 
not form a cluster of their own. They grouped with the 
CHS from the same or related plants rather than with 
each other. This could be explained by highly conver- 
gent evolution from originally different functions, dri- 
ven by functional and structural requirements imposed 
on proteins of CHS or STS activity. In this case one 
would expect similar proteins, but not necessarily the 
same gene structures. These, however, are similar to the 
extent that all known CHS and STS share a conserved 
intron at the same position, splitting a cysteine strictly 
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Table 1. Properties of selected CHS/STS hybrids (experiments performed with the hybrids recloned in expression vector pQE-6) 

Position 

23 42 100 103 105 

Exchange STS 

G --~ T P ~ A Q ---r E V --~ M V ---) R activity (%)a 
Protein in 
supernatant (%)b 

STS 100 60 
C1 c -<-5 

Clr  + + + 3-5 40 
C 1 au + + + + 20-25 50 
C 1 ao + + + + + 15-20 40 
Cla + - -  -<5 
Clb + + - -  --<15 
Clan + + + - -  50 

a With 4-coumaroyl-CoA; assays under conditions of linear product formation; specific activities normalized to protein amounts in immunoblots 
b Ratio of soluble (supernatant of a 15-rain centrifugation at 15,000g) to total immunoreactive protein (both determined by immunoblots) 
c No detectable activity 

3 [ 
1/V t- • + 

Krn = 1.1 x q0 -6 M ~ 

/ V 

-0 .9  0.0 0.2 0.4 0.6 0.8 1.0 
1/s 

Fig. 6. Kinetic analysis of the STS from A. hypogaea (x), and the 
CHS/STS hybrids clau (+)  and Clao (o) with 4-coumaroyl-CoA as 
starter CoA-ester. See Table 1 for description of the mutants. The ex- 
periments were performed with the hybrids recloned in expression 
vector pQE-6. 

conserved in both enzymes. This point clearly argues for 
a common evolutionary origin of CHS and STS. The 
fact that the STS grouped with CHS and not as a sepa- 
rate cluster suggested that there was no ancestral STS 
gene in the strict sense, that STS evolved from CHS, and 
that this occurred several times independently in the 
course of evolution. 

We speculated that a limited number of  AA ex- 
changes could convert a CHS into a STS. The success- 
ful hybrids showed that three changes in a CHS se- 
quence of 107 AAs were sufficient to obtain STS 
activity with the hybrid protein and that one additional 
mutation led to a remarkable further increase (Table 1). 
Our approach was mostly based on consensus observa- 
tions and secondary structure predictions. One of the de- 
ductions was correct (region 100-105), in particular 
with respect to the Gln-100-to-Glu exchange which 
was essential for catalytic activity (Clan vs Clan, Table 
1). The second was not correct (Pro-42), and the effect 
of the CHS Gly-23 change to the Thr in STS was re- 

Table 2. Substrate preferences of STS (,4. hypogaea), CHS/STS hy- 
brids with STS activity, and CHS (S. alba) with three different starter 
CoA-esters a 

Relative activity (%) with 

4-coumaroyl- cinnamoyl- dihydro- 
protein CoA CoA cinnamoyl-CoA 

STS 100 50 + 10 85 4- 10 
Clau 40 -+ 10 55 _+ 5 100 
Clao 35 + 10 70 + 10 100 
Clr  45 _+ 10 55 + 10 100 
CHS 100 65 _+ 5 20 _+ 5 

a The activity with the best substrate was set as 100%. See Table 1 
for the relative activities 

markable, but hardly predictable, because most other 
CHSs contain Thr in this position, and Gly appears to 
be confined to the Brassicaceae family. Interestingly, 
this AA is in the first exon (AAs 1-65), while the oth- 
er successful exchanges are in the second exon. It should 
be noted, however, that the modifications performed in 
this work were not necessarily the only possible solu- 
tion, and there may be even simpler ways to solve the 
problem even with complete CHS proteins. 

The kinetic analysis indicated that the differences be- 
tween the STS and the active hybrids were in Vm~ x, not 
in K m (Fig. 6), and this appears plausible, because the 
binding site for the starter CoA-ester (active site for the 
condensing reaction) is located in the STS part of the hy- 
brid (Cys-169) (Lanz et al. 1991). Interestingly, the hy- 
brids had a different substrate preference than the par- 
ent enzymes. The side chain in the dihydrocinnamoyl 
residue is more flexible than the double-bond configu- 
ration in the other two substrates, and the resulting 
higher flexibility of the tetraketide intermediate may be 
easier to handle with imperfect proteins like the hybrids. 

The condensing reactions of CHS and STS are very 
similar or identical (Schr6der and Schr6der 1990; Lanz 
et al. 1991), but the configuration of the enzyme-bound 
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tetraketide intermediate must be different to obtain ei- 
ther a chalcone or a stilbene as final product (Fig. 1). 
One would therefore predict that the conversion of CHS 
to STS involves changes in the three-dimensional struc- 
ture of the protein without affecting the protein-folding 
pathway or the capacity of the subunits for dimerization. 
This is a prerequisite for testing the effects of AA ex- 
changes on enzyme activity. Most of the hybrids formed 
insoluble aggregates, indicating that these and the orig- 
inal hybrid C1 failed in the first place because they 
could not fold or dimerize correctly. The interplay of 
structure and function is not understood, and the use of 
an interfamily hybrid certainly represented an addi- 
tional complication. To the best of our knowledge, in- 
terspecies chimeras have been used rarely so far to cre- 
ate new enzyme activities (e.g., Pompon and Nicolas 
1989), although site-directed mutagenesis is a standard 
technique for that purpose. (See Aoyama et al. 1989; 
Clarke et al. 1989; Iwasaki et al. 1993; Juvonen et al. 
1991 for some examples.) 

In conclusion, the experiments showed that three 
AA exchanges were sufficient to adapt the N-terminal 
107 AAs of a CHS to STS function in an artificial pro- 
tein with enzyme parts from different plant families. 
This suggests that comparably simple changes (but not 
necessarily the same) were sufficient to change a CHS 
into a protein with STS activity in the course of evolu- 
tion. Such an enzyme would not have to be very effi- 
cient initially (like Clr) ,  because the advantage of pro- 
ducing a new phytoalexin as defense against pathogen 
attack would favor the selection of mutational changes 
toward more effective enzymes. The hypothesis is con- 
sistent with the phylogenetic tree which indicates that 
STS evolved from CHS several times independently. 
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