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ABSTRACT. During a recent investigation of the persistence of substrate ambiguity in contemporary enzymes,
we identified three distinct ambiguous sugar kinases embedded within the nitgtdrerichia colgenome

[Miller, B. G., and Raines, R. T. (2008iochemistry 436387-6392]. These catalysts are the YajF,
YcfX, and NanK polypeptides, all of which possess rudimentary glucokinase activities. Here, we report
on the discovery of a fourth bacterial kinase with ambiguous substrate specificity. AlsK phosphorylates
the glucose epimep-allose, with ak../Kr, value of 6.5x 10* M1 s™1, AlsK also phosphorylateas-glucose,

with a keafKm value that is 18fold lower than thek../Kn, value displayed by nativE. coli glucokinase.
Overexpression of thalsK gene relieves the auxotrophy of a glucokinase-deficient bacterium, demonstrating
that weak enzymatic activities derived from ambiguous catalysts can provide organisms with elaborated
metabolic capacities. To explore how ambiguous catalysts are recruited to provide new functions, we
placed the glucokinase-deficient bacterium under selection for growth at the expense of glucose. Under
these conditions, the bacterium acquires a spontaneous mutation in the putative promoter region of the
yajF gene, a locus previously shown to encode a sugar kinase with relaxed substrate specificity. The
point mutation regenerates a consenstipromoter sequence that leads to a 94-fold increase in the level

of yajF expression. This increase provides sufficient glucokinase activity for reconstitution of the defunct
glycolytic pathway of the bacterial auxotroph. Our current findings indicate that ambiguous enzymatic
activities continue to play an important role in the evolution of new metabolic pathways, and provide
insight into the molecular mechanisms that facilitate the recruitment of such catalysts during periods of
natural selection.

Processes such as the acquisition of antibiotic resistanceenzyme activities. The capacity to catalyze the transformation
by pathogenic bacteria, the bioremediation of man-made of multiple, structurally related substrates is termed substrate
pollutants by soil organisms, and the synthesis of unusualambiguity, and past investigators have suggested that such
secondary metabolites by microbes and plants often requirea feature may have been commonplace in primordial catalysts
the evolution of protein catalysts capable of catalyzing novel (8). Despite the fact that substrate ambiguity may continue
chemical reactions. The mechanisms that facilitate theto play a role in the functional diversification of proteins
generation of enzymes with new or expanded catalytic and metabolic pathways, conventional wisdom suggests that
repertoires, however, remain poorly understood. One possiblemodern enzymes possess highly refined substrate specificities
source of new enzyme activities is promiscuous catalysts (9, 10).

(1—3). Promiscuous catalysts are enzymes that possess the The potential of ambiguous catalysts to yield unique
ability to catalyze multiple chemical reactions that often share proteins led us to investigate the persistence of substrate
a common intermediate or related mechanistic step/y. ambiguity in contemporary enzymes. From within the
Biological catalysts that display significant flexibility in  genome of a common bacterium, we recently identified three
substrate recognition also represent a potential source of newdistinct polypeptides that possess ambiguous substrate speci-
ficities (11). Notably, all three proteins belong to the same
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Recruitment of Ambiguous Sugar Kinases
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Ficure 1: Structures ob-glucose and-allose.

D-glucose. The glucokinase activity of each enzyme, how-
ever, was significantly lower than that of the endogenous
bacterial glucokinase, witk../Km values ranging from 20

to 1 M~ s (13). Despite the fact that each possesses
only rudimentary glucokinase activities, overproduction of

YajF, YcfX, or NanK enabled the survival of a glucokinase-

deficient bacterium on glucose minimal media. These results

demonstrate that weak enzymatic activities derived from
ambiguous catalysts can supply missing catalytic activities
within living cells, and emphasize the importance of search-
ing for such activities within the genomes of contemporary
organisms.

In addition to the YajF, YcfX, and NanK polypeptides,
Escherichia colK-12 contains a fourth member of the ROK
family of proteins with a putative sugar kinase activity, AlsK.
On the basis of our previous findings, we decided to
investigate the possibility that the AlsK polypeptide also

manifests relaxed substrate specificity. Herein, we show that

AlsK is capable of phosphorylating both-allose and
p-glucose (Figure 1). As with thgajF, ycfX andnanKgenes,
overexpression dadlsK from a powerful, extrachromosomal

promoter enables growth of a glucokinase-deficient bacterium

on glucose minimal medium. To examine how nature might

recruit such ambiguous catalysts to provide new enzymatic

activities, we place a glucokinase-deficient bacterium under

selection for growth at the expense of glucose. We observe

activation of theyajF gene, via acquisition of a single base

pair change in the promoter region of this ambiguous kinase.

This spontaneous mutation, which had been observed previ
ously in a mutant strain d. colithat is incapable of fructose
utilization (14), permits recruitment of the ambiguous YajF
enzyme and allows reconstitution of the defunct glycolytic

pathway. These results support earlier speculation thatrphosphate buffer (pH 7.6) containing glucose (50 mM),

ambiguous activities can provide selective advantages to their;

host cells under conditions of extreme selective pressure. Ou
findings also indicate that ambiguous enzymatic activities
persist in modern organisms, where they could provide fertile
substrata for the natural evolution of proteins with new
catalytic activities {—4, 8, 15).

EXPERIMENTAL PROCEDURES

Enzyme Production and Purificatio@enomic DNA from
E. coli strain MC4100 16) was prepared according to
standard procedured?). Briefly, 1.5 mL of a saturated
overnight culture of MC4100 was transferred to a sterile tube
and subjected to centrifugation for 2 min at 10§00he

r
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(Eppendorf, Hamburg, Germany), and the nucleic acids were
extracted by the addition of 0.5 mL of a phenol/chloroform/
isoamyl alcohol mixture (25:24:1), according to the manu-
facturer’s instructions. The extraction process was repeated
three times, and the nucleic acids were precipitated by
addition of ice-cold ethanol (1.0 mL) dn5 M NaCl (25
uL). DNA was isolated via centrifugation at 1209€r 10

min, and the isolated pellet was dried briefly and then
resuspended in TE buffer (10Q) containing ribonuclease

A (250 ug/mL). The resulting reaction mixture was incubated
for 30 min at 37°C to promote RNA degradation. Genomic
DNA was precipitated by the addition of an equal volume
of 2-propanol, followed by the addition of 7.5 M ammonium
acetate at pH 4.6 to a final concentration of 0.15 M. Genomic
DNA was isolated by centrifugation at 12ap€r 10 min.

The alsK gene was amplified with PfuTurbo DNA
polymerase (Stratagene, La Jolla, CA) from genomic DNA
using oligonucleotides that incorporatédcd and Ead
recognition sites at the'5and 3 ends of the gene,
respectively. The amplified product was treated to eliminate
polymerase8) and purified with the Promega PCR cleanup
kit. Amplified product was digested witNcd andEagd for
2 h at 37 °C and ligated into appropriately digested
pBGM101, as described previousiyl1j. The resulting
plasmid (pBGM101alsK) contains thelsK coding sequence
downstream of the T7 promoter and in-frame with a
C-terminal hexahistidine-encoding sequence. Transformation
of glucokinase-deficient strain BM5340(DE3) with pBGM101-
alsk, followed by plating on glucose minimal M9 agar,
verified the ability of thealsK gene to complement the
glucokinase auxotrophy.

To prevent contamination from endogenous glucokinases,
AlsK was produced in glucokinase-deficieat coli strain
BM5340(DE3). Cultures (0.75 L) were inoculated to an
initial OD of 0.005 at 600 nm and grown at 3T in Luria-
Bertani broth supplemented with ampicillin (15@/mL).
IPTG was added to a final concentration of 0.8 mM when

the OD at 600 nm reached 1.1, and growth was continued
for an additionh2 h at 37°C. Bacteria were harvested by
centrifugation at 100G§for 10 min and resuspended to 1 g
of cells (wet weight) per 8 mL of buffer A [75 mM sodium

imidazole (25 mM), glycerol (5%, w/v), anf-mercapto-
ethanol (5 mM)]. Cell extracts were prepared by being passed
through a French pressure cell at 16 000 psi. Intact cells and
cell debris were removed by centrifugation at 759@0r

70 min, and the resulting supernatant was loaded onto
nickel—nitrilotriacetic acid (Ni=NTA) affinity resin (Qiagen,
Valencia, CA) that had been equilibrated with buffer A. The
column was washed with 8 column volumes of buffer A
containing 40 mM imidazole, and AlsK was eluted in buffer
A containing 250 mM imidazole. Purified AlsK was dialyzed
overnight at 4°C against 12 L of 50 mM Tris-HCI buffer
(pH 7.6) containing MgS®(5 mM), glycerol (5%, w/v),
and dithiothreitol (0.5 mM). Protein concentrations were

supernatant was removed, and the resulting cell pellet wasestimated from the absorbance at 280 nm using a molar

resuspended in TE buffer (404.), which was 10 mM Tris-
HCI buffer at pH 7.5, containing EDTA (1.0 mM). SDS and
proteinase K were added to final concentrations of 1% (w/
v) and 2 mg/mL, respectively, and the resulting reaction
mixture was incubated at 3T for 1 h. The reaction mixture
was then transferred to a Phase Lock Gel Light 2 mL tube

extinction coefficient (34 900 Mt cm™1) determined by the
method of Edelhochl@). The molecular mass of purified
AlsK was verified by MALDI mass spectrometry on an
Applied Biosystems Voyager 6133 spectrometer at the
University of Wisconsin-Madison Biophysics Instrumentation
Facility.
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Isolation and Characterization of Rertants. A single
colony of glucokinase-deficient BM5300 harboring plasmid
pBGM101 (1) was inoculated into 7 mL of Luria-Bertani
broth supplemented with ampicillin (150y/mL), and the
culture was grown to saturation at 3C. A total of 1.8 x
1@ colony-forming units of BM5300(pBGM101) was spread
onto 20 M9 minimal plates supplemented with ampicillin
(200 ug/mL), chloramphenicol (2@g/mL), kanamycin (20
ug/mL), and glucose (0.1%, w/v). Following incubation for
9 days at 37°C, approximately 750 small colonies were
apparent on the glucose minimal plates. Eight clones were

0.30

0.20

0.10

nmol glucose 6-phosphate / s

0 4 6 10 . .
time (min) selected and restreaked onto glucose minimal plates to verify
R A A A RN the GIK" ph
00 02 04 06 08 10 12 phenotype. Four of these clones were chosen for
[glucose] (M) further study, and each was inoculated into 5 mL of LB

Ficure 2: Rate of phosphorylation af-glucose as catalyzed by ~ containing ampicillin (15Q«g/mL), kanamycin (2Qg/mL),

Alsk. Data were obtained at 2% in 0.2-0.8 M Tris-HCI buffer and thoramphenicol (20ig/mL). Cultures were grown
at pH 7.6. The resulting kinetic parameters are listed in Table 1. overnight at 37C, and cells were collected by centrifugation

The inset shows independent primary data for the glucokinase gt 500@. The supernatant was removed, and cell pellets were
acé""t%.’ of ,?Ile at O'At')o NII glucosée %h'c"h"rt‘e) daﬂd dbackgroungh_ resuspended in 1.0 mL of lysis buffer, which was 100 mM
reduction ot glucose ny glucose-o-pnosphnate denydrogenase InTI'iS-HCl buffer ( ..

pH 7.6) containing MgGIl (10 mM),

line).
) glycerol (10%, wi/v), and dithiothreitol (1.0 mM). Crude cell
Enzyme AssaySlucokinase activity was measured spec- extracts were prepared by sonication of resuspended cells at

trophotometrically at 340 nm by coupling the production of 80 W for 10 s, followed by centrifugation at 2009@®r 20

glucose 6-phosphate to the reduction of NADP via glucose- min at 4°C. Glucokinase activities from each cell lysate,
6-phosphate dehydrogenase. At the high concentrations ofincluding extracts prepared from unselected control BM5300-

glucose needed to saturate AlsK, a small level of background (PBGM101) cells, were measured spectrophotometrically, as
NADP reduction was observed (Figure 2, inset). We described above. Genomic DNA was prepared from*Glk

tentatively assigned this activity to the ambiguous reduction '€vertant cells using standard procedurts),(and theyajF

of glucose by glucose-6-phosphate dehydrogenase, and thgene, includingw_ZQO nuc_:leoti(_jes upstream of the_i_nitiatioq
background rate of this reduction was subtracted from all codon, was amplified using oligonucleotides specific for this

kinetic measurements. Allokinase activity was determined genomic locus. PCR products were purified with the Promega

: ; o PCR cleanup kit, and sequencing was performed with the
by coupling production of MGADP to oxidation of NADH . . . . ;
via pyruvate kinase and lactate dehydrogenase, as previousl;'/a‘BI Prism Big Dye Terminator Cycle Sequencing kit

described 20, 21). Assays were conducted at 2& in (P_rllnceton Stehpalratlolnsf, tAdeIph_|a;,_ NJ)l' tivati duced
0.2-0.8 M Tris-HCI buffer at pH 7.6, and data were fitted 0 gauge the level of transcriptional activation proguce

to standard MichaelisMenten kinetic equations for bisub- by theyajF promoter mutation, expression of thecoli glk
strate reactions. Kinetic constants reported in Table 1 areJene was placed under control Qf the wild-type _and revertant
the average of values obtained from two independent yajF upstream sequence. A region encompassing 126 nucle-

. - - -~ otides upstream of thgajF initiation codon was PCR-
preparations of the enzyme. The ability of allose to inhibit amolified with oligonucleotides that incornoratxta and
the glucokinase activity of AlskK was likewise assessed at b 9 P

. . . Ncd recognition sites at the'mnd 3 ends of the product,
three different glucose concentrations. The resulting apparentrespectively. The amplified product was treated to eliminate
Ki value for this competing substrate was calculated from

lati i lociti . tandard kineti i polymerase18) and purified with the Promega PCR cleanup
relative reaction velocities using standard kinetic equations. .. "5 o amplified product was digested wittbal andNca

Production of Allose 6-Phosphate by AlsKo verify for 2 h at 37°C and ligated into appropriately digested
production of allose 6-phosphate, a &0 reaction mixture  pBGM102, a derivative of pPBGM101 harboring tke coli
of 50 mM Tris-HCI buffer (pH 7.6) containing Mg&l(25 glk gene (1). Plasmid pBGM129 contains thglk gene
mM), p-allose (20 mM), ATP (20 mM), and purified AlsK  downstream of the wild-typgajF sequence, and pPBGM130
(4 uM) was incubated for 20 min at 28C. An aliquot (5 contains theylk coding sequence downstream of the mutant
ulL) of this reaction mixture was spotted onto a normal phase yajF sequence. Three colonies each of BM5340(pBGM129)
Whatman Silica Gel TLC plate and developed in a solvent and BM5340(pBGM130) were inoculated into 25 mL of LB
system comprised of butanol, ethanol, angDH5:3:2). To supplemented with ampicillin (150y/mL), and cultures were
visualize carbohydrates, plates were dipped in a solution of grown at 37°C until the OD at 600 nm reached 1.0. Growth
methanol containing concentrated,30, (2%, v/v) and was quenched on ice, cells were isolated by centrifugation
heated for 10 min at 120C. Unreacted allose and its at 700@, and cell pellets were resuspended in 1.0 mL of
phosphorylated product ha®& values of 0.5 and 0.1, lysis buffer. Crude cell extracts were prepared via sonication,
respectively. Regions containing the phosphorylated productand glucokinase activity was determined spectrophotometri-
were scraped from untreated TLC plates, extracted with cally, as described above.
excess methanol, and evaporated to dryness. Negative io
electrospray mass spectrometry of the extracted compoun ESULTS
verified the production of a product with a mass of 259 amu,  Substrate Ambiguity of AlsKin a previous study, we
which corresponds to that of allose 6-phosphate. identified three different bacterial sugar kinases that possess
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Table 1: Kinetic Parameters for the Phosphorylation of Carbohydrates by Glk and AlsK

Glkd AlsK
parameter D-glucose p-glucose p-allose
Keat (s74) 410+ 30 1.5+0.3 17+5
K sugar(M) (7.6 £0.4)x 1075 0.10+ 0.01 (2.6+0.4) x 10
Km.atp (M) (2.6+0.2)x 104 (6.9+0.7)x 102 (4.9+0.7)x 104
Keal Km,sugar(M ™1 57%) (5.4+0.7) x 1¢° 15+5 (6.5+0.9) x 10*

aData were obtained at 2% in 0.2-0.8 M Tris-HCI buffer at pH 7.6° From ref1l

0.40

sufficient substrate ambiguity to allow phosphorylation of
glucose, in addition to phosphorylation of their physiological e
substrates1(1). These kinases included tt& coli NanK,
YajF, and YcfX polypeptides, each of which belongs to the
ROK family of bacterial proteinsl). Interestingly, the only

E. coliROK family member with a predicted kinase activity
that was not selected in our original complementation
experiments was a polypeptide encoded byalsK (yjcT)
gene. A Clustal W alignment of the primary amino acid
sequences of AlsK arf. coli Glk reveals a level of sequence
identity of 17.5%. In addition, the sequence of the AlsK
protein is 20% identical to that of NanK and 23% identical 0.00
to those of both YajF and YcfX. On the basis of the sequence oo 02 04 06 08
similarity between AlsK and the previously selected ROK [allose] (mM)

family members, we decided to investigate the potential of . - 3. Rate of phosphorylation ab-allose as catalyzed by

AlsK to catalyze the phosphorylation of glucose. We also alsk. Data were obtained at 2 in 0.2-0.8 M Tris-HCI buffer
investigated whether overproduction of tieK gene in the at pH 7.6. The resulting kinetic parameters are listed in Table 1.

glucokinase-deficient bacteria, BM5340, allowed comple-
mentation of the auxotrophy of this strain. measured during allose phosphorylation, is #.904 M,
TheE. colialsk gene encodes an enzyme with rudimentary whereas theK,, value of ATP, measured during glucose
glucokinase activity (Figure 2). To ensure that this activity phosphorylation, is 6.% 10-* M. A comparison of relative
did not arise from contaminating endogenous glucokinases,kea/Km values for the phosphorylation of allose and glucose
we produced and purified AlsK from glucokinase-deficient demonstrates that the affinity of the enzyme for the altered
BM5340(DE3) cells as a C-terminal, hexahistidine-tagged substrate in the transition state for allose phosphorylation
polypeptide. Under saturating concentrations of glucose andexceeds its affinity for the altered substrate in the transition
ATP, AlsK catalyzes formation of glucose 6-phosphate with state for glucose phosphorylation by 5 kcal/mol.
a turnover numberk.,, of 1.5 s (Table 1). TheK,, value Recruitment of the Ambiguous YajF Kinasa Spontane-
of AlsK for substrate glucose is 0.10 M, and thg/Km sugar ous Mutation. E. colstrain BM5300 harbors chromosomal
value for the AlsK-catalyzed phosphorylation of glucose is deletions in two glucokinase-encoding genetic gk and
15 M1 s% This value is nearly 6 orders of magnitude lower pts (11, 22, 23). This organism cannot initiate glycolysis,
than thekeo/Kn value (5.4x 10 M~1s™1) displayed by Gk, and is unable to survive when glucose is supplied as a sole
the endogenous bacterial glucokinasks)( Despite the source of carbon and energy. Production of the glucose
disparity of these second-order rate constants, overexpressioffacilitator protein of Zymomonas mobilisrom plasmid
of the alsK gene from a powerful extrachromosomal pBGM101 restores phosphorylation-independent glucose
promoter permits growth of a glucokinase-deficient bacterium transport activity to BM5300 cell26). When large numbers
on glucose minimal medium. BM5340(DE3) cells trans- of glucokinase-deficient BM5300(pBGM101) cells were
formed with plasmid pBGM101-alsK, which harbors #isK plated on glucose minimal medium, spontaneous glucose-
gene downstream of the T7 promoter, produce colonies onmetabolizing revertants appeared after 9 days of growth at
glucose-supplemented M9 minimal medium after incubation 37 °C. Reversion of the Glk phenotype of BM5300-
for just 2 days at 37C. (pBGM101) occurred at a frequency f107. Crude cell
AlsK Is a Functional AllokinaseAlsK also catalyzes the  extracts from four different Glkrevertants showed a 7-fold
efficient transfer of the/-phosphoryl group of ATP to the increase in glucokinase activity over the background levels
glucose epimerp-allose (Figure 3). Formation of allose of activity present in extracts of BM5300(pBGM101) parent
6-phosphate following incubation of AlsK with ATP and cells (Table 2). Thus, the capacity of BM5300 revertants to
p-allose was confirmed by mass spectrometry of the isolated survive on glucose minimal medium is due to an increased
reaction product. The value &, for the AlsK-catalyzed level of glucokinase activity that likely results from a rare
phosphorylation of allose is 175 and theK, value for mutational event. Previous studies have identified three
substrate allose is 2.& 104 M (Table 1). Similarly, the ambiguous sugar kinases that possess low levels of glucoki-
apparenk; value of allose acting as a competitive inhibitor nase activity {1). Increased levels of expression of any one
of the glucokinase activity of AlsK is 3.3« 107* M, of these three gene products could increase the level of
suggesting that the same active site catalyzes the phosphoglucokinase activity to an extent sufficient to restore the
rylation of both sugar substrates. Thg, value of ATP, glycolytic pathway of the glucokinase-deficient host cell. To

nmol allose 6-phosphate /' s
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Table 2: Relative Glucokinase Activities Present within Bacterial
Revertants

cell line relative glucokinase activity

control BM5300(pBGM101) 1.0
revertant BM5301(pBGM101) 6.3
revertant BM5302(pBGM101) 4.6
revertant BM5303(pBGM101) 6.3
revertant BM5306(pBGM101) 10
BM5340(pBGM129) 4.8
BM5340(pBGM130) 450

2 Normalized to the total protein concentratidpBGM129 harbors
the endogenous glucokinase gegk) under control of the wild-type
yajF promoter, whereas pBGM130 contains the mutejie promoter
sequence.

identify the genetic lesion responsible for the increased
activity, we sequenced the chromosomal DNA of revertant
cells in regions surrounding thajF, ycfX andnanKgenes.
The genetic basis of the Gikphenotype of BM5300-
(pBGM101) revertants was mapped to a region in the 5
untranslated region of thgajF gene, a locus previously
shown to encode a sugar kinase with ambiguous substrat
specificity (L1). Revertant cells were found to possess a
single transversion in the putative35 promoter region of
theyajF gene. The mutation involves the replacement of a

cytidine nucleotide with an adenosine nucleotide, and creates

a consensusr’® promoter with the TTGACA sequence
(Figure 4) @5, 26). The failure to observe activation of any
other ambiguous glucokinase in BM5300(pBGM101) rever-

tant bacteria suggests that if such mutations are possible,

they occur at a much lower frequency thanyag promoter
mutation. Because endogenous levels of YcfX, NanK, or

other ambiguous kinases likely contribute to the background

glucokinase activity observed in control BM5300(pBGM101)
cells (Table 2), we decided to quantify the increased level
of yajF expression afforded by the promoter mutation in the
following manner. Expression of the. coli glk gene was
placed under control of either the wild-tygajF upstream
sequence on the multicopy pBGM129 plasmid or the mutant
yajF sequence on the multicopy pBGM130 plasmid. The
glucokinase activities of cellular extracts from BM5340 cells
harboring either pBGM129 or pBGM130 were determined
spectrophotometrically and normalized to total protein
content. As listed in Table 2, the mutation of C to A in the
putative—35 promoter sequence of tlyajF locus results in

a 94-fold increase in the level of expression of the down-
stream gene product. This degree yHjF derepression
provides sufficient glucokinase activity to enable growth of
revertant BM5300(pBGM101) cells on glucose minimal
media.

DISCUSSION

e

Miller and Raines

for the transfer of phosphoryl groups to various small
molecules 27—29). The glucokinase activity of AlsK, with

a keafKm value of 15 Mt s72, is more than 10-fold lower
than the glucokinase activities of the three previously selected
enzymes. Nevertheless, overexpression of dlek gene
permits rapid growth of the glucokinase-deficient BM5340
bacterial strain. This observation suggests that BM5340 might
provide a useful tool in the search for nonproteinogenic,
glucose-phosphorylating catalysts.

TheE. coli AlsK polypeptide also functions as an efficient
allokinase. Initially annotated as a putative allokinase by Park
and co-workers, thalsK gene represents the terminal open
reading frame of an operon that is associated with allose
metabolism byE. coli K-12 (30). The sequence similarity
of AlsK with other sugar kinases in the ROK family provided
evidence thatalsKk encodes an enzyme with allokinase
activity. ThealsK gene was found to be dispensable for allose
utilization, however, and subsequent studies found that
regulation of alsK expression was independent of the
remaining components of the allose operosO,(31).
Furthermore, expression of tlasK gene from a multicopy
plasmid reportedly did not lead to an increased level of
allokinase activity 81). Together, these findings led Hove-
Jensen and co-workers to reject the functional assignment
of allokinase activity to AlsK. To reconcile these apparent
contradictions, we characterized the allokinase activity of
highly purified, recombinant AlsK. Our results presented here
demonstrate unequivocally that AlsK catalyzes the efficient
phosphorylation ofb-allose with ATP as the phosphoryl
donor. Furthermore, the relatively low allod€, value
displayed by AlsK suggests that this glucose epimer is the
true physiological substrate of AlsK.

Loss of repressive control over ambiguous gene products
is a common first step in the acquisition of new metabolic
capabilities by microorganism8%). For example, mutations
that permit the constitutive synthesis of ribitol dehydrogenase
enableAerobacter aerogenew flourish on the unnatural
sugars, xylitol and-arabitol 83, 34). In the studies presented
here, recruitment of the ambiguous YajF sugar kinase
requires mutational activation of thgajF locus, a gene
characterized by a suboptimal promoter region and the rare
GTG initiation codon {4, 35). N-Terminal sequence analysis
of purified YajF has shown that the GTG codon is the true
translational start site, ruling out any possibility of post-
translational processing of the YajF polypeptidd)( The
presence of a weak promoter and a rare initiation codon
suggests thatajF may be a cryptic gene whose expression
requires the reconstitution of a consensu35 promoter
sequence. Cryptic genes are DNA sequences not normally
expressed during the routine lifetime of an organism
(36—398). Unlike pseudogenes, which have become nonfunc-
tional as a result of genetic drift, cryptic genes can produce

The glucokinase activity of AlsK described herein appears fully functional polypeptides when activated by a mutational
to originate from substrate ambiguity, as do the glucokinase event. The activation of cryptic genes during periods of

activities of three othek. coliROK family members, YcfX,
YajF, and NanK {1). Flexibility in substrate recognition

natural selection has been observed in several bacteria, where
their activities provide elaborated metabolic potentials or

appears to be a common feature of the ROK scaffold, asproduce altered growth phenotype6,(38). For example,

indicated by the finding that members of this protein family

the mutational correction of a natural frameshift in the

include numerous sugar kinases and various carbohydratecoli il uG gene results in expression of aracetohydroxyacid

responsive transcriptional repressdt®)( Accordingly, this
enzymic architecture could prove to be especially useful in
the design of ligand receptors, or in the evolution of catalysts

synthase isozyme that is insensitive to feedback inhibition
by valine B9). Correction of thel vG frameshift in revertant
bacteria eliminates the valine-resistant growth phenotype that
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yajF genomic locus
-35 -10 1 rbs Met Arg ITe
ttgAcaatccggttgtccgtetctacgetattgatattgaaaaaaataaggagagtace gtg cgt ata

=

(- =y o
Lo}

BM5300 (glk, Apts)
Glk* revertants

Ficure 4: Reversion of the glucokinase auxotrophy of strain BM5300 via spontaneous mutation of a cytidine nucleotide to an adenosine
nucleotide (colored red) in the35 promoter region of thgajF locus. This mutation regenerates a consergfgpromoter sequence,
resulting in a 94-fold increase in the level of YajF production. The putati38, —10, and+1 sites and the ribosome binding site (rbs)

are indicated by lines and labels; the first three codons of/#jlé gene, including the rare GTG initiation codon, are in italic type.

is characteristic of wild-typ&. coli (40). Similarly, activation this organism %0, 51). Activation of thetrp operon via
of the crypticbgl operon enables certain microorganisms spontaneous mutation of a thymidine nucleotide to a cyti-
to survive on a variety of structurally divergeglucosides dine nucleotide in the-10 promoter region relieves the
(41—-43). The ability of E. coli to utilize citrate as a sole tryptophan auxotrophy of wild-typ®. dysenteriagCombined
carbon and energy source requires a pair of mutations in thewith these observations, our findings suggest that retention
CitA andcitB genes, which activate a cryptic, ancestral citrate of suboptimal promoter sequences could be a common
transport system4d). mechanism by which microorganisms suppress expression
The observed 94-fold increase in the level ydjF of rarely needed metabolic enzymes, but retain the ability
expression that accompanies a single base pair change if© realize their rapid production during periods of intense
the —35 promoter region appears to be striking when Selection.
compared with the more modest increases in the level of It is worth noting that the preciseajF promoter mutation
expression that often result from spontaneous alterations indescribed herein has also been identified irtacoli strain
promoter sequences. For example, several spontaneou#hat is incapable of utilizing fructose via the endogenous

mutations in the promoter region of tfe coli glucose-6- phosphoenolpyruvate:carbohydrate phosphotransferase (PTS)
phosphate dehydrogenase coding sequence lead to increaséystem 14, 52). Kornberg and co-workers found that
in enzyme production of -318-fold (45, 46). Similarly, acquisition of the same cytidine to adenosine transversion

spontaneous promoter mutations that activate a sgaht  in the 3 untranslated region of thgajF coding sequence
operon have been isolated in the bacteri8treptococcus  provided PTS-deficient bacteria with sufficient fructokinase
thermophilus(47). These mutations, which belong to three activity to permit survival on fructose minimal medium.
distinct classes, produce a3-fold increase in GalK activity ~ Indeed, the fructokinase activity of YajF exceeds its glu-
in the uninduced state, and a I2-fold increase following ~ cokinase activity by nearly 2 orders of magnitudil)(
induction with lactose or galactose. A survey of 54 naturally Nature appears to use a similar adaptive mechanism to
occurringE. coli promoter sequences revealed that a cytidine overcome two related but distinct selective pressures. Re-
nucleotide is found in the fourth position of the35 hexamer ~ cruitment of the ambiguous YajF sugar kinase by mutational
in approximately 20% of all promoter sequencé®) (Indeed, activation provides either fructokinase- or glucokinase-
cytidine is the second most frequently observed nucleotide deficient bacteria with the ability to flourish on fructose or
at this position, behind only the consensus adenosine.glucose, respectively. In both cases, the substrate ambiguity
Accordingly, the presence of a cytidine nucleotide in the of YajF provides metabolic flexibility to the host organism.
fourth position of the hexamerie-35 promoter region of Current estimates indicate that the modgrrcoligenome

the wild-typeyajF gene does not appear to be sufficient to harbors coding sequences for approximately 4300 gene
explain the cryptic nature of this locus. Interestingly, Gourse products $3). Our results show that at least five different
and co-workers found that mutation of the TTGTCA E. coli polypeptides are capable of performing the same
sequence of a wild-type rRNA promoter to the consensus chemical transformation, the phosphorylation of glucose.
TTGACA sequence resulted in a 24-fold increase in the level Thus, greater than 0.1% of all genomically encoéedoli

of expression of a downstreatacZ fusion operon 49). proteins possess sufficient glucokinase activity to enable
These findings suggest that the identity of single nucleotides survival of a glucokinase-deficient organism when their
within the ¢7° —35 promoter region can have drastic effects encoding genes are overexpressed at high levels. The extent
upon the level of expression of downstream genes. Theto which such functional redundancy is widespread in modern
current observation ofajF activation via a “promoter-up”  metabolic pathways remains to be explored. It is possible
mutation echoes the work of Yanofsky and co-workers, who that the sugar kinases that constitute the ROK superfamily
found that a single nucleotide in the promoter region of the are unique in their ability to catalyze each other’s reactions
trp operon ofShigella dysenteriais responsible for the low  at a low level. The possibility that substrate ambiguity is a
levels of expression of tryptophan biosynthetic enzymes in ubiquitous feature of contemporary catalysts, however, raises
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interesting possibilities for the identification of new enzyme
activities from existing polypeptide scaffolds.
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