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in the Enolase Superfamily

Jacob E. Vick and John A. Gerlt*

Departments of Biochemistry and Chemistry, &émsity of Illinois at Urbana-Champaign, 600 S. MathewseAue,
Urbana, lllinois 61801

Receied September 18, 2007

ABSTRACT. The molecular details of the processes involved in divergent evolution of “new” enzymatic
functions are ill-defined. Likely starting points are either a progenitor promiscuous for the new reaction
or a progenitor capable of catalyzing the new reaction following a single substitution that results from a
single base change. However, the molecular (sequence) pathway by which the selective advantage provided
by this protein can be improved and ultimately optimized is unclear. In the mechanistically diverse enolase
superfamily, we discovered that a monofunctional progenitor could acquire the ability to catalyze a “new”
reaction by a single base change: the D297G mutant of the monofunctigdatp/L-Glu epimerase

(AEE) from Escherichia colicatalyzed a low level of the-succinylbenzoate synthase (OSBS) reaction

as well as a reduced level of the AEE 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. (Bd@&)emistry 42
8387-8393]. We then discovered that the selective advantage and OSBS activity of the D297G mutant
are both enhanced by the 119F substitution [Vick, J. E., Schmidt, D. M. Z., and Gerlt, J. A. (2005)
Biochemistry 4411722-11729]. Both the D297G and 119F substitutions are positioned to alter the substrate
specificity so that the substrate for the OSBS reaction is more productively positiznadis the active

site catalytic groups. We now report that both the selective advantage and OSBS activity of the D297G/
I19F double mutant are enhanced by the R24C (one base change from the wild type Arg codon), R24W
(two base changes from the wild type Arg codon and one base change from the R24C codon), and L277W
(one base change from the wild type Leu codon) substitutions. The effects of the R24C and L277W
mutants are “additive” in the D297G/I19F/R24C/L277W mutant. The greatest selective advantage and
OSBS activity are associated with the D297G/I19F/R24W mutant. These “new” substitutions that enhance
both the selective advantage and kinetic constants are positioned in the active site where they can alter
the specificity, highlighting that the evolution of the “new” OSBS function can be accomplished by changes
in substrate specificity.

Homologous enzymes often catalyze different reactions. divergent evolution as well as devising structural solutions
In many examples, the substrate specificities for the homo- for the invention of new catalysts.
logues differ but the identity of the reaction is conserved, as
in the serine protease family. In contrast, the members of . . :
mechanistically diverse superfamilies catalyze different reac- structure}I pases for the evolution of new _functlons in the
tions using different substrates that share a conserved partia[nechanlstlcally_dlverse enolase sgperfamlly.-The members
reaction, as in the enolase, amidohydrolase, enoyl-CoA ©f the superfamily share an N-terminet/; capping domain
hydratase, and vicinal oxygen chelate superfamilies3). and a C-terminal f/o)3-barrel (modified TIM-barrel)
The members of functionally distinct suprafamilies catalyze domain 6, 6). The surfaces of the barrel-domain formed by
different reactions that share no discernible relationships in the loops at the ends of thé-strands and those of two
either substrate specificity or reaction mechanis#). ( flexible loops in the capping domain form the active site
Because the sequence identities that relate homologues wititavity whose structure determines the substrate specificity.
different functions are usually<40%, comparisons of As expected for TIM-barrel-containing proteins, the active
sequences provide little information about the location and site functional groups, including ligands for an essentiatMg
identity of the mutational events that provide both initial and ion as well as the acid/base catalysts for generation of an
subsequent additional selective advantage in the divergentenediolate intermediate and its further processing to a specific
evolution of new functions. However, such information is product, are located at the C-terminal ends of various
important for both understanding Nature's strategies for g.strands in the barrel domain (¥igligands at the ends of
the third, fourth, and fifth3-strands and acid/base catalysts
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We are interested in discovering the sequence and
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Ficure 1: Location of the active site residues in the TIM-barrel
domain of members of the MLE subgroup of the enolase super-

family.
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Ficure 2: Reactions catalyzed by members of the MLE subgroup
of the enolase superfamily.

enzyme (MLE) subgroup of the superfamily are shown in
Figure 1.

The members of the MLE subgroup of the enolase
superfamily catalyze three different chemical transformations
in four different physiological reactions (Figure 2): (1)
cycloisomerization (intramolecular addition/elimination) in
the MLE-catalyzed reaction; (#relimination (dehydration)
in the reaction catalyzed bg-succinylbenzoate synthase
(OSBS); (3) 1,1-proton transfer in the reactions catalyzed
by L-Ala-p/L-Glu epimerase (AEE) and-succinylamino acid
racemase (NSAR7].

On the basis of sequence alignments and the available

crystal structures, the members of the MLE subgroup share

1 Abbreviations: AEE,-Ala-p/L-Glu epimerase; MLE, muconate
lactonizing enzyme; NSARN-succinylamino acid racemase; OSB,
o-succinylbenzoate; OSBSp-succinylbenzoate synthase; SHCHC,
2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate.
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conserved Lys residues at the ends of the second and sixth
p-strands (Figure 1). Despite the different reactions, each is
initiated by abstraction of the-proton of the carboxylate
anion substrate by the Lys at the end of the segbstrand

to generate an enediolate anion stabilized by coordination
to the Mg*. In the MLE-catalyzed reaction, subsequent
vinylogous intramolecular elimination of the carboxylate
group does not require acid catalysis so the Lys at the end
of the sixth g-strand may assist in stabilization of the
enediolate intermediate. In the “two-base mechanisms”
catalyzed by AEE and NSAR, the Lys residue at the end of
the secong-strand is theR)-specific acid/base catalyst and
the Lys at the end of the sixtB-strand is the $)-specific
acid/base catalyst8( 9). And, in the OSBS-catalyzed
reaction, the Lys at the end of the secghdtrand catalyzes
both abstraction of the substrate proton and subsequent
departure of the hydroxide leaving group from the 2-succinyl-
6-hydroxy-2,4-cyclohexadiene-1-carboxylate (SHCHC) sub-
strate in a syn-dehydration reaction in the biosynthesis of
menaquinone, an essential cofactor for anaerobic growth by
many bacteria; the Lys at the end of the sigtktrand likely
stabilizes the enediolate intermediate0)( However, the
various enzymes have different residues at the ends of the
eighth g-strand in their barrel domains and in the loops of
their capping domains; these differences confer distinct
substrate specificities and, consequently, the identities of the
different reactions.

Divergent evolution of function in the enolase superfamily
presumably begins with duplication of the gene encoding a
progenitor so that the original function can be retained as
the mutations required for a new function accumulate in the
copy (L1-14). The progenitor would catalyze a different
chemical reaction, although it would employ the conserved
catalytic strategy of using the Mgto stabilize an enediolate
intermediate. Important considerations include (1) whether
the progenitor is promiscuous and already catalyzes the new
function, (2) the number and location of mutations required
for the new function to provide a selective advantage, and
(3) the number and location of additional mutations required
to optimize catalysis.

To address these questions, we first demonstrated that a
single mutation is sufficient to allow two functionally distinct
members of the MLE subgroup to catalyze a “new” reaction
(15). The designed Asp 297 to Gly substitution [D297G, a
single-base change (GAE€ GGC) and, therefore, naturally
accessible] in the AEE frork. coliand a selected Glu 323
to Gly substitution [E323G, also a single-base change, (GAG
— GGG)] in MLE Il from Pseudomonas s?51 are each
sufficient to generate a level of OSBS activity that allows
growth of an OSBS-deficient strain &f coliunder anaerobic
conditions {5). Neither progenitor catalyzes detectable levels
of the OSBS reaction nor complements the OSBS-deficient
strain. For the designed D297G substitution of AEE, the rate
acceleration for the OSBS reaction produced by the single
substitution (single-base change) is a factor of, #6r the
E323G substitution of MLE II, the rate acceleration is an
even more remarkable 10The rate acceleration associated
with the reaction catalyzed by the natural OSBS fr&m
coli is 2 x 10 (16).

The D297G and E323G substitutions are structurally
homologous, each located at the end of the eighsitrand
of the barrel domain. In the AEE, Asp 297, the second Asp
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in an Asp-x-Asp motif that is conserved in all orthologues, 16 °C. The ligated products were purified by addition of 50
is expected to participate in an electrostatic interaction with 4L of H,O and 500uL of 1-butanol, vortexing for 5 min,

the a-ammonium group of the dipeptide substrate based on and centrifugation for 10 min. The supernatant was decanted,
the structure of the homologous (31% sequence identity) and the pellet was resuspended inid0of H,O. Plasmids
substrate-liganded AEE frorBacillus subtilis(8). In the from three ligations (in LL aliquots) were transformeda

MLE ll, the role of Glu 323 is unknown because no liganded electroporation into XL1Blue cells, and the cells were
structure is available for any MLE. But many natural OSBSs allowed to recover for 30 min in 200L of SOC medium.
have a Gly residue at this position, thereby contributing to An aliquot (10uL) from each transformation was plated on
an electrostatically neutral pocket in which the succinyl an LB-Amp plate to quantitate the number of transformants,
moiety of the SHCHC substrate binds7}. In the case of  and the remainder was plated on an LB-AMP plate. Thirty
the designed D297G substitution in AEE, the replacement transformations were required to obtain a library size &f 10
of the carboxymethyl side chain of Asp with a proton in transformants. The colonies were recovered, and the plasmids
Gly was predicted to eliminate unfavorable electrostatic and were isolated using the Maxi-prep procedure (Qiagen,
steric interactions that would exclude SHCHC from the active Valencia, CA). The diversity of the library (expected number
site. Presumably, the same reasoning would explain the effectof base changes) was estimated using the program PEDEL
of the selected E323G substitution in MLE II. (19) from the error rate assessed by DNA sequencing.

Using the gene encoding the D297G mutant of the AEE ~ Construction of Site-Specific Random LibrarieSite-
as the template for error-prone PCR and metabolic selectionspecific random libraries at codons 17, 21, 24, 48, 50, and
under anaerobic conditions, we discovered that the 119F 277 were constructed by the overlap extension method. The
substitution, a one-base change (AFTTTT), enhances the primers used for construction of the libraries are detailed in
catalytic efficiency of the designed OSBS reactiofa(a the Supporting Information. The PCR products containing
2.5-fold increase in the value &, and a 12-fold increase  the randomized codons were gel-purified and used as the
in the value kea/Km) (18). Although structures are not template for the second PCR reaction which afforded the
available for the wild type AEE in the presence of substrate full length genes containing the desired randomized codon.
or for either the D297G mutant or the catalytically enhanced The PCR products were digested wisamH| andNdd and
D297G/I19F double mutant either in the absence or presencdigated into the pDMS1a vector. The libraries were obtained
of substrate, we hypothesized that the substitutions alter theas described in the previous section. The randomized codons
structure of the substrate binding site, thereby allowing were verified by DNA sequence analysis. The distribution
introduction (D297G) and then enhancement (I19F) of the of mutants in the library was estimated by using the program
OSBS-catalyzed reaction. We concluded that changes inGLUE (19).
physiological function result from changes in substrate  Construction of Site-Specific Mutan&ite-specific mutants
specificity, with the Lys catalysts located at the ends of the Were constructed using the same overlap extension method
second and sixtif-strands structurally invariant, thereby as the site-specific randomized libraries. The primers used
“hardwired” for acid/base chemistry on carboxylate anions for construction of the libraries are detailed in the Supporting
that can be positioned productively between the catalysts.'nfOfmatiOf}- . o _

We now have extended these studies and identified  Anaerobic Selection for OSBS Adty. Minimal medium
substitutions of both Arg 24 and Leu 277 that further enhance fOF @naeroboic growth was prepared as previously described
the OSBS activity of the D297G/I19F mutania single- (15, 20). Libraries were transformed into theenC:kan strain

base changes. These residues are located in the substraf E- coli (15) and grown aerobically overnight at 3T in

binding pocket, providing additional support for our earlier the minimal medi“m containing 1Qay/mL ampiciIIin_ and
conclusion that enhancements in the catalytic efficiency of 2049/ML kanamycin. These cultures were used to inoculate

a “new” reaction result from changes in the residues that anaerobic growths in completely filled 8.5 mL screw-top

form the active site cavity and determine substrate specificity. vials. The cultures were incubated at 37 in an anaerobic

The selective advantages provided by these substitutionsCN@mPper; growth was monitored at 600 nm using a Spec-

require the presence of the D297G and I19F substitutions. ronic 20 :_spectrophotometer. The culiures were allpwed to
Thus, we have defined aim vitro stepwise pathway for grow to midlog phase (OD at 600 n#0.6), and an ahqyot
evolution of a “new” function that could mimic a natural Was used as an inoculum for the next round of selection. In

pathway for divergent evolution of the OSBS function the case of the site-specific libraries, the convergence of the
' randomized codon(s) on the selected sequence was monitored

MATERIALS AND METHODS by DNA sequence analysis.

Purification of Proteins All enzymes were expressed in

Construction of the Error-Prone LibraryThe pDMS1a and purified from the menC::kan/ycjG::cam strairtofcoli

vector containing the gene encoding the D297G/119F mutant (18) to eliminate contaminating OSBS and AEE in enzymatic
of the AEE fromE. coli (18) was used as the template for assays. The purification procedure previously described was
the “GeneMorph 11" kit (Stratagene, La Jolla, CA) to create used for all variants1().
an error-prone library following the procedures previously  Enzymatic Actiity AssaysOSBS and AEE activities were
described to achieve one to three mutatiob®).(The gel- guantitated as previously described8). The program
purified PCR product was digested wiBarrHI and Ndd ENZFIT (Elsevier-Biosoft) was used to determine the values
and ligated into the pDMS1a vector. Ligation reactions (20 of k. and Ky. If an enzyme could not be saturated with
uL) contained 150 ng of the vector, 50 ng of the digested substrate, the slope of a plot of velocity vs substrate
PCR product, 4L of 5x ligase buffer, and 2L of T4 ligase concentration was divided by the concentration of the enzyme
(Invitrogen, Carlsbad, CA) and were carried out for 11 h at to obtain the value ok.a/Ky.
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RESULTS AND DISCUSSION substitutions for these can have a direct effect on enhance-
ment of the OSBS reaction. However, Phe 7, Leu 115, Ser
136, Lys 177, and Arg 188 are located on the surface of the
rotein and remote from the active site, suggesting that
ubstitutions for these substitutions do not directly influence
ubstrate specificity. The D297G/1184C (without S136G)

was isolated from the selection, and the D297G/ILAFTW
mutant (without F7S, K71E, L115I, or R188H) was con-
Sstructed to establish the relationships of the selected pheno-
types on the presence of the remote substitutions. As shown
in the growth curves presented in Figure 3a, both retain the
: . : o . enhanced growth phenotypes, although the additional mutants
OT the active site where Fhe.suc.:cmyl m0|gty is predicted to (all single base changes) may confer marginally improved
bind, and the 119F substitution is located in the 20s loop of growth phenotypes. Our subsequent studies focused on the

the capping domain that forms the “roof” of the active site. .~ e o
In both cases, we proposed that the substitutions altered thqﬁhn:;)rllf;ecj D297G/I19FR24C and D297G/19RI27TW

geometry of the active site, so that the SHCHC substrate We also constructed the 119824C and 119FL277W

could be located appropriately for the syn-dehydration mutants (without D297G), the D297R24C and D297G/
reaction facilit.ated by coordination (_)f the carboxylate group L277W mutants (without ’|19F), and24C and L277W
:ﬁethsik?sstf:tgtﬂ [ﬁ; ig(lj aptr ?sgnetigogf ?geth:é-pirotol gn?jf (without both D297G and 119F) to determine whether the
Both the D297G gnd I19F substitutions result from siﬁgle- selective advantage conferred by the R24C and L277W
. substitutions is dependent on the presence of these previously
base changes, mutations expected to occur naturally, therebE(dentified substitutions. None of the mutants lacking the
allowing incremental diverggnt eyolution of a"‘new" function D297G substitution cdmplemented the OSBS auxotroph,
fr(_)m_ a homologous, but inactive, progenitor that would establishing that this is substitution is a required first step in
mimic natural Processes. the evolution of OSBS activity (data not shown). The I119F
Random Mutagenesis of D297G/I19RVe sought to g piitition also is required for L277W, although D297G/

determine whether additional single-base changes could qu24C mutant complemented the auxotroph with an efficiency
identified that would allow further enhancement(s) in the similar to that of D297G alone (data not shown).

ability of the D297G/119F mutant to complement an OSBS We constructed the D297G/I1FE24C/L277W mutant:

auxotroph as the result of increases in the kinetic constants yic ~ombination mutant more efficiently complemented the
thereby further defining additional steps in @m vitro OSBS auxotroph than either the D297G/IIREAC or
pathway for divergent evolution of the OSBS reaction from D297G/I19FL277W mutants identified in the selections

the AEE reaction. The rate acceleration for the OSBS . ; ;

. ) (Figure 3, panel B). This growth phenotype of this mutant
reaction catalyzed_ by D297G/I19F |s'5_‘1®emarkable con- also required the presence of both D297G and I19F (data
sidering that the wild type AEE progenitor had no detectable not shown)

OSBS activ_ity. .The “gold standarcj" for evolution of the Thus, the R24C (CGC~ TGC) and L277W (TTG—

OSBS reaction is the rate acceleration of 20" measured TGG) mutations represent additional incremental steps along

for the OSBS fronE. coll . a possible pathway for divergent evolution of the OSBS
An error-prone library was constructed containing from ncion from the AEE function, with their presence together

one to three base changes in the gene encoding D297G/I19Fther enhancing the growth advantage.

(321 codons) and subjected to metabolic selection by Eteacts of R24C and L277W on OSBS Aitgi The

complementation of the host in which the gene encoding p>97G/119FR24C, D297G/119FL277W, and D297G/I19F/
OSBS,merC, had been insertionally disrupted. After several R24C/L277W mutants were purified from a strain Bf coli

rOL_mds of selection by anaerobic gro_wth in liquid cuIture in which the chromosomal genes encoding both AEE and
(aliquots for the next round taken at midlog phase), colonies nggg \were insertionally disrupted. The proteins were

were isolated from plates grown anaerobically, and the genes, gy e for OSBS activity: the kinetic constants are displayed

contained in the plasmids were sequenced. Five different;, topje 1 along with the values for the D297G and D29G/
mutants were obtained, in which each of the substitutions |1gF progenitors.

As summarized in the Introduction, we first designed the
AEE from E. coli to catalyze the OSBS reaction, with the
strategy based on the hypothesis that Asp 297 at the end o
the eighthg-strand in the barrel domain prevented binding s
of the SHCHC substrate for the OSBS reaction by both
unfavorable steric and electrostatic interactid®.(We then
subjected the active D297G mutant to random mutagenesi
followed by the selection under anaerobic conditions and
identified the sequential 119F mutant that enhanced the OSB
activity (18). The D297G substitution is located at the “back”

resulted from a single base change: . Although values okey andkea/Km for the OSBS reaction
(1) D297G/I19FR188H/L277W (two substitutions); could be obtained for the D297G/I1$E24C mutant, the
(2) D297G/119FF7SK71E/L277W (three substitutions);  p297G/119FL277W mutant could not be saturated with the
(3) D/297G/I19FL1151/L277W (two substitutions); SHCHC substrate. For the former mutant, the values for both
(4) D297G/119FR24C (one substitution); and kinetic constants were increased. For the latter mutant, the
(5) D297G/119FR24C/S136G (two substitutions). value of kea/Kn was similar to that of the D297G/I19F

As shown in the growth curves presented in Figure 3, panel progenitor, although the substitutions provided a growth
A, each of these mutants grew faster than the D297G/I19F advantage. The expression levels of the various mutants were
progenitor. similar, based on SDS-PAGE of cell extracts (data not

Both Arg 24 and Leu 277 are located within the active shown), but the enhanced growth rate could reflect a small
site (Figure 4; at the C-terminal end of the disordered 20s increase in the level of enzyme.
loop in the capping domain and at the end of the seventh The value ofk.y for the D297G/I19HR24C/L277TW
B-strand in the barrel domain, respectively), suggesting that mutant was compromised 8-fold relative to the D297G/I19F/



In Vitro Evolution in the Enolase Superfamily Biochemistry, Vol. 46, No. 50, 200714593

D.9
A 081 - Wild-type
0.7 A - KO
0.5 - = D297G
-~ D297G MOF
oD 0.5 1 =06 IF R24C
600 nm 0.4 4 -8~ 06 IF R24C 51366
0.3 ~#-DG IF L277TW L1151
' -#-DG IF L27TW F75 KT1E
0.2 4 -0 IF L277W R189H
0.1 1 =06 IF L2TTW
D B i i
0 10 20 30 40 50 60
Time (hours)
0.9
B 0.8
0.7 -8 Wild-type
0.6 4 - KO
- DAETG

OD 051
600 nm 0.4 -

-=-D237G 1M4F
=== [0 IF R24C
== DG IF L2TTW
DG IF R24C L2TTW
- DG IF R24W
#-DG IF R2Z4W L2TTW

0 10 20 30 40 50 60
Time (hours)

Ficure 3: Anaerobic growth of various strains B&f coli. WT, wild type BW25113; KO, thenenC::kanmutant of BW25113; D297G, the
engineered mutant of AEELY); D297G I19F, the selected double mutant that enhances OSBS actig@jtyafiditional mutants identified

as described in the text. Panel A, the results of selections following error-prone mutagenesis of the gene encoding the D297G/I19F mutant;
panel B, additional mutants constructed as described in the text.

“hot spots” for improving the efficiency of the OSBS
reaction, we generated site-specific random libraries for each
residue as well as a library in which both residues were
simultaneously randomized. In contrast to the error-prone
PCR experiments, saturation mutagenesis coupled with
metabolic selection allows identification of substitutions also
resulting from two- or three-base pair substitutions in the
same codon. The metabolic selections were performed in
anaerobic liquid cultures, also with aliquots taken from
midlog phase growth to inoculate each successive round of
selection. The identities of the selected residues at each
position were determined by DNA sequencing of plasmids
isolated from the successive inocula.

In the library for Arg 24, we identified a mixture of two
substitutions that provided selective advantage: R24C (CGC
— TGC) and R24W (CGC~ TGG). The former substitution
) - ) o ) was identified in the error-prone library; the latter substitution
FIGURE 4: Locations of the substitutions described in this article was not expected in the error-prone library because the

in the three-dimensional structure of the unliganded AEE fEbm bstituti Its f wo b i ch inth d
coli (22). In this structure (1JPD), the 20s loop is disordered. lle SURSUIULON resulls from a two base pair change in the codon.

19 is presumed to be located at the tip of the loop, pointing into IN the Leu 277 library, we identified only L277W (TT&
the active site cavity. TGG), the single base change identified in the error prone-

R24C, but the value okea/Km was improved 2-fold relative  library.

to D297G/119FHR24C and 4-fold relative to D297G/I119F. We also prepared a library in which the codons for both

Thus, selective advantage is correlated with the valueg. 6f Arg 24 and Leu 277 were simultaneously randomized. We

Km, as expected if the concentration of the SHCHC substrateagain identified the R24W mutant as the fastest growing

for the OSBS-catalyzed reaction is subsaturatingivo. mutant, with no other combination of substitutions for these
Site-Specific Random Mutagenesis of Arg 24 and Leu 277.residues providing an additional selective advantage relative

Because we identified both Arg 24 and Leu 277 at potential to that provided by the R24W substitution identified in the
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Table 1: Kinetic Parameters for OSBS and AEE Activities

enzyme Keat (S71) Kwv (M) KealKm (M~1s7Y)
OSBS Activity?
OSBS E. colj)’ 28 1.6x 1075 1.8x 10°
AEE (wild-typef - — <5.2x 1073b
single base pair change
relative to wild-type
D297G (1.34+0.6)x 102 (1.840.2)x 103 7.4
two base pair changes
D297G/I19F (3.1+£0.9)x 102 (3.4+0.27)x 1074 90
three base pair changes
D297G/I19FR24C (1.14£01)x 101 (5.3+0.5)x 1074 206
D297G/I19FL277W - — 81d
four base pair changes
D297G /119FR24C/L277TW (1.3+0.45)x 102 (3.6£0.9) x 10°5 365
D297G /I19FR24W/L277W - - -
D297G I19FR24W (1.6+0.05)x 10! (7.6£0.6) x 1075 2105
D297GR21Y (1.0+£0.3)x 102 (4.6+0.5)x 10 20
five base pair changes
D297G/119FR21Y (24+0.1)x 10 (8.94+0.8)x 10 274
AEE Activity?
AEE (E. coli® 10+ 0.4 (1.3+0.3)x 10 7.7 x 104
D297G (4.34+0.05)x 102 (4.44+0.3)x 10°° 9.8
D297G/I19F - - 9.7x 1024
D297G/119FR24C 5.6x 104
D297G/I19FL277TW 2.6x 1078
D297G/I19FR24C/L277TW 4.2x 1073
D297GI19F/R24W 1.8x 1073

2 Assay conditions described in Materials and Methdd&om ref16. ¢ From ref15. ¢ Does not saturaté.From (18).

site-specific random library for Arg 24. We constructed the Arg 24, both Phe 17 and Arg 21 in the 20s loop likely
D297G/I19FR24W/L277W mutant and observed that it participate in forming the active site cavity (Figure 5). In
displayed weak growth under anaerobic conditions (Figure addition, in the structure of the unliganded AEE frdmn
3, panel B). coli both Tyr 48 and Arg 50 in the 50s loop also participate
We also constructed the D297/ x4W, 119FR24W, and in the active site cavity 22). Thus, we used saturation
R24W mutants as well as the D297G/I18R24W/L277W, mutagenesis to probe whether substitutions for these residues
D297GR24W/L277W, andR24W/L277W mutants to as-  would enhance both the selective advantage and kinetic
sess their abilities to complement the auxotroph. Only the constants for the OSBS reaction relative to the D297G/I19F
D297G/I19FR24W/L277W mutant showed detectable growth progenitor.
(slower than D297G alone; Figure 3, panel B); the other Separate site-specific random libraries were constructed
mutants did not grow under anaerobic conditions (data notfor Phe 17, Tyr 48, and Arg 50. As before, the selections
shown). were performed in anaerobic liquid cultures, with aliquots
The D297G/I119AR24W mutant was purified from the host ~ taken from midlog phase growth to innoculate each succes-
in which the chromosomal genes encoding both AEE and sive round of selection. The libraries for Phe 17 and Arg 50
OSBS were insertionally disrupted; the values of the kinetic identified no substitutions better than the wild type residues
constants are included in Table 1. The valu&kgffor the (data not shown). The library for Tyr 48 resulted in a mixture
OSBS reaction was increased 5-fold and the valu&.gf of wild type as well Y48F (TAT— TTT), although no
Km was increased 23-fold relative to the kinetic constants selective advantage was associated with the one-base pair
for the D297G/I19F progenitor. The D297G/I1824W/ substitution.
L277W mutant also was isolated and had no detectable A randomized library for spatially proximal lle 19 and
OSBS activity; perhaps the presence of two sterically Arg 21 residues allowed identification of the R21Y substitu-
demanding Trp side chains in the active site prevents tion (CGG— TAC, a three-base pair change) that provided
effective binding of the SHCHC substrate. selective advantage. This protein (D297G/ITRELY) was
Site-Specific Random Mutagenesis of Other Residues inisolated from the AEE/OSBS deficient strainBf coli and
the 20s and 50s Loop¥he R24C and R24W substitutions assayed for OSBS activity (Table 1). Despite a slight
that confer selective advantage and improved kinetic con- reduction in the value ok, the value ofk.a/Km was
stants are located at the C-terminal end of the mobile 20simproved 3-fold. However, because the improvements in
loop that presumably closes to sequester the substrate fronselective advantage and kinetic constants associated with the
the solvent and, also, define the shape and polarity of theArg to Tyr substitution require three base changes, this
“top” of the cavity in which the substrate binds. Based on protein could not occur (at least in a single step) on a natural
the structure of the homologous active site of the structurally pathway for divergent evolution.
characterized liganded complex of the AEE fr@mnsubtilis Effects of R24C, R24W, and L277W on AEE Afsti Our
with its L-Ala-L-Glu substrate&) as well as the structure of  previous studies demonstrated that as the level of the OSBS
the OSBS fronE. coliliganded with the OSB produc2() activity is first introduced by the D297G substitution and
(Figure 5), we hypothesized that in addition to lle 19 and then enhanced by the I19F substitution, the level of the
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A Bsub P, LTKPFKTALRTVYTa ously identified 119F substitution that is required for the
growth and kinetic phenotypes of the R24C and R24W

Ecol Py LHTPTVIARGSRsSER substitutions is located at the end of the 20s loop, with its

womrg 24 side chain likely pointing into the active site and, therefore,
B 50s Loo forming part of the cavity in which the SHCHC substrate
|| “Arg 247 P for the OSBS reaction necessarily binds. Changes in the

conformation of the 20s loop may change the position of
the 119F side chain relative to the bound substrate, thereby
allowing more efficient catalysis.

In contrast, the side chain of Leu 277, located at the end
of the seventlB-strand in the barrel-domain, is both pointed

20s Loop into the active site and, also, located beneath the base of the
“le 197 20s loop. Thus, the L277W substitution could alter the
Asp297 structure of the cavity for the SHCHC substrate, indirectly

by altering the conformation of the 20s loop and/or directly

N « 0 -\szﬁ by altering the shape of the surface formed by this and
Lys 151 Mg?t . . .
N\ N neighboring residues.

Lys149 e.—.—\, Implications for Diergent Eolution. Nature has many

/ potential progenitors and much time for the divergent
A 176 | 20 evolution of “new” enzymatic functions. Even so, in the

. enolase superfamily as well as many others, families of
m(‘;ﬁZE :&Ezé;?;%éi cﬂli?:r?&%nts%ft}tm?sSggr?glné?sT?\fetg?:tﬁ/%sslict)gps homologous proteins that catalyze different reactions typi-
of the AEE fromB. subtilishighlighting the positions of the residues pally share<40% sequence identity, su_ggestlng a Complex
in the 20s and 50s loop relative to the Ala-Glu substrate (shaded interplay of structure, function, and Stab!l'ty as new functions
in yellow). The side chains of Phe 19, Thr 21, lle 23, Arg 24, and €Vvolve. In the case of the OSBS function, several homolo-

lle 54 (shaded in gray) are pointed into the active site cavity as gous families have been identified that shafb% sequence
partial determinants of shape and polarity. The Lys residues at theidentity but catalyze the OSBS reaction with comparable

ends of the second (Lys 162) and sixth (Lys 2@83trands, the : - iae o ; ; )
Mg?" ligands at ends of the third (Asp 191), fourth (Glu 219), and catalytic efficiencies; these families likely arose by inde

fifth (Asp 244) f-strands, and the-ammonium group binding ~ Pendent lineages of divergent evolution, in which different
residues at the end of the eighkstrand (Asp 321 and Asp 323)  progenitors were selected and subjected to adaptive selection
of the barrel domain are shaded in cyan. (although the OSBSs and the progenitors apparently have
diverged significantly in sequence so that the progenitors
cannot be identified on the basis of sequence comparisons).
™ each family, the catalytic machinery (ligands for the
essential Mg" and two Lys acid/base catalysts; Figure 1) is
strictly conserved, so natural evolution of the OSBS function
evidently involved changes in the specificity determining
residues, as we describe in this manuscript for laboratory
evolution.

progenitor's AEE activity is decreased8d). Presumably,
because the substrates for both the AEE and OSBS reaction
are large and fill the volume of the active site cavity, changes
that allow the SHCHC substrate for the OSBS reaction to
bind also will interfere with binding of the dipeptide substrate
for the AEE reaction.

The AEE activities associated with the four “new” mutants
that provided a selective advantage relative to the D297G/
I19F progenitor are also included in Table 1. These were We do not expect that attempts to generate a “new”
obtained at 10 mM.-Ala-p-Glu using the coupled enzyme function within a laboratory time scale can |m|ta_1te_the entire
assay. For each mutant, the AEE activity was barely Process used by Nature to evolve and optimize a new
distinguishable from background. These low levels of activity function, but our studies illustrate that the acquisition of
support our earlier conclusion that the progenitor's AEE Sequential mutations can produce a continuous pathway for
reaction necessarily diminishes as the evolved OSBS reactiorfhe evolution of a “new” function. Using rounds of either
is enhanced by changes in specificity determining residues9ene-wide or site-specific random mutagenesis coupled with
(18, 23). a metabolic selection, we W|Il_n0t identify those_ subst|tut|(_)ns

Structural Basis for Selectt Advantage and Enhanced that may be neutral but, with further mutations, provide
Kinetic ParametersUnfortunately, we have been unable to Unique access to structural changes that allow enhancement
obtain structures for any mutants of the AEE, either and eventual optimization pf the “new” function. Presumably,
previously described or discovered in this study. So, an exactSUch processes occur in Nature and are essential for
structure-based explanation for the enhanced OSBS activityOPtimization of the “new” function and explain the large
is not possible. However, the backbone atoms afido€ amount qf_s_equence divergence Fhat routinely accompanies
the side chain of Arg 24 and all of Leu 277 are visible in the acquisition of the “new” function.
the unliganded structure of the AEE (Figures 4 and 5). The Figure 6 summarizes the enhancements in the OSBS
side chain of Arg 24 is expected to be solvent exposed, function that we have discovered starting with the AEE from
suggesting that the hydrophobic R24C and R24W substitu- E. coli, a progenitor that has no detectable OSBS activity.
tions likely alter the conformation of the 20s loop that closes The designed D297G mutant is a prerequisite to further
over and sequesters the substrate from the active site ratheenhancements in OSBS activity and was responsible for a
than directly interacting with the SHCHC substrate and remarkable 1®increase in the rate acceleration (as measured
directly changing its position in the active site. The previ- by the value ofk.y (15)).
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3.5 involving five substitutions Z4). Although 120 possible
pathways (“trajectories) for the sequential acquisition of these
substitutions are statistically possible, only 10 were found
25 ] to provide sequential, selectable enhancements in activity.
. mD297G . . .
297G HOF Thus, despite the considerable sequence divergence that
| =D297G 119F R24C relates homologous proteins with different functions, the
Keat! K =D297G 1OF L277W molecular pathway for divergent evolution of “new” func-
1.5 1 moeye Ly s e tions is likely well-defined. However, comparisons of the
= D257G 19F R2aw ions is likely wi ined. However, compari
sequences of the homologues are unlikely to allow that
pathway to be described.

34

log
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bp Changes The values 0kqy andkea/Km for D297G/I19FR24W are

1 -1eg1 i .
Ficure 6: Plot of the value of lod./Kwu for the evolved OSBS 0.16 s*and 2.1x 10° M s, respectively; the \_/alues of
reaction as a function of the number of base pair changes relativekeat 810 Kea/Km for the wild type OSBS fronk. coli are 28
to the wild type AEE progenitor. stand 1.8x 10° Mt s, respectively. With four substitu-
) o o . tions, ourin vitro evolution of the OSBS function produced
Using D297G as the initial intermediate in the evolution 5 rate acceleration of 202 orders of magnitude less than
of the OSBS function, we identified lle 19 as a *hot spot” {hat achieved by natural evolution; the valuekgf/Kn, we
with several one-base substitutions providing growth advan- 5chieved is 3 orders of magnitude less than that achieved
tage (8). Of these, the I19F substitution provided the py natural evolution. Despite these shortcomings, our
superior selective advantage, and the isolated protein a|30discovery of two pathways that involve successive single-

had the greatest values for bota and kea/Km. We base changes that provide continuous improvement in both
demonstrated that the growth advantage provided by 119F gg|active advantage and the values of the kinetic constants
requires the presence of the D297G substitution. (as reflected byke/Km) is noteworthy. Indeed, our experi-

We then used the D297G/I19F double mutant as the nextments jllustrate that divergent evolution of a new function

intermediate in the evolution of OSBS function and, as ¢an occur by a very limited number of substitutions, with
described in this manuscript, identified two additional codons the altered residues positioned to influence catalyss

that, with a single substitution, allow additional selective changes in substrate specificity and not changes in the

advantage, Arg 24 and Leu 277. The R24C substitution, ajgentities and positions of the catalytic residues.

single base change (from CGC to TGC), also enhances the

values ofkca; and ka/Km. The L277W substitution, also a SUPPORTING INFORMATION AVAILABLE

single substitution (from TTG to TGG), does not enhance . .
Sequences of the primers used for construction of the

the value ofk.a/Km (Keat could not be measured). However, Lo . o . :
when these substitutions are combined, the resulting qua__random libraries and site-directed substitutions. This material

druple mutant provides an additional growth advantage, and!S available free of charge via the Internet at http://
the values of the kinetic constants are further enhanced. The?tPs-acs.org.

selective advantage provided by these substitutions require
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