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ABSTRACT. The repertoire of reactions in the mechanistically diverse enolase superfamily is the result of
divergent evolution that conserved enolization of a carboxylate anion substrate but allowed different overall
reactions using different substrates. Details of the pathways for the natural evolutionary process are
unknown, but the events reasonably involve (1) incremental increases in the level of the “new” reaction
that would provide a selective advantage and (2) an accompanying loss of the “old” reaction catalyzed by
the progenitor. In an effort to better understand the molecular processes of divergent evolution, the D297G
mutant of theL-Ala-D/L-Glu epimerase (AEE) fronkscherichia coliwas designed so that it could bind

the substrate for the-succinylbenzoate synthase (OSBS) reaction and, as a result, catalyze that reaction
[Schmidt, D. M. Z., Mundorff, E. C., Dojka, M., Bermudez, E., Ness, J. E., Govindarajan, S., Babbitt,

P. C., Minshull, J., and Gerlt, J. A. (200Bjochemistry 428387-8393]. The AEE progenitor did not
catalyze the OSBS reaction, but the D297G mutant catalyzed a low level of the OSBS reaction
(Keas 0.013 s1; Kiy, 1.8 mM; keafKm, 7.4 M~1 s71) that was sufficient to permit anaerobic growth by an
OSBS-deficient strain oE. coli; the level of the progenitor's natural AEE reaction was significantly
diminished. Using random mutagenesis and an anaerobic metabolic selection, we now have identified the
I19F substitution as an additional mutation that enhances both growth of the OSBS-deficient strain and
the kinetic constants for the OSBS reactidg 0.031 s1; Ky, 0.34 mM;keafKm, 90 M~1 s71). Several

other substitutions for lle 19 also enhanced the level of the OSBS reaction. All of the substitutions
substantially decreased the level of the AEE reaction from that possessed by the D297G progenitor. The
changes in the kinetic constants for both the OSBS and AEE reactions are attributed to a readjustment of
substrate specificity so that the substrate for the OSBS reaction is more productively presented to the
conserved acid/base catalysts in the active site. These observations support our hypothesis that evolution
of “new” functions in the enolase superfamily can occur simply by changes in specificity-determining
residues.

The enolase superfamily of mechanistically diverse en- designated the 20s and 50s loops; the 20s loop can be
zymes continues as a paradigm for understanding howdisordered in the absence of an active site ligand but closes
homologous proteins that share a conserved structure carto sequester substrate and active site residues from solvent.

catalyze different reactiond{3). Irrespective of the identity The process of natural divergent evolution to produce the
of the overall reaction, each is initated by Menassisted,  repertoire of enzymes in the enolase superfamily likely
general base-catalyzed enolization of a carboxylate anionresylted from duplication of a gene encoding a progenitor
substrate; the stabilized enolate anion intermediate is Usua"ymember of the Superfam”y; the gene-copy would then be
directed to a specific product by a general acid-catalyzed ayajlable for evolution of a “new” function that provides a
reaction. The members of the superfamily share a two- selective advantage in a new metabolic niche®). Random
domain structure: (1) g(a)75-barrel (modified TIM-barrel)  muytational events in the duplicated gene could occur, some
domain containing conserved catalytic groups separately of which improve the ability of the organism to survive
located at the C-terminal ends of tifestrands and (2) an  pecause the encoded protein catalyzes a greater level of the
N-terminalo + 8 capping domain containing residues that «new” function. Subsequent mutational events would either
determine the shape and polarity of the active site cavity further enhance the catalytic activity and provide additional
and, therefore, substrate specificity. In the capping domain selective advantage or prove deleterious. Thus, evolution of
the specificity-determining residues are located in two loops, the “new” function is a competition between the opposing
phenotypic outcomes of random mutational events. As such,
t This research was supported by Grant GM-52594 (to J.A.G.) from acquisition of a sufficient level of the “new” function to allow

the National Institutes of Health. stable selective advantage is expected to occur after a limited
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Substrate Intermediate Product residues at the ends of the eighikstrand in their barrel
domains and in the 20s and 50s loops of their capping
domains that form the solvent-sequestered active site cavity,
thereby conferring distinct substrate specificities and, con-
sequently, the identities of the different reactions.
OSBS catalyzes an intermediate step in the biosynthesis
of menaquinone, an electron transfer cofactor required for
anaerobic growth oEscherichia coli(12). The sequences
)\7/_/ of orthologous OSBSs are highly diverged, often sharing
<10% pairwise identity16). Therefore, with minimal global
Ala Ala requirements for conserved residues, we hypothesized that
L-Ala-L-Glu another member of the MLE subgroup might be able to serve
as the progenitor in in vitro experiments to generate an
efficient OSBS with a minimal number of mutations. The
sequence of mutations could mimic events in natural evolu-
tion of “new” functions in the enolase superfamily.
A designed Asp 297 to Gly (D297G) substitution in the
AEE from E. coli and a selected Glu 323 to Gly (E323G)
SHCHC 0sB substitution in MLE 1l fromPseudomonas sp51 are each
Ficure 1: Reactions catalyzed by members of the MLE subgroup sufficient to generate a level of OSBS activity that allows
of the enolase superfamily: cycloisomerization (MLE Il), 1,1-proton  growth of an OSBS-deficient strain Bf coli under anaerobic
transfer (AEE), and dehydration (OSBS). conditions ). Neither progenitor catalyzes detectable levels
to provide sufficient activity for selective advantage. With g{rg;r? CI)nS Itghse rg:ggogf ?ﬁ;cg g%ﬁ?deggé@%iﬁﬁ;}?ﬂéﬁf&t
th|s'e'xpectat|qn, the process OT dlverggnt evolgtlon IS often AEE, the rate acceleration for the OSBS reaction produced
envisioned to involve a progenitor that is promiscuous, i.e., by the single substitution would be a remarkablé, ifthe
it already catalyzes the “new” function at a level that would wild-type AEE progenitor for which no OSBS aciivity can
provide at least a minimal sglective ad_vanfcagg. However, be measured is truly unable to catalyze the reacti®);
we rgcently repprteq that a single mutation n either .Of WO r the E323G substitution of MLE I, the rate acceleration
Inactive progenitors in th? ef‘?'ase superfamily was, n fact, could be an even more remarkablé®LThe rate acceleration
sufficient to generate a significant level of a *new” activity associated with the reaction catalyzed by the natural OSBS
(8). from E. coliis 2 x 10
sugh?owe?fbtirs g;g::srgus(l:JOr:ear:‘ZrﬁICtocn;;Tgzzntﬁgqeed(mléi)nt The bositions of the .D297G and E323G substitutions are
che?nica? reactions: cycloispomerizgtion (I\)/IILE), 1,1-proton structurally homologous, each Iocat'ed at the end of t'he eighth
transfer (-Ala-p/L-Glu epimerase, AEE), angtelimination p-strand of the f/o);3-barrel domain of the progenitor. In
AEE, Asp 297, the second Asp in an Asp-x-Asp motif that
(o-succinylbenzoate synthase, OSBS) (Figure 1). The en- conserved in all orthologues, is expected to participate in
zymes that catalyze these reactions share conserved amd&fn electrostatic interaction with the-ammonium group of
gﬁfﬁcﬂgﬁ;ﬁﬁfﬁz Elt/tlé‘h-zig dtiﬁ;n:ilg:l]sgist ?g;heenzzccgntﬂ:n he dipeptide substrate pased on j{he structure of the substrate-
third (Asp), fourth (Glu), and fifth (Asp)g-strands of the lrlglzngfe glﬁ%%:%f rg”:ji?((r:]l(l)l\lllv?;] i)uetggféélg.olﬂggrlfeg ,sirrfcture
(Bla)p-barrel domain. Despite the different reactions that is available for any MLE. But, many natural OSBSs have a
are catalyzed, each .iS initiated by abstraction ofdkproton Gly residue at this pos.ition', thereby contributing to an
o e gt eecostalcll el pcket n which e sty moty
aion. n the MLE reacon, subsequent reversle, iyo- 5L 1 SHCHC substte bas. s e fase o e
gous elimination of the carboxylat_e group nee_d n_ot b_e generalcarboxymethyl side chain of Asp wit’h a proton in Gly was
f:)c:f d?ggi%zrfi ;r(]::]?:véggyr;?g&%nét%ﬂr:)]fetrézea;[:](:grlrgzzieate predictgd to alleviate unfavorable electrostatic an_d st_eric
by the conjugate acid of the Lys at the end of the sixth interactions that would excludg SHCHC from the active site.
[-strand; in the - to p-direction, the roles of the Lys residues Presumably, the same reasoning would expla_ln the effect of
are reversedd). And, in the OSBS reaction, the conjugate the selected E323G substltutl_on m_MLE II. If either qf these_
acid of the Lys at the end of the secofiétrand catalyzes were 10 be used as progenitors in natural_ evolution, t_h|s
departure of the hydroxide leaving group from the 2-succinyl- n}utanon would be required as the first step in the evolution
6-hydroxy-2,4-cyclohexadiene-1-carboxylate (SHCHC) sub- ° \f\l/n OSBS. lori heth identifv additional
strate in thesyndehydration reaction, with the Lys at the b € now arehexp (lnlrmgfw ﬁ er v:/e cant gn ify a |f|on<';11
end of the sixthp-strand stabilizing the anionic intermediate substitutions that allow further selective advantage for the
(10, 11). However, MLE, AEE, and OSBS contain different OS.BS reaction, pre;umaply by improving the complemen-
' ' ' ' tarity of the active site cavity for the SHCHC substrate. We
| Abbreviations: AEELAlao/LGlu enmerase: MLE. muconate expect th_at additional favorablle s;'ubst.itutions_ would be the
lactonizing enzyme: osé;-succinylbenzgate; OSB®:succinylben- result of improved substrate binding, i.e., a likely decrease

zoate synthase; SHCHC, 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1- IN the value of theKy, although accompany_in_g alterations
carboxylate. in the geometry of the bound substrate \igig the Lys
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residues at the ends of the second and gixgitrands could Construction of Site-Directed MutantSite-directed sub-
accelerate dehydration of the bound substrate, i.e., an increasstitutions for residue 19 in the D297G mutant of AEE were
in the value of thekc,: constructed using the QuickChange protocol (Stratagene, La

The D297G mutant of the AEE was selected as the startingJolla, CA); the gene was located in the pDMS1a vector
point for further evolution of the OSBS reaction, because previously described. The following primers were used,
the slow growth rate provided to an OSBS-deficient strain where NNN represents the codon for residue 19 and was
provides a large dynamic range for improvement in metabolic varied depending on the identity of the mutant to be
selection. In error-prone PCR followed by selection, we constructed: sense primef{BCTTACATACCCCGNNNGT-
identified a second substution, I19F, resulting from a single GTTTGCCCGGGGAAG-3; and antisense primer'¢&C-
base change, that significantly enhanced the growth rate of GACTTCCCCGGGCAACACNNNCGGGGTATGTAAG-
the OSBS-deficient strain dE. coli. In exploration of the GGCCA-3). All mutations were verified by DNA sequence
phenotypes of other substitutions at this position, including analysis.
all of the single-base changes that would be expected in  Anaerobic Selection for OSBS Agty. The error-prone
natural divergent evolution as well as several unnatural two- Iibrary was transformed into thmerC::kan strain oE. coli.
and three-base changes, we identified several other substituThe transformed cells were spread on agar plates prepared
tions for lle 19 that also allowed enhanced growth rates. from minimal medium using glycerol as carbon source,
Characterization of the various purified proteins revealed that trimethylamine N-oxide as electron acceptorld) and
those that allowed enhanced growth rates had improvedcontaining 10Qug/mL carbenicillin, 50ug/mL kanamycin,
kinetic constants for the OSBS reaction as well as signifi- and 1 mM IPTG. The plates were incubated at°87in an
cantly diminished kinetic constants for the progenitor AEE anaerobic chamber; the atmosphere was 85%4 006 CQ,
reaction. The location of these substitutions in the 20s loop and 5% H.
of the specificity-determining capping domain provides  aAnaerobic growths of liquid cultures utilized the same
additional support for our previous conclusion that evolution minimal medium and supplements and were contained in
of function in the enolase superfamily can occur by alteration completely filled 10 mL screw-top vials sealed with paraffin.

of residues that determine substrate specificity. The cultures were incubated at 3Z; growth was monitored
MATERIALS AND METHODS by the optical density at 600 nm using a Spectronic 20
spectrophotometer.

Construction of menC/ycjG::kan/cam Double Knockout  pification of Proteins. All variants of AEE were

Strain of E. coli. A mutant strain ofE. coli BW25113 in  eypressed in thmerC::kanycjG::cam strain of. coli using
which the genes encoding AEFJG) and OSBS1enQ the pDMS-1a expression vector to prevent contamination by
were msertl_onally |n_act|vated was constructed from_prew— chromosomally encoded wild-type enzymes. The purification
ously degcnbed strains that contain the component d'STUptedprocedure previously described was used for all vari@)ts (
genesy CJdG"(:am gndnerC..hkan 8). TlhemerCH.kan strain d 1o ENzymatic Actiity AssaysOSBS activity was determined
was used to produce a phage P1 lysate that was used tQq hreviously describedL§) with the exception that the
transduce thgcjG::cam strain. The transduction product was assays were performed in 50 mM sodium HEPES, pH 7.0
identified by selection on LB plates containing 5g/mL containing 0.1 mM MnGJ, and the SHCHC substrate was
kanamycin and 34.g/mL chloramphenicol; the desired g rajized and stored in 50 mM HEPES, pH 7. AEE assays
junctions were verified by DNA sequence analysis. were performed as previously describ@). (The values of

' Construction of the Error-Prone LibraryAn error-prone keaandKy were determined using the program CLELAND
library was generated with the “GeneMorph” kit (Stratagene, (17) \when saturation with substrate could not be achieved,

La Jolla, CA) using the gene encoding the D297G mutant the value oke./K ; L

. . m was determined by dividing the slope of
of AEE cloned in the pET17b expression vector as template. the plot of szIocity vs substrate by the concentration of
A mutation rate of +3 bp was selected, using a 55 pg enzyme.

template per 5@L reaction as specified in the manufacturer’s
instructions. Eleven equivalent PCR reactions gbhCeach) RESULTS AND DISCUSSION

contained the following components: ;& of 10x buffer,

20 pmol of dNTPs, 20 pmol each of amplifying primers ~ We have described the design of the D297G mutation of
flanking the gene, LL of Mutazyme DNA polymerase, and the AEE fromE. coli so that it could catalyze the OSBS
DNA template. The thermal cycler program was programmed reaction g). The D297G substitution was constructed to
as follows: 40 cycles of 30 s at 9&, 30 s at 50°C, and avoid unfavorable ectrostatic interactions and/or steric over-
1.5 min at 72°C, followed by 10 min at 72C. The products lap between the carboxymethyl side chain of Asp 297 and
were separately digested willanH| andNdd, gel-purified, the succinyl moiety of the SHCHC substrate for the OSBS
combined, and concentrated to0to yield the error-prone  reaction. The D297G mutant catalyzed low levels of the
library of PCR products. A total of 3@L of this library OSBS reactionkea, 0.013 S*; K, 1.8 mMM; KealKry, 7.4 M1

was ligated in 3uL aliquots into pDMS-1a digested with ~ sec’; Table 1). This level of activity is sufficient for slow
BanHI and Ndé; the ligation mixtures were electroporated complementation of merC::kan strain that is unable to grow
into E. coli XL1Blue cells and plated on a total of 39 LB/ anaerobically because it lacks the ability to synthesize
AMP plates. Approximately 110 000 colonies were obtained; menaquinone. The mutant also catalyzes the progenitor's
these were scraped from the plates into 500 mL of LB/AMP, AEE reaction, albeit with significantly less favorable kinetic
and the culture was grown overnight at®7. Plasmids were  constants than the wild-type AEE progenitor (Table 1).
isolated from this culture to yield the error-prone library of  Although a three-dimensional structure is not available for
plasmids. the D297G mutant, the gain of the OSBS function associated
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Ficure 2: Anaerobic growth of various strains Bf coli: in squares, the data for WT, wild-type BW25113; MenC-, tithenC::kanmutant
of BW25113; D297G, the engineered mutant of AEE (19F/D297G, a double mutant; and 119F, a single mutant. Data represented by
circles are those for the three mutants that were identified by error-prone PCR followed by anaerobic selection; the data represented by
triangles are these mutants in which the Phe substitution at residue 19 has been replaced with the wild-type lle.

Table 1: Kinetic Parameters fr OSBS and AEE Activities 53‘39”0' substitution tha_t enhances the OSBS activity of the
- . e designed D297G substitution.
enzyme (sY (M) M-1sy Selection and ldentification of Mutants from the Error-
OSBS Activity" Prone Library.An error-prone library of the gene encoding
OSBS E. coli)® 28 1.6x 107 1.8x 10° the D297G mutation of AEE was generated using conditions
A (Wikd-typef (L3L06)x 102 (LEL0.2)x 107 782x10°%  that were expected to introduce between one and three base
single base pair changes R ' changes in the gene. After transformation into a strai.of
I119F/D297G  (3.1+0.9)x 102 (3.4+0.27)x 10* 90 coli that cannot grow anaerobically because of a disruption
119T/D297G  (2.0£ 0.05)x 1072 (1.94 0.22)x 10 110 in themerC gene encoding OSBS and inspection of colony
:}3§§B§3§2 ((f.'gji 8:825;?0; géjgi Séggi 151 28 sizes, several colonies were identified that allowed more rapid
119V/D297G  (9.5+ 0.8) x 1078 (1.4+0.32)x 10°° 7.0 growth than that supported by the template that encoded only
:135%229977% (3.2£0.2)x 103 (1.9+£0.23)x 10°° 1.7 the D297G substitution. The AEE-derived genes in the
. plasmids were sequenced, and three unique sequences were
tw?lbgai,%‘;ag';éha%‘?’f; 0.01 (3.24 0.25)x 10°° 140 obtained, all of which contained the D297G mutation of the
:132//8;3;5 (214 0.07)x 10 (8.9 0.80)x 10+ 24;8 template: 119F/Q103L/D297G (two base changes relative
119H/D297G (1-.& 0:07)X 102 (1211 0:20)X 10 105 to the D297G template), 119F/A212E/D297G (two base
three base pair changes changes), and 119F/T1391/A207V/D297G (three base changes);
119W/D297G  0.25+ 0.02 (7.4+15)x 10* 340 no silent base changes accompanied these mutations. Cells
AEE Activity® transformed with these plasmids were grown anaerobically
AEE E. col)° 10+0.4 , (1.3£0.3) x 10‘3‘ 7.7x 10" in liquid medium; in Figure 2 the growth curves of these
D29TG o or009)x 107 (44£03)x107 98 (yellow, orange, and brown circles) are compared with those

— R _ of a wild-type strain ofE. coli (blue squares), the OSBS-
2 Assay conditions described in Materials and Methddsom ref deficientmerC::kan strain (black squares), and the OSBS-
13. ¢From ref 8. Unable to saturate due to assay concentration e o . !
constraints. deficient strain transformed with the D297G template (green
squares). All three of the multiple mutants generated by error-
prone PCR allowed faster growth rates than the D297G single
mutant.

All three mutants contained the I19F substitution, a single
base change (AT+ TTT). The following anaerobic growth

with the D297G substitution must be the result of access of

the SHCHC substrate for the OSBS reaction to the divalent

metal ion and active site Lys residues that are appropriately
ositioned to catalyze not only the 1,1-proton transfer ) . .

rpeaction of the AEE};Jrogenitor bL)J/t also tbm%ehydration experiments estaplls_hed the requwementb_‘oth the I19F

in the OSBS reaction. Because the specificity determinantsand D297G SUbSt'tuF'OnS for the more rapid growth:

in AEE should be optimized for the AEE reaction, not the (1) The I19F mutation was removed from each of the three

OSBS reaction, we hypothesized that the kinetic constantsmultiple mutants by site-directed mutagenesis; the growth

for the OSBS reaction catalyzed by the D297G mutant might rates were reduced such that they approximated the D297G

be improved by additional substitutions. mutant (Figure 2; yellow, orange, and brown triangles).

Although we expected that substitutions in the 20s and/or  (2) The I19F substitution in the absence of D297G was
50s loops in the capping domain would enhance binding of Unable to support anaerobic growth (Figure 2; fuschia
the substrate for the OSBS reaction, the only structure for Squares).
the AEE fromE. coli is that of the unliganded wild-type (3) The 119F and D297G substitutions together were
protein in which the 20s loop is disordered. Thus, we turned sufficient to reproduce the rapid growth rates observed for
to error-prone PCR coupled with selection to search for a the multiple mutants (Figure 2; red squares).
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As a result, we hypothesized that the 119F substitution A 41
alone is responsible for the improved kinetic constants for
the OSBS reaction relative to those previously reported for ~ '*]
the D297G substitution. ]

Effect of I19F on OSBS Aefty. The I19F/D297G double o (1)
mutant was isolated from thmerC::kankcjG::cam strain E o8 ::}gﬁﬂ;
to prevent any contamination with wild-type enzymatic g =119V (1)
activities and assayed for both OSBS and AEE activity. The § 0s; el
values of the kinetic constants are compared with those < ::13;1((11}1
obtained for wild-type and the D297G mutant in Table 1.  %*] —a-HlenC-
The increased rate of anaerobic growth is associated with |
“improved” kinetic constants for the OSBS reaction: a 2.3-
fold increase irkca; a 5.3-fold decrease iy, and a 12.2- 0 .
fold increase irk.o/Kn, compared to the D297G mutant. 0 70

Is 119F a Unique Solution to Impeed OSBS Actity? Hours
The I19F substitution is the result of a single base change® 47
(ATT — TTT). Although our error-prone library should have
been large enough to detect other substitutions for lle 19 21
resulting from single base changes that also would have ||
allowed more rapid growth than D297G under anaerobic -=WT

s . . . —=-119W (3)
conditions, we constructed other substitutions for lle 19 in E o8 —=-119F (1)
the D297G mutant. These include the six remaining one- g .90 )
base mutants [Asn (AAT), Leu (CTT), Met (ATG), Ser 4 061 -=-119A (2)
(AGT), Thr (ACT), and Val (GTT)] that would be possible < e p2o7a
from mutational events in natural evolution. We also  **] ~=-MenC-
constructed four two-base mutants [Ala (GCT), Cys (TGT), |
His (CAT), and Tyr (TAT)] and one three-base mutant [Trp
(TGG)] to explore the effect of hydrophobic substitutions 0

for lle 19; these mutants would not be expected in our error- 0 10 20 30 40 50 60 70
prone library. Hours

The mutants were transformed into th BS-deficient FIGURE 3: Anaerobic growth of various strains & coli. WT,
e mutants were transformed into the OSBS-deficie tWiId-type BW25113; MenC-, thenenC::kanmutant of BW25113;

strain and subjected_ to anaerobic selection. The g_rovyth and D297G, the engineered mutant of AEE. (A) The double
curves that were Obta'ned from the Selected |19F Subst'tut|0nmutants that contain D297G as well as one-base Changes for lle

as well as the constructed six one-base mutants are displayed9. (B) The double mutants that contain D297G as well as two-
in Figure 3A, along with a wild-type strain (blue squares), and three-base changes for lle 19; the numbers in parentheses
the OSBS-deficienterC::kan strain (black squares), the designate the number of base pair changes.
OSBS-deficient strain transformed with the D297G template . . - .
(green squares), and the OSBS-deficient strain transformedSiMilar phenotype to I119F; the 119H substitution provided
with the D297G/I19F mutant (red squares). Unexpectedly, N© increase in growth rate. o
given the polar character of these side chains, both 119S and In summary, eight of the twelve substitutions for lle 19
119T significantly increased the growth rate; the hydrophobic increased the growth rate relative to that for the D297G
119V substitution modestly increased the growth rate. Progenitor.
However, the effects of the three constructed substitutions Effect of Constructed Mutants on OSBS Aitfi The
were less than that produced by the selected 119F substitutionvarious constructed mutants were isolated from the
The 119N substitution had no distinguishable effect on merC::kangcjG::cam strain and assayed for both OSBS and
growth rate relative to the D297G progenitor; the 119L and AEE activity; the values of the kinetic constants are displayed
I19M substitutions were deleterious. Thus, four of the seven in Table 1. [The 119M mutant could not be isolated as a
possible substitutions for lle 19 resulting from one-base homogeneous sample using the procedures used for the
change, Phe, Ser, Thr, and Val, provide selective advantagenutants in Table 1; recall that the complementation pheno-
to the D297G substitution. type of this substitution was indistinguishable from that of
Given the effects of the Ser and Thr substitutions, the the merC::kan strain.] In five cases where the growth rate
phenotypes of the I19A and 119C substitutions that involve is increased, the value for tli&, is decreased at least 2-fold
two-base changes were of interest. Both substitutions allowedfrom that measured for the D297G progenitor, and the value
growth rates comparable to those observed for Ser and Throf kearis only modestly changed (either decreased or increased
(Figure 3B). These likely would be inaccessible by natural by a factor of less than 2- to 3-fold); the resulting values of
evolution. kealKm are increased from 3- to 12-fold (119F, 19T, 119S,
The 119H and 119Y two-base change substitutions and the I19N, and 119A). 119F, 119T, 119S, and I19N are accessible
119W three-base change substitution were constructed to fullyby natural mutational events (one-base change).
interrogate the effects of other aromatic side chains at this In contrast, the increased growth rates of two other mutants
position. Remarkably, 119W resulted in the most significant can be associated with significant increasesinThe value
increase in growth rate observed for any mutant, including of the K, for 119Y is increased 2-fold (from 1.8 mM to 3.4
the selected I19F (Figure 3B). The 119Y substitution had a mM), but the value ok. is increased 35-fold (from 0.013
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s 1 to 0.45 s?); the value ofk../Kn is increased 19-fold.
The value of th&, for I19W is decreased (from 1.8 mM to
0.7 mM), but the value ok is increased 20-fold (from
0.013 s' to 0.25 s?); the value ofk.o/Ky, is increased 45-
fold. Although these substitutions are not accessible by

natural mutational events (one-base change), their effects or

catalysis are impressive.

We conclude that increased growth rates are associatec

with improvements in catalysis, thereby establishing the
utility of the selection procedure to identify either alternative

substitutions at other locations or additional substitutions at
other locations that improve the kinetic constants for the
OSBS reaction.

Structural Basis for Enhancement of OSBS Auti A
crystal structure is not yet available for substrate-liganded
wild-type AEE, the designed D297G mutant, or any of the

double mutants described in this manuscript. Nevertheless,

the acquisition of the “new” OSBS function by the D297G
substitution can be explained by “new” access of the SHCHC
substrate to the active sits)( If properly oriented, the
SHCHC molecule could coordinate to the essential divalent
metal ion, itsoi-proton could be presented to Lys 151 at the
end of the secong-strand for abstraction, and subsequent
vinylogous -elimination of hydroxide could be catalyzed
by the conjugate acid of the same Lys residue.

How can the enhanced activities associated with substitu-
tions for lle 19 be explained? lle 19 is located in the 20s
loop of the capping domain. The 20s loops of the AEE’s
from E. coliandB. subtilisshare the same number of amino
acid residues (between the bold, black residues in Figure
4A), although the sequences are not strictly conserved. In
the structure of the AEE frorB. subtilis(11) (Figure 4B),
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A

B. subtilis MKIIRIET SRIAVPLTKP FKTALRrvyT AssvivriT

E. MRTVKV FEEAWPLHTP FVIARGSRSE ARVVWVELE

B
20s loop '

Phe 19

coli

/ 50s loop
Arg 24 As7
r‘, a-GIu/
Thr21 ol Q¥
lle 23 —ij ";}:sp 321

le 54

Lys 162 Lys 168
Asp 191 : Asp 244

Glu 219

Ficure 4: (A) The sequences of the 20s loops in the AEE’s from
E. coli and B. subtilis. (B) The active site of the AEE fronB.
subtilis highlighting the positions of the residues in the 20s and
50s loop relative to the Ala-Glu substrate (shaded in yellow). The
side chains of Phe 19, Thr 21, lle 23, Arg 24, and lle 54 (shaded
in gray) are pointed into the active site cavity as partial determinants
of shape and polarity. The acidic/basic Lys residues at the ends of
the second (Lys 162) and sixth (Lys 268)strands, the Mg -
binding ligands at ends of the third (Asp 191), fourth (Glu 219),
and fifth (Asp 244)5-strands, and the-ammonium group binding
residues at the end of the eigttkstrand (Asp 321 and 323) of the
(Bla)g-barrel domain are shaded in cyan.

Curiously, the 119T and 119S substitutions produced the

Arg 24 (highlighted in magenta in Figure 4A) forms an ionic highest affinity for the SHCHC substrate, suggesting the
interaction with the carboxylate of the Glu moiety of the importance of thes-hydroxyl group in substrate binding.
substrate (Figure 4B). In the functional orthologues of the Perhaps these smaller side chains allow a reorientation of
AEE from E. coli, Arg 21 (highlighted in green in Figure the spatially proximal side chains in the 20s and 50s loops
4A) is strictly conserved, so we expect that it participates in that form the active site cavity, including Phe 17 and Arg
an ionic interaction with the carboxylate group of the Asp/ 21 located on the 20s loop and Tyr 48 and Arg 50 located
Glu moiety of the substrate. The Arg residues do not occupy " the 50s loop, thereby increasing the affinity for the

homologous positions in the sequences of the loops, so thesubstrate.

precise structural strategies by which the AEE’s determine
their substrate specificities are not conserved. Nonetheless
we expect that the structures of the 20s loops, including the
spatial orientations of the side chains, will be similar. lle 19
in the AEE fromE. coli and Thr 21 in the AEE fronB.
subtlis (highlighted in red in Figure 4A) occupy the same
sequence position with the 20s loops. Thenethyl group

of Thr 21 residue points into the active site cavity (Figure
4B); therefore, we predict that lle 19 will form part of the
surface of the active site cavity in the AEE froi coli.
Accordingly, substitutions for lle 19 are predicted to alter
the shape of the active site cavity, with those substitutions
that enhance catalytic activity allowing a more productive
binding of the SHCHC substrate for the OSBS reaction.

Effect of Substitutions on AEE Agaty. We previously
reported that the D297G substitution causes a nearty 10
fold reduction in the value of../Kr for the AEE reaction
(Table 1), with a significant decreasekg;and an increase
in Ky, contributing to this composite effect. Based on the
substrate-liganded structure of the AEE fr@msubtilis Asp
297 is expected to participate in an electrostatic interaction
with the a-ammonium group of the substrate, so the absence
of a carboxylate positioned at the end of the eigbvtrand
is expected to significantly decrease the affinity for the
substrate for the AEE reaction.

The selected I119F substitution and the constructed sub-
stitutions for lle 19 that improved the OSBS activity were
also assayed for AEE activity (Table 1). The I119F substitu-

Thus, we expect that the I19F substitution alters the shapetion decrease#../K, for the AEE reaction by an additional

of the active site cavity and, perhaps, provides favorable
stacking interactions that increase the affinity of the cavity
for the SHCHC substrate. This interpretation also likely
applies to the improved substrate affinity displayed by the
I19W and I119Y substitutions, assuming that the valu&gf

is a measure of substrate binding.

1(?-fold, although the exact effects dn,andK, cannot be
guantitated because saturation with th&la-p-Glu substrate
could not be achieved. Evidently, the bulkier phenyl side
chain of Phe 19 interferes with the binding of théla-p-

Glu substrate for the AEE reaction as it improves the binding
of the SHCHC substrate for the OSBS reaction. We were
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unable to quantitate the kinetic constants for AEE reactions Also, in the example we are studying, the AEE progenitor
catalyzed by the remaining substitutions because these diddoes not catalyze a detectable level of the OSBS reaction.
not produce rates in our coupled assay that could be Nevertheless, with the single D297G substitution, the mutant
distinguished from background. Thus, these substitutions hadis capable of catalyzing a sufficient level of the OSBS

even larger deleterious effects on the progenitor's AEE
reaction.

Implications for Dvergent Evolution. We, and others, have
speculated on the importance of functional promiscuity in
the evolution of “new” functions16, 18—23). The ability
of the progenitor to catalyze even a low level of a “new”
activity is expected to facilitate the evolution by providing
an immediate, recognizable selective advantage. In one
potential natural strategy, duplication of the gene encoding
the promiscuous enzyme would allow optimization of the
promiscuous activity associated with the copy, presumably
with loss of the natural function of the progenitor, while the
original function is “protected” by the original gene.

However, Tawfik and others have proposed that gene
duplication need not be the initial event in the pathway for
optimization of the promiscuous activity,(24, 25). Instead,

reaction to allow growth of an OSBS-deficient strain. If the
AEE progenitor truly hasio ability to catalyze the OSBS
reaction, the gain of function achieved with the D297G
substitution is an impressive 4Qate acceleration. As
reported previously, this gain of OSBS function is ac-
companied by a nearly tdold decrease irk../K, for the
AEE reaction (a decrease from 77 10* Mt st to 9.7
M~% s™1). Now, with newly identified second substitutions
at residue 19, the values &f./Kn for the AEE reaction
decrease by additional factors afl®® (to 0.097 M st
for I19F and even more for the remaining substitutions). So,
in our studies the natural functionnetrobust and is quickly
lost as the new function is generated (D297G) and enhanced
(D297G plus several substitutions for lle 19).

Based on our observations we conclude that the suscep-
tibility of the natural reaction to mutational events that

mutational events in the original gene prior to gene duplica- enhance functional promiscuity depends on the requirements
tion might allow the encoded protein to catalyze both the for both the natural and promiscuous reactions, including
original reaction and enhanced levels of the new function the sizes and structural complexities of the substrates.

that would provide selective advantage. This pathway would

require that the original function be immune to those CONCLUSIONS

mutations that enhance the promiscuous function required Our design of the D297G mutant of AEE that catalyzes

for selective advantage. the OSBS reaction is persuasive evidence that the active sites

In support of this proposal, Tawfik etal. recently descrik_)e_d of members of the MLE subgroup of the enolase superfamily
the directed evolution of a promiscuous esterase activity are “hard-wired” for acid/base chemistry, with the identity

possessed by human carbonic anhydrase Il (hC28). (The : . i
hydration of carbon dioxide and the hydrolysis of acyl esters gfetg;renirﬁgﬁgfz{)ecjlnre:ucgggrt d;te,[:]rgén\?igwbnglenosv'seﬁg\'/ce'ty

ggg\lj;?g dsilr\?zliltaerrrgicga:!:’g%r:ﬁ;’, 3:?5; gﬁ%’ﬁgigg‘;ﬁ% to identified substitutions f_or lle 19_t_hat both provide a growth
form an anionic species that is stabilized by coordination to advanta}ge gnder selective conditions and 'mprove the values
the same active site 2h The hydration of carbon dioxide of the k_lnetlc constants for the OSBS regptlon. Presumab!y,
occurs at the diffusion-controlied limiksfKy = 2.8 x 107 these improvements result from addltlonal_ changes in
anm ) substrate specificity that further enhance binding of the

e . i )
('\)/]1 th: kc ;’Khe fgﬁgglfc'zv(:t:(;y!l_e:i’:fgsH;:I?\;\’f&aize(;g%} substrate for the OSBS reaction. We conclude that divergent
arom pheny evolution of a “new” function by in vitro approaches is

) Y . )
ﬁggggmsn d,i;gezv- ﬂ;g;?g;rzéizécm%e ?Sagg_f’l\f_rfa”y possible with a surprisingly limited num_ber of substitutions.
Tawfik and co-workers used directed evolution to identify In our conversion of the AEE frorE_. colito an OSBS, the_
AB5V and T200A substitutions that preferentially enhance progenitor is not functionally promiscuous, and the reaction
catalyzed by the progenitor is rapidly lost as the new function

i = 1g1
the hydrolysis of NA keafKn for NPA = 8600 M s % Keal evolves. These observations presumably are relevant to the

_ A . L
gcr:nc]:s(:)srsli\lb?e toGchOeI\flar Ser)l\?x m%w&;r;e t?wzté\éessL:fsgzgtriins process of natural divergent evolution of “new” functions
9 ' ' in the enolase superfamily.

had only a 2-fold effect on the ability of the enzyme to

hydratg the smaller carbon dioxide substrate for the natural \ckNOWLEDGMENT

hydration reactionk/Kmn = 1.3 x 10’ M1 s, . . _
Whether these experiments provide general support for the We thank John Rakus for his expert assistance in the

proposal that a native function is necessarily robust and construction of the site-directed substitutions for lle 19.
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