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Importance of Historical Contingency 
in the Stereochemistry of 

Hydratase-Dehydratase Enzymes 
Jerry R. Mohrig,* Katherine A. Moerke, David L. Cloutier, 

Brian D. Lane, Eric C. Person, Timothy B. Onasch 

There are two stereochemical classes of hydratase-dehydratase enzymes. Those that 
catalyze the addition of water to a,p-unsaturated thioesters give syn addition-elimination 
stereochemistry, whereas those that catalyze the addition of water to conjugated car- 
boxylate substrates give anti stereochemistry. This dichotomy could reflect different 
adaptive advantages or contingencies of separate evolutionary histories. Determination 
of the nonenzymatic stereochemistry of deuterium oxide addition to fumarate and to 
S-crotonyl N-acetylcysteamine has provided direct evidence for the importance of the 
contingencies of evolutionary history, rather than chemical efficiency, in the pathways of 
these hydratase-dehydratase enzymes. 

T h e  diversity inherent in the primary, sec- 
ondary, and tertiary structures of proteins 
fosters catalysis of unparalleled precision 
and efficiency. The specificity that enzymes 
show in substrate recognition and the rate 
at which the subsequent chemical transfor- 
mations are performed are extraordinary. 
With billions of years of evolutionary his- 
tory, can we safely assulne that enzymes will 
always use the most favorable pathways for 
the transformations that they catalyze? 
Dorit et al, have argued that modern pro- 
tein diversity represents only a very limited 
exploration of sequence space-an explora- 
tion constrained by the success of earlier 
motifs-and that some proteins may well lie 
at local optima ( I ) .  Do the pathways of 
some natural enzymatic processes represent 
local rather than global optima? 

Because of ambiguities in our under- 
standing of the precise mechanistic and ki- 
netic details of most complex enzymatic 
reaction pathways, it is difficult to find 
convincing evidence pertaining to this im- 
portant question by examining the rates of 
enzymatic reactions; however, stereochem- 
istry offers a more promising opportunity. 
The stereospecificity of enzyme-catalyzed 
reactions has been a fruitful source of infor- 
mation about the mechanisms of enzymatic 
catalysis, but stereochemical investigations 

have also generated interesting puzzles. One 
of these concerns the syn or anti stereo- 
chemistry of addition-elimination reac- 
tions, which play fundamental roles in most 
metabolic pathways. 

All hydratase-dehydratase reactions in 
which the abstracted proton of the substrate 
is a to a carboxylate group, such as fumarate 
hydratase, aconitate hydratase, and enolase, 
proceed with anti stereochemistry. Seven 
examples are known ( 2 ,  3). In general, syn 
pathways are not favored in most nonenzy- 
matic elimination reactions because of the 
eclipsed geometry necessary in the transi- 
tion state, and anti eliluination is favored by 
stereoelectronic effects (4); therefore, this 
anti stereochemical pattern is no surprise. 
However, there is also a group of eight 
dehydratases that produce the syn elimina- 
tion of water, including enoyl-coenzyme A 
(CoA) hydratase, fatty acid spthetase, and 
P-hydroxydecanoyl thioester dehydratase; 
in these reactions, the proton abstracted is 
a to a carbonyl group of a thioester or a 
ketone ( 2 ,  3). It has been shown that enoyl- 
CoA hydratase favors the syn pathway by 
more than 8.8 kcal/mol (5). 

Functional theories often argue that 
evolutionary selection pressures have pro- 
duced enzymes that are optimally adapted 
to catalyze their specific reactions. Indeed, 
some enzymes act with a catalytic efficiency 
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nation reactions, it has been suggested that 
the acidity of the oroton attached to the a 
carbon might inflLence which is the most 
efficient pathway. Because the a protons of 
thioesters (pK<, - 22 to 23, where Kc, is the 
acid dissociation constant) are more acidic 
than those of carboxylate salts or carboxylic 
acids (pKa r 25), it has been argued that 
this increased acidity could tilt the stereo- 
chemistry toward syn addition-elimination, 
with catalytic group economy in having a 
single acid-base enzymatic group that could 
interact both with the a proton and with 
the p leaving group (2 ,  7). 

However. the stereochemical nreference 
need not have a basis in luechanistic ad- 
vantage. There are two other evolutionary 
possibilities. In the first, the stereochemis- 
try may be functionally significant, and in 
each stereochemical class of dehydratases 
the pattern simply represents divergent evo- 
lution from two ancestral progenitors with 
conservation of active site structure. A sec- 
ond possibility is that the functional differ- 
ence is insignificant and therefore neutral 
to natural selection. Selective vressures 
might not be strong enough to favor one 
stereochemical outcome over the other, be- 
cause the energetic difference between the 
syn and anti elimination pathways involving 
unhindered acyclic substrates is rarely, if 
ever. more than 3 kcali~nol 14). . , 

We chose to try to understand this syn- 
anti dichotomy by determining the innate 
chemical stereoselectivity for the addition 
of water across the conjugated double bond 
of a substrate from each stereochemical 
class, under nonenzymatic conditions. The 
two substrates that we used are disodium 
fumarate (1) and S-crotonyl N-acetylcys- 
teamine (3) ,  shown in Fig. 1. Of course, 
fumarate is the actual substrate of fi~marate 
hvdratase, and 3 is identical to the substrate 
of enoyl-coA hydratax near the site of the 
addition reaction. Although the actual sub- 
strate is the CoA thioesyer, Lynen found 
that 3 is also catalytically processed by the 
enzyme (8), which produces syn elimination 
on the S-pantetheine thioester of crotonate 
as well (9). In addition, P-hydroxydecanoyl 
thioester dehydratase gives syn elimination 
from the N-acetvlcvsteamine substrate 11 0). , , 

The stereoseiec;ivity of conjugate addi- 
tion to a,P-unsaturated esters can be quite 
high, on the order of 10:l antilsyn for the 
addition of deuterated ethyl alcohol 

SCIENCE VOL. 269 28 JULY 1995 



(EtOD) and Me,CSD (Me, methyl) to eth- 
yl crotonate (1 1 ) .  In all cases that we have 
studied, the products of base-catalyzed con- 
jugate addition and H-D exchange (at the a 
position of the P-substituted butyrate deriv- 
atives) have the same diastereomeric com- 
position (12). This is powerful evidence 
that H-D exchange and conjugate addition 
reactions ~roceed through a common eno- - 
late-anion intermediate. Thus, in principle, 
the substrate diastereoselectivities that we 
need could be found either by exchange or 
by addition reactions. 

It is likely that fumarate hydratase and 
enoyl-CoA hydratase also catalyze their re- 
actions by pathways involving enolate or 
enolic intermediates. All of the enzymatic 
anti addition-elimination reactions so far 
examined have been reported to proceed by 
stepwise pathways involving enolate inter- 
mediates (13). There is also good evidence 
for enolates in the H-D exchange of thio- 
esters in D,O with 3-quinuclidinone buffers 
(5, 14). E~&~-COA hydratase may proceed 
by a concerted pathway (5, 15), although 
Gerlt and Gassman have argued for a steD- - 
wise pathway in which concerted general 
acid-base catalvsis ~rovides nrotonation of , . 
the carbonyl oxygen as the a-proton is ab- 
stracted, giving an enolic intermediate (7,  
16). Even if the mechanisms of the enzy- 
matic and nonenzymatic processes whose 
stereochemistries we are comparing are sub- 
tly different, there is no reason to expect 
any fundamental change in the reaction 
stereoselectivities. 

Addition and exchanpe reactions of fit- - 
nlarate and malate were run in D 2 0  under 
N2 with 0.50 M 1 or disodium malate (2)  
and 0.005 to 0.50 M KOD over a tempera- 
ture range of 50' to 100°C (17). The deu- 

teroxide-catalyzed reaction of 2 in D 2 0  is 
remarkably clean, the only product being 
H-D exchange at the a carbon, C-3 (18). In 
the conjugate addition of D 2 0  to 1, direct 
H-D exchange on fitmarate competed to a 
small degree, but not sufficiently to confi~se 
the issue. As shown in Table 1, the dia- 
stereoselectivity of deuteration at C-3 of 
malate was 57% of the 2R':'.3S" dia- 
stereomer over the entire range of reaction 
conditions, including changes in tempera- 
ture and pH. Thus, there is a slight bias for 
anti addition of D 2 0  to fumarate. 

The necessary thioester substrates, 3 and 
S-P-hydroxybutyryl N-acetylcysteamine (4) ,  
were synthesized from N-acetylcysteamine 
and crotonyl chloride (19) and p-butyro- 
lactone (8) ,  respectively. Addition and 
exchange reactions were run in D,O under 
N, with 0.25 M 3 or 0.5 M 4 and 0.1 or 0.5 
M KOD over a temperature range of 23' to 
50°C (20), and the results are shown in 
Table 2. The reactlon of 3 with KOD-D,O 
is comnlex. A number of ~roditcts were 
formed in addition to deuterated 4 ,  in- 
cluding small amounts of rearranged alk- 
enes. In all reactions, base-catalyzed hy- 
drolysis of the thioesters accompanied 
H-D exchange and D 2 0  conjugate addi- 
tion; 15% exchange of 4 was accompanied 
by approximately 30% hydrolysis. 

The hydrolysis that acco~npanies H-D 
exchanee was used to determine the struc- " 
ture-chemical shift correlation for the deu- 
terated thioester 4. Earlier work had ~rovid-  
ed the nuclear magnetic resonance (NMR) 
chemical shift correlation for 2-deuterio-3- 
hydroxybutanoic acid (21 ) ,  showing the 
deuteron of the ZR'$,3R:Qdiastereomer up- 
field ( 6  2.24, H 2 0 )  Deuteroxide-catalyzed 
H-D exchange of the a protons of P-hy- 

Fig. 1. Base-catalyzed ad- -02c 
/ H  D O  

D 
dition of D,O to fumarate (1) >c=c -0,C-CH-CH-GO2- I -02C-CH-CH2-C02- 
and S-crotonyl N-acetycys- H '~0,- OD' AD OD- OH I 

teamine (3) and the related 
H-D exchange reactions of 1 2 

maate (2) and S-p-hydroxy- 
butyryl N-acetylcysteam~ne 

H3C D 0 
D 

(4). I 
>C=C / H  1 HIC4H4H-$-S-R - D2° H 3 C 4 H 4 H 2 4 - S - R  

I 
OD' OD 0 

I 
H \C-S-R 

OD' OH 8 
0 

3 4 
R = CH2CH2NHCCH3 

8 

Table 1. Diastereoselectivity of H-D exchange on maate and D,O addition to fumarate, gven as the 
percentage (-tSD) of the anti additon product, the 2R*,3Sr isomer of malate deuterated at C-3. In the 
structure-chemical shift correlation for 3-deuteriomaate, the deuteron of the 2R*,3S* isomer is the 
downfield portion of the AB pattern (25). Concentrations pertan to KOD. 

droxybutyrate in D 2 0  is a clean but very 
slow reaction; 7Yo exchange occurs in 3 
hours at 100°C with 0.5 M KOD. There- 
fore, the H-D exchange ohserved in the 
P-hydroxybittyrate recovered from the reac- 
tion of 4 must have occurred before hydro- 
lvsis of the thioester. The fact that the 
deuterated thioester 4 and its hydrolysis 
product, P-hydroxybutyrate, both have 
81% of the 2R':',3R"' diastereomer adds ad- 
ditional weight to the structure correlation. 
Because formation of the 2R4',3R':' configit- 
ration arises from an anti process, there is a 
4.3 :1 bias toward anti addition of D1O to 
the thioester 3. 

Our data show that conjugate addition 
of D,O to the a,p-it~lsaturated thioester 3 
produces 3.2 times as much anti addition of 
water as does the addition of D,O to fitma- 
rate. This is exactly opposite to the stereo- 
chemistry of the enzymatic syn-anti dichot- 
omv, where fitmarate hvdratase gives anti 
addition-elimination and e n o y l - C o ~  hy- 
dratase gives svn addition-elimination of - 
water. Because enoyl-CoA hydratase appar- 
entlv uses the svn addition-elimination 
pathway for reasoils other than chemical 
efficiency, this is direct evidence for the 
importance of historical contingency in en- 
zymatic catalysis (22). 

It is difficult to distinguish experimen- 
tally between convergent evolutioll and 
functional conservation during divergent 
evolution, and evolutionary proposals relat- 
inp to the kinetics and stereocl~e~nistrv of - 
enzymatic reactio~ls have not been without 
controversy (23). Benner et al.  have argued , . u 

that the stereospecificities of some classes of 
enzymatic reactions, including polar addi- 
tion-elimination reactions, suggest that 
they were the targets of natural selection, 
whereas the stereospecificities of others sug- 
gest that they were not (24). It now seems 
that the reactions of at least some hy- 
dratase-dehydratase enzymes must be re- 
llloved from the for~ner class. Dorit et al .  
have pointed out that it seems it-ilikely that 
the corner of sequence space occupied by 
modern proteins represents the best of all 
possible lvorlds, a selective optimum 
reached after a careful evolutionary walk 
through all of sequence space ( 1  ). In the 
case of the syn-anti dichotomy of hydratase- 

Table 2. D~astereoselectiv~ty of H-D exchange 
and D,O addition on N-acetylcysteam~ne th~o- 
esters of p-hydroxybutyrate and crotonate, glven 
as the percentage (?SD) of theanti add~tion prod- 
uct, the 2R*,3R* diastereomer of 4 deuterated at 
C-2. Concentratons pertain to KOD. 

Sub- 0.50 M ,  0.05 M ,  0.005 M ,  0.50 M ,  0.50 M 
strate 100°C 100°C 1 OOcC 7 5 T  5OCC 
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dehydratase enzymes, this seems borne out 
in a convincing manner. The enzymatic syn 
addition-elimination of water with thio- 
ester substrates is not the most chemically 
efficient pathway but appears to depend 
instead on historical contingency. 
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Interaction of Papillomavirus E6 Oncoproteins 
with a Putative Calcium-Binding Protein 

Jason J. Chen, Carl E. Reid, Vimla Band, Elliot J. Androphy* 

Human papillomaviruses (HPVs) are associated with the majority of cervical cancers and 
encode a transforming protein, E6, that interacts with the tumor suppressor protein p53. 
Because E6 has p53-independent transforming activity, the yeast two-hybrid system was 
used to search for other E6-binding proteins. One such protein, EGBP, interacted with 
cancer-associated HPV E6 and with bovine papillomavirus type 1 (BPV-1) E6. The trans- 
forming activity of BPV-1 E6 mutants correlated with their E6BP-binding ability. E6BP is 
identical to a putative calcium-binding protein, ERC-55, that appears to be localized in 
the endoplasmic reticulum. 

Infection with "high-risk" HPV, such as 
types 16, 18, and 31, can lead to malignancy, 
the most common of which is cervical can- 
cer. Two viral transforming genes, E6 and 
E7, are selectively retained and expressed in 
these cancers. Other HPVs such as types 6 
and 11 are referred to as "lorn>-risk" viruses 
because these are generally limited to benign 
genital and cervical papillomas that rarely 
progress to cancer. The high-risk HPV E6 
genes induce immortalization of primary hu- 
man epithelial cells either alone or in coop- 
eration with E7 [reviewed in ( I ) ] .  High-risk 
HPV E6 proteins bind the cellular factor 
E6-AP in vitro, and together these proteins 
bind and promote the ubiquitination and 
degradation of pi3 (2, 3). In cultured cells 
the introduction of HPV-16 E6 leads to 
increased p i3  turnover (4, 5) ,  inhibits p53- 
regulated transcription (6, 7), and blocks 
pi3-induced G I  growth arrest (4, 8). 

J. J. Chen and C. E. Reld, Department of Dermatology, 

Several observations suggest that papil- 
lomavirus E6 genes encode pi3-indepen- 
dent transformation fiunctions. HPV- 16 E6 
transforms NIH 3T3 cells but trans-domi- 
nant pi3 mutants did not (9). We have 
found that HPV-16 E6 induces anchorage- 
independent growth of pi3-deficient cells 
(10). The E6 genes from HPV-i and HPV- 
8, BPV-1, and cottontail rabbit PV have 
oncogenic properties, yet these E6 proteins 
do not interact with p53 ( 1  1 ). To identify 
additional cellular proteins that interact 
with HPV-16 E6, we screened (12)  a HeLa 
cell complelnentary DNA (cDNA) library 
( 1  3) using the yeast two-hybrid system (14). 
After screening - 10%olonies on X-Gal 
plates, we isolated a HeLa cDNA encoding 
a protein referred to as E6BP (E6-binding 
protein) that specifically interacts with 
HPV-16 E6 (12). 

Sequence analysis of the E6BP cDNA 
revealed a 210-amino acid open reading 
frame encoding a protein with four poten- 
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