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Small-molecule kinases are of fundamental importance with re-
spect to a wide range of cellular processes, and the emerging
availability of small-molecule-kinase crystal structures has pro-
foundly enhanced our mechanistic and regulatory understand-
ing of these fascinating catalysts.[1, 2] As an exemplary member
of this family, the galactokinases (GalKs) have received atten-
tion for their physiological role in cellular sugar metabolism[3]

and disease (galactosemia) impact within the medical scien-
ces.[4] More recently, the enzymatic potential of GalKs has been
harnessed for a biotechnological process referred to as glyco-
randomization. Specifically for glycorandomization, the tandem
action of a promiscuous GalK and nucleotidylyltransferase is
exploited to present nucleotide-sugar-donor libraries to natu-
ral-product glycosyltransferases, thereby providing a rapid che-
moenzymatic means to diversify natural-product-based drug
leads.[5]

Toward this goal, E. coli GalK directed evolution recently pro-
vided a single amino acid exchange (Y371H) far removed from
the active site (~20 ä) that dramatically decreased hexopyrano-
syl specificity.[6] However, the hexopyranose C-4 axial require-
ment, that is, galacto-configuration, remained as a stringent
substrate requirement of this Y371H mutant. Structural data
from Lactococcus lactis GalK suggest that the strongly con-
served canonical active-site amino acid residues Asp45 and
Tyr233 hydrogen bond with this critical C-4 axial hydroxyl of d-
galactose (1).[1] To further probe the role of the equivalent resi-
dues Asp37 and Tyr223 in E. coli GalK, and potentially decrease
the reliance of substrate specificity upon this specific interac-
tion, we report the results of independent saturation mutagen-
esis at both positions.
The saturation-mutagenesis strategy involved the creation of

a mini gene library to introduce codons for all proteinogenic
amino acids at each defined position (codon 37 or 223) of the
E. coli galK gene. By restricting the third codon base to gua-
nine or thymine during this process, most codons rare in E. coli
along with the ochre and opal stop codons, were eliminated
from the galK mini library. By using this approach, 19 substitu-
tions for Asp37 and 19 substitutions for Tyr223 were rapidly
constructed, and all 38 E. coli GalK variants were subsequently
examined for catalytic ability.
All exchanges for Asp37 proved to be detrimental to the

enzyme; this underlines a crucial role in the catalytic cycle,
most likely upon substrate binding, as previously suggested.[1]

Consistent with this result, a recently published study on

human GalK revealed that an Asp-to-Ala mutation also inacti-
vates the human enzyme.[7] In contrast, Tyr223 exchanges in
the E. coli GalK resulted in enzymes with differing degrees of
activity toward 1. Specific activities found were: wild-type (wt):
23.5 Umg�1 enzyme, Y223F: 23.42 Umg�1, Y223W: 0.87 Umg�1,
Y223L: 0.65 Umg�1, Y223H: 0.61 Umg�1, Y223R: 0.63 Umg�1

(Figure 1). This surprising result clearly prompted a thorough

reassessment of the role of the putative hydrogen bond be-
tween the GalK Y223 hydroxyl and d-Gal C-4-OH as the bulk of
the active Y223 GalK variants lack this specific hydrogen-bond-
ing character. Thus, Y223F and Y223W were selected as repre-
sentative mutants for further substrate profiling and kinetic
characterization.
Unlike wt, Y223F surprisingly converts l-glucose (2), d-talose

(3), and 4-deoxy-d-galactose (4) into their a-1-phosphates
(Scheme 1), while maintaining the basal activity toward 6-
deoxy-galactose (5) inherent to the wt. This extended sub-
strate spectrum holds for the Y223W mutant as well, however
at a lower efficiency throughout the series. Substitutions at C-2
are tolerated to different degrees. For example, 2-deoxy-d-gal-
actose (6) is an efficient substrate for wt, Y223F, and Y223W,
while the catalytic turnover for d-galactosamine (7) dropped
significantly for both Y223F and Y223W in comparison to wt.
To better understand the impact of these substitutions, the

kinetics of Y223F and Y223W were compared to wt GalK
(Table 1). For both ATP and 1, the plot of V0 against substrate
concentration revealed a shallow sigmoidal relation in the wt
(Figure 2). This finding contrasts earlier kinetic evaluations and
may suggest either an induced fit or allosteric mechanism,[8] or
possibly reflect limitations of the assay at low substrate con-
centrations. Interestingly, while an induced-fit mechanism has
been reported for other sugar kinases, for example hexose
kinase,[9] such a phenomenon has not yet been reported for
E. coli GalK. For ATP with the wt enzyme, the calculated K0.5=

2.24�0.35 mm, is in good accordance with previously reported
values,[10] while the value for 1 was twofold higher than previ-
ous findings (K0.5=5.2�0.21 mm). The Vmax value was deter-
mined as Vmax=1.84�0.08 mmmin�1.

Figure 1. Progress curves of GalK wt and mutants Y223F, Y223W, Y223L, Y223H,
and Y223R for the enzymatic conversion of 1 into a-d-galactose-1-phosphate.
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The same sigmoidal relationship for 1 was also found for
Y223F and Y223W (Figure 2), with values comparable to wt (for
1 K0.5=4.46�0.28 mm and 5.63�0.96 mm, respectively, and
for ATP K0.5=3.58�0.09 mm and K0.5=1.78�0.16 mm, respec-
tively). While the calculated Vmax only minimally changed for
Y223F (Vmax=1.97�0.11 mmmin�1) compared to wt, we found
a drastic decrease for Y223W (Vmax=0.096�0.02 mmmin�1).
From the above findings we conclude that the Y223 side chain
hydroxyl-1 C-4-OH hydrogen bond is not critical for catalysis.
Instead, we propose the role of the Y223 to be to participate
in a nonpolar stacking interaction, for example as in the Bacil-
lus stearothermophilus maltogenic a-amylase,[11] to secure the
pyranose ring. Such an interaction might also explain the ob-
served activity for Y223W and, on a significantly reduced level,
Y223L and Y223H. Other prominent examples of similar carbo-
hydrate enzyme stacking interactions have been reviewed by
Vyas.[12]

While the Y223 side chain hydroxyl-1 C-4-OH hydrogen
bond is clearly not critical for catalysis, our results suggest this
putative hydrogen bond might still be essential in controlling
substrate specificity; thereby dictating sugar entrance into the
Leloir pathway. Interestingly, human and murine N-acetylgalac-
tosamine kinases possess a phenylalanine on the position
equivalent to 223 in E. coli GalK[13] and are, in fact, unspecific in
that they also display GalK activity. Our work also shows that
not only electrostatics but also steric considerations are critical.
For example, the Y223I mutant is completely inactive while
Y223L retains basal catalytic activity.

In summary, we reveal that E. coli GalK tolerates active-site
engineering to expand its sugar-substrate range. To provide
either a single variant or a set covering a maximum number of
sugar substrates for biotechnological application in glycoran-
domization, further work on the role of other amino residues
along with cloning and substrate profiling of GalKs of other
species is in progress.

Experimental Section

Materials and bacterial strains : Chemicals and enzymes were pur-
chased from Promega and Novagen (both Madison, WI), Sigma (St.
Louis, MO), Fisher/Acros Organics (Hanover Park, IL), or Fluka (Mil-
waukee, WI). E. coli strains XL1-blue for cloning and BL21-Gold
(DE3) for protein over-expression were from Stratagene (La Jolla,
CA). The complete series of hexopyranoses (both d- and l-config-
ured) for substrate profiling was of commercial origin, except for
d- and l-idose.[6] Modified sugars tested were d-galacturonic acid,
d-galactosamine, 2-deoxy-, 4-deoxy-, and 6-deoxy-d-galactose
(commercial suppliers as above).

Saturation mutagenesis : Targeted codon replacements within the
galK gene were accomplished by using the QuikChange II muta-
genesis kit (Stratagene). Template DNA was the plasmid pGalK,
which is the expression vector pET15b (Novagen) that harbors
E. coli galK cloned into the NdeI and BamHI sites, the primer pair
5’-GATTGGTGAACACACCNNKTACAACGACGGTTTCGTTCTG-3’/5’-CA-
GAACGAAACCGTCGTTGTAMNNGGTGTGTTCACCAATC-3’ to saturate
codon 37, and primer pair 5’-CCCTGGTTGGCAGCGAANNKAA-
CACCCGTCGTGAACAG-3’/5’-CTGTTCACGACGGGTGTTMNNTTCGCT-
GCCAACCAGGG-3’ for codon 223 of the wt reading frame. Screen-
ing for the desired mutants was done by DNA-sequencing on an
ABI 310 automatic DNA sequencer (Perkin±Elmer, Foster City, CA).

Protein over-expression and kinase assay/kinetics : For initial pre-
screening of the minilibrary comprising all variants of galK codons
37 and 223, the appropriate E. coli transformants were first grown
as 1 mL miniature cultures to an OD600 ~0.7 in LB-medium select-
ing with ampicillin (100 mgmL�1 final). Protein over-expression was
induced by adding IPTG (1 mm final) over 2 h. Cells were harvested
by centrifugation. To prescreen for kinase activity supernatants

Scheme 1. Structures of substrates accepted by Y223F or Y223W. Structural deviations from the genuine substrate 1 are indicated in red. The figures in brackets
below the chemical structures indicate the percentage of sugar conversion by wt, Y223F, and Y223W, respectively, after 1 h of enzymatic reaction.

Table 1. Kinetic parameters for wt GalK, Y223F, and Y223W. K0.5 values are
in mm, Vmax values in mmmin�1.

wt Y223F Y223W

Vmax 1.84 (�0.08) 1.97 (�0.11) 0.096 (�0.02)
K0.5 (ATP) 2.24 (�0.35) 3.58 (�0.09) 1.78 (�0.16)
K0.5 (d-gal) 5.2 (�0.21) 4.46 (�0.28) 5.63 (�0.96)
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from lysonase-treated E. coli cultures were used. To record kinetic
data or time courses of the GalK variants Y223F, Y223W, Y223L,
Y223H, and Y223R, 70 mL cultures were used, and the over-ex-
pressed protein purified to apparent homogeneity by metal affinity
chromatography on nickel-nitrilotriacetic acid (Ni-NTA, QIAGEN, Va-
lencia, CA). The purification was monitored on SDS-polyacrylamide
gels. The imidazole was subsequently removed by repeated diafil-
tration by using Centricon YM-10 (10 kDa exclusion limit) filtration
devices (Millipore, Bedford, MA) and sodium phosphate buffer
(50 mm, pH 7.5).

Enzymatic and prescreening reactions were performed in multiwell
plates on a Biomek FX automated liquid-handling workstation
(Beckman Coulter, Fullerton, CA) equipped with a Fluostar Optima
plate reader (BMG, Durham, NC) following a previously described
protocol[10] but including the following modifications: for specific
activities, [ATP]= [d-galactose]=10 mm. Kinetic data were obtained
by determining the slope of the linear phase of the progress curve
over 2 min in 30 s intervals and then by calculating the kinetic pa-
rameters as described.[10] Enzyme concentrations were determined
by the colorimetric assay described by Bradford, with BSA as pro-
tein standard.[14]

Note added in proof : While this manuscript was under review,
David W. Rice and co-workers reported the crystal structure of the
Pyrococcus furiosus galactokinase[15] and found Tyr200 (equivalent
to Tyr223 in E. coli GalK) to hydrogen bond with the C-4-OH of
d-galactose.
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